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Abstract
Narrow-bandwidth luminescent materials are already used in optoelectronic devices, superresolution, lasers, imaging,
and sensing. The new-generation carbon fluorescence nanomaterials—carbon dots—have attracted considerable
attention due to their advantages, such as simple operation, environmental friendliness, and good photoelectric
performance. In this work, two narrower-bandwidth (21 and 30 nm) emission graphene quantum dots with long-
wavelength fluorescence were successfully prepared by a one-step method, and their photoluminescence (PL) peaks
were at 683 and 667 nm, respectively. These red-emitting graphene quantum dots were characterized by excitation
wavelength dependence of the fluorescence lifetimes, and they were successfully applied to spectral and spatial
superresolved sensing. Here, we proposed to develop an infrared spectroscopic sensing configuration based on two
narrow-bandwidth-emission graphene quantum dots. The advantage of the method used is that spectroscopic
information was extracted without using a spectrometer, and two narrow-bandwidth-emission graphene quantum
dots were simultaneously excited to achieve spatial separation through the unique temporal “signatures” of the two
types of graphene quantum dots. The spatial separation localization errors of the graphene quantum dots (GQDs-Sn
and GQDs-OH) were 1 pixel (10 nm) and 3 pixels (30 nm), respectively. The method could also be adjusted for
nanoscope-related applications in which spatial superresolved sensing was achieved.

Introduction
Luminescent materials (LMs) are an important compo-

nent of many optoelectronic devices1, such as light-emitting
diodes (LEDs)2, solar cells3, laser devices4, photocatalysts5,
optical multiplexing devices6, imaging devices7, and sen-
sors8. However, LMs must have a narrow bandwidth, a
full-color spectral range, and high quantum yields (QYs).
Narrow-bandwidth-emission LMs have been successfully
applied in various fields due to their superior photoelectric
properties9, narrow-bandwidth emission, etc. For instance,
narrow-bandwidth-emission LMs have been used to
improve the color rendering index and color purity of
LEDs10. In addition, these LMs for biological sensing can

exclude tissue autofluorescence and have the advantage of
deep penetration11. For superresolution, narrow-bandwidth-
emission LMs can increase the spatial and spectral resolu-
tion. In lasers, these LMs can be used as gain media to
reduce the pumping threshold of the lasers. In addition,
these LMs can also be applied for optical multiplexing,
which uses different types of LMs simultaneously (using the
ultranarrow bandwidth of the LMs) without interfering with
each other6.
Optical microscopy is a commonly used imaging tech-

nique. However, its resolution is limited by the diffraction
of light12. According to the Abbe/Rayleigh criteria of light
(d= λ/(2n sinθ, where λ is the wavelength of light, n is the
refractive index, and θ is the half aperture angle of the
objective), it is estimated that the minimum resolution of
an optical lens is 200 nm. To improve the resolution,
superresolution technology has emerged. Some LMs, such
as fluorescent proteins and organic dyes, are commonly
used as imaging probes due to their small size and good
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biocompatibility13. However, the fluorescence brightness
of these LMs is low, and their optical conversion and
rapid photobleaching are limited. At the same time, wide-
bandwidth-emission LMs have considerable limitations in
terms of the resolution of superresolution technology and
multichannel multiplexing. Therefore, for long-term and
real-time superresolution sensing on the nanometer scale,
brighter, narrower-bandwidth-emission, and more stable
fluorescent probes are still needed.
Compared with traditional semiconductor quantum

dots and organic dyes, carbon dots, as new carbon
nanomaterials, not only have good photoelectric perfor-
mance, high light resistance, low toxicity, good bio-
compatibility, light blinking, and no light bleaching but
also involve abundant and inexpensive raw materials,
simple synthesis methods, and low cost. In recent years,
some results regarding narrow-bandwidth-emission car-
bon dots have been achieved. Graphene quantum dots
(GQDs), a type of carbon dots, have achieved certain
results in narrow-bandwidth emission. The bandwidth of
currently reported GQDs has reached 20–40 nm (Table
S1, Electronic Support Information, ESI). Common
methods of reducing the emission bandwidth of GQDs
include doping with heteroatoms, expanding the con-
jugate system, and enhancing or adopting new prepara-
tion methods. Therefore, we used a planar, highly
conjugated compound as a carbon source to prepare
narrow-bandwidth-emission GQDs. GQDs-Sn with an
FWHM (full-width at half-maximum) of 21 nm were
obtained by doping with tin(II) phthalocyanine (SnPc) as a
carbon source, and it exhibited the narrow-bandwidth
emission (20–40 nm) of fluorescent nanomaterials. At the

same time, GQDs-OH were prepared in an alkaline
environment using phthalocyanine (Pc) as the carbon
source. We demonstrated the unique and novel schemes
of GQDs for spectral and spatial superresolved sensing for
the first time by using GQDs as fluorescent probes.
In summary, the novelty of this work is as follows: (1)

novel nanoparticles (GQDs) with unique properties were
developed, characterized, and used for novel imaging
applications; (2) a unique spectral sensing configuration
based on the unique nanoparticles allowed spectral
information to be obtained without using a spectrometer;
and (3) a novel spatial superresolved imaging concept
based on the nanoparticles was proposed in contrast to
existing nanoscopy concepts (e.g., photoactivation locali-
zation microscopy, PALM). Here, the superresolved pro-
cess was achieved simultaneously (either based upon
spectral scrambling or on temporal scrambling) rather
than sequentially. Thus, this process is much less time
consuming than previous methods (the different spectra
or the different temporal arrival windows of the photons
allow simultaneous excitation and sensing of several
nearby nanoparticles).
This work achieved the spatial separation of GQDs in

two ways: different emission spectra and different tem-
poral arrival windows of the photons. The localization
errors were approximately 1 pixel (which equals 10 nm)
for GQDs-Sn and 3 pixels (30 nm) for GQDs-OH.

Results and discussion
Characterization of the GQDs-Sn and GQDs-OH
Scheme 1 shows the preparation of GQDs and their

application in superresolved spectral and spatial sensing. By
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Scheme 1 Schematic illustration of two types of graphene quantum dots as fluorescent probes to decrease the time of superresolution imaging for
superresolved spectral and spatial sensing.
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adjusting the precursors and additives, two types of narrow-
bandwidth-emission GQDs were prepared and named
GQDs-Sn (with tin(II) phthalocyanine as the carbon source)
and GQDs-OH (with Pc as the carbon source and NaOH as
auxiliary). It was feasible with the solvothermal method to
prepare ultranarrow-bandwidth-emission GQDs with a
planar, highly conjugated compound.
The morphologies of the GQDs-Sn and GQDs-OH

were characterized by high-resolution transmission elec-
tron microscopy and atomic force microscopy (AFM), as
seen in Fig. 1a–f. As seen in Fig. 1a, d, the GQDs-Sn and
GQDs-OH were evenly distributed. The average diameter
of the GQDs-Sn was 3.3 nm (Fig. 1a), and the lattice fringe
spacing was 0.22 nm, which corresponded to the (001)
plane of graphite14. Similarly, the average diameter of the
GQDs-OH was approximately 2.3 nm (Fig. 1d), and the
lattice fringe spacing was 0.25 nm, which corresponded to
the (100) plane lattice of graphene15. The AFM images
showed that the topographic heights of the GQDs-Sn and
GQDs-OH were all approximately 1 nm, indicating (Fig.
1b, e) that the GQDs-Sn and GQDs-OH primarily con-
sisted of 2–3 graphene layers16–20.
Note that the Supplementary Material includes

numerical simulations of spectral sensing in Figs. S1–S4,
numerical simulations of spatial superresolution in Fig.
S5, and experimental results related to temporal-
scrambled sensing in Figs. S6–S19.
The surface structures and composition of the GQDs-Sn

and GQDs-OH were obtained by Fourier transform infra-
red (FT-IR) spectroscopy and X-ray photoelectron spec-
troscopy (XPS). In Fig. S7 (ESI), the FT-IR spectra show

that the GQDs-Sn and GQDs-OH possess polar functional
groups. For instance, the large broad peak at
3580–3200 cm−1 corresponded to−NH2 and −OH groups
on the surface of the GQDs-Sn and GQDs-OH. The peaks
at 2924 and 2850 cm−1 were attributed to the vibration of
C–H. Two characteristic peaks at 1735.6 and 1655.3 cm−1

were attributed to stretching vibrations of O=C–NH20.
The peaks at 1467 and 1383 cm−1 were attributed to the
C=C absorption vibration of the benzene ring and the
C–N–C vibration in the heteroaromatic ring, respectively.
In Fig. 1c, the survey XPS spectrum of GQDs-Sn displays
four typical peaks at 285, 399, 487, and 532 eV for C 1s, N
1s, Sn 3d, and O 1s, respectively. The atomic ratios were
48.09% (C), 7.14% (N), 6.72% (Sn), and 38.05% (O) (Table
S2, ESI). The high-resolution C 1s XPS spectrum (Fig. S8b,
ESI) exhibited peaks at 284.6, 285.4, and 288.6 eV, corre-
sponding to C–C/C=C, C–N, and N–C=O/C=N,
respectively. The high-resolution XPS spectrum of Sn 3d
(Fig. S8a, ESI) was deconvolved into peaks at 487.0 and
495.4 eV, corresponding to Sn 3d5/2 and Sn 3d3/2, respec-
tively, with a splitting energy of 8.4 eV. This result indicated
that the tin in the GQDs-Sn was positive tetravalent21,22.
Figures S8–10 (ESI) show the survey XPS spectra and high-
resolution XPS spectra of GQDs-H, GQDs-OH, and
GQDs-Sn. To verify that the alkaline environment and tin
doping can increase the fluorescence intensity and reduce
the emission bandwidth of GQDs, GQDs-H were prepared
with Pc as the carbon source. Figure S7 (ESI) shows that
the morphology of the GQDs-H was similar to those of
GQDs-OH and GQDs-Sn. However, alkaline conditions
increased the PL intensity of the GQDs (the absolute QYs
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Fig. 1 Morphology and structural characterization of GQDs-Sn and GQDs-OH. a TEM images (inset images: HRTEM image and the size
distribution), b AFM images, and c wide-spectrum XPS of GQDs-Sn (top). In addition, d–f as in a–c but for GQDs-OH (bottom).
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of GQDs-OH and GQDs-H were 40.7% and 30.1%,
respectively). Tin doping reduced the bandgap and emis-
sion bandwidth of the GQDs. At the same time, the
FWHM of the GQDs-Sn was 21 nm, while that of the
GQDs-H was 30 nm (Fig. 2a, b and Fig. S12, ESI). In Fig.
S13 (ESI), the XRD spectrum showed that the 2θ peaks of
the GQDs-H, GQDs-OH, and GQDs-Sn were 25.78°,
22.80°, and 23.64°, respectively, which correspond to the
(002), (001), and (002) planes of graphene23. Compared
with the standard card of SnO2 and the Sn 3d XPS spec-
trum of the GQDs-Sn, SnO2 existed on the surface of the
GQDs-Sn. Based on the above data and analysis (Table S3,
ESI), it was preliminarily proven that the surfaces of the
GQDs-H, GQDs-OH, and GQDs-Sn were covered with N-
and O-containing heterocyclic species and abundant amino
functional groups.

The optical performance of the GQDs-Sn and GQDs-OH
UV–vis absorption (UV–vis) spectra of the GQDs-H,

GQDs-OH, and GQDs-Sn (Fig. 2 and Fig. S12, ESI)
exhibited significant absorption in the visible region
(550–730 nm). In the UV–vis spectra, their absorption
peaks were similar to that of Pc/SnPc, indicating that the
GQDs contained a planar, highly conjugated structure.
The maximum absorption peak of the GQDs-Sn slightly
redshifted compared with those of the GQDs-H and
GQDs-OH, indicating an increase in the degree of
conjugation. The emission peaks of the GQDs-Sn and

GQDs-OH were 683 and 667 nm, respectively (Fig. 2b,
e). The GQDs-Sn had an ultranarrow FWHM of 21 nm.
It is worth noting that the GQDs-Sn were unique with
ultranarrow-bandwidth emission, which was much
narrower (20–40 nm) than that reported for fluorescent
nanomaterials to date. Additionally, the GQDs-H,
GQDs-OH, and GQDs-Sn exhibited upconversion
photoluminescence (UCPL) properties, and the UCPL
peaks of these GQDs were the same as the PL peaks. The
UV–vis absorption spectra and PL excitation spectra of
the GQDs-H, GQDs-OH, and GQDs-Sn had good
overlap, indicating that the GQDs followed a surface
luminescence mechanism; that is, the surface structure
and functional groups of the GQDs were the main
luminescence mechanism24 (Fig. S14, ESI). As seen by
comparing the UV–vis absorption and PL spectra of
SnPc/Pc, the GQDs-Sn and GQDs-OH retained a large
amount of the planar, highly conjugated structure when
SnPc/Pc was subjected to high temperature and high
pressure. At the same time, compared to those of SnPc,
the absorption and PL peak of the GQDs-Sn were
blueshifted by 11 and 14 nm, respectively. When the
absorbance was the same, the PL intensity of the GQDs-
Sn was greatly increased compared to that of SnPc.
Similarly, the shape of the absorption peaks of the
GQDs-OH changed substantially in contrast to that of
Pc. The emission peak of the GQDs-OH was blueshifted
by 21 nm compared with that of Pc. Therefore, GQDs
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Fig. 2 The optical performance of the GQDs-Sn and GQDs-OH. a UV–Vis absorption spectrum of the GQDs-Sn. b Fluorescence spectrum of the
GQDs-Sn (inset images: photographs of the GQDs-Sn under sunlight (left image) and a 365 nm UV lamp (right image)). c Upconversion fluorescence
spectrum of the GQDs-Sn (top). d–f were the same as a–c but for GQDs-OH (bottom).
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were successfully prepared via SnPc/Pc under high-
temperature and high-pressure reactions, which greatly
improved the fluorescence performance25.
Cyclic voltammetry was performed to calculate the

HOMO and LUMO positions of the GQDs-Sn and
GQDs-OH to determine the effect of alkali and tin
doping on the GQDs (Fig. S16, ESI). By calculation, the
HOMO and LUMO of the GQDs-Sn were −5.22 and
−3.62 eV, respectively. On the other hand, the HOMO
and LUMO of the GQDs-OH were −6.16 and −4.43 eV,
respectively (Fig. S16 and Table S4, ESI). The bandgaps
of the GQDs-Sn and GQDs-OH were 1.60 and 1.73 eV,
respectively, with a difference of 0.13 eV. The reason for
these results might be that the bandgap of the GQDs
was mainly affected by the degree of conjugation and the
surface functional groups, which mainly affected the
band levels of the HOMO and LUMO. Due to the Sn
oxidation state on the surface of the GQDs-Sn, the
energy level of the GQDs-Sn was approximately 0.8 eV
higher than that of the GQDs-OH. Because the Sn
oxidation state did not correspond to a planar structure,
the transfer of electrons from the LUMO to the HOMO
was more difficult, leading to a decrease in the QYs of
the GQDs-Sn26. It could be seen from the PL spectra
that the FWHM of the GQDs-Sn was narrower than that
of the GQDs-OH because the degree of discrete energy
levels of the GQDs-Sn was greater than that of the
GQDs-OH27,28.
The fluorescence lifetime decay curves for the GQDs-H,

GQDs-OH, and GQDs-Sn are shown in Fig. S17 (ESI),
which are consistent with double exponential decay. The
average lifetimes of the GQDs-H, GQDs-OH, and GQDs-
Sn were 6.09, 6.18, and 6.13 ns under a 635 nm laser (Table
S5, ESI), respectively. τ1 was attributed to the state of the
carbon core, and τ2 was attributed to the surface defect
state28. In Table S5 (ESI), the τ2 ratios of the GQDs-H,
GQDs-OH, and GQDs-Sn gradually decreased. This indi-
cated that the PL of the GQDs was mainly surface-state
luminescence. In addition, the proportion of carbon nuclei
in the GQDs-Sn increased with tin doping, which was
caused by the defect energy levels introduced by the
introduction of heteroatoms. Correspondingly, the absolute
QYs of the three GQDs were 30.1, 40.7, and 7.5%. The
increase in the proportion of carbon nuclei would reduce
the PL intensity and cause a redshift in the PL emission
wavelength of the GQDs. In addition, the PL emission peak
and intensity of the GQDs-Sn and GQDs-OH were slightly
different in different polar solvents (Fig. S18, ESI), which
also confirmed that the PL mechanism of the GQDs was
mainly due to surface states29.
Therefore, considering the carbon source, surface

functional groups, particle size, etc., we concluded that
the reasons for the narrower-bandwidth emission of
GQDs-Sn were as follows: (1) The carbon source was a

planar, highly conjugated structure. Therefore, the pre-
pared GQDs had a large π-conjugated system. (2) Tin
doping adjusted the energy bandgap and the positions of
the HOMO and LUMO of the GQDs. (3) Single surface
functional groups were generally present. (4) The pur-
ification process was optimized to make the prepared
GQDs uniform in particle size.
To further explain the luminescence properties of the red

GQDs, the transient absorption (TA) spectrum showed the
luminescence properties with nanosecond broadband
(330–750 nm) TA spectroscopy under 400 nm excitation.
Usually, the signals in the TA spectrum are affected by
ground-state bleaching (GBS), excited-state absorption
(ESA), and stimulated emission (SE). The TA spectra and
kinetic curves at different probe wavelengths are shown in
Fig. 3a–d. As seen from the TA spectrum of the GQDs-Sn
(Fig. 3a, b) and the UV–vis absorption spectrum and PL
spectrum of the GQDs-Sn (Fig. 2a, b), the GBS at 330–400
and 580–620 nm corresponded to the energy band struc-
ture in the steady-state absorption spectrum. The ESA
range was 400–580 nm, and the SE signal was approxi-
mately 630–700 nm. The kinetic decay curves of the GQDs-
Sn were single exponential decays at two excitation wave-
lengths (420 and 500 nm). Similarly, in the TA spectrum of
the GQDs-OH, the range of 350–430 nm corresponded to
GBS, 590–630 nm corresponded to the energy band
structure, 430–590 nm corresponded to the ESA,
630–680 nm corresponded to the SE signal, and the kinetic
decay curve belonged to a single index. By comparing the
kinetic fitting data at 500 nm, Sn increased the excited-state
lifetime of the GQDs and decreased the decay constant,
indicating that Sn reduced the QYs of the GQDs and that
the emission peak was redshifted30.
To explore the formation process of GQDs, various

GQDs were synthesized with different reaction times at
180 °C and were named GQDs-Sn6, GQDs-Sn12, GQDs-
Sn18, GQDs-Sn24, GQDs-Sn36, GQDs-OH6, GQDs-OH12,
GQDs-OH18, GQDs-OH24, and GQDs-OH36. The GQDs
mainly underwent dehydration, condensation, and car-
bonization processes under high temperature and high
pressure. SnPc/Pc mainly underwent dehydration con-
densation and carbonization processes under high tem-
perature and high pressure to form GQDs. The planar,
highly conjugated structure of SnPc/Pc promoted the
formation of the π-conjugated system of the GQDs. In
Fig. S19 (ESI), the crude product had two main types of
GQDs (blue and red GQDs). At a solvothermal reaction
time of 6 h, SnPc/Pc was mainly dehydrated and con-
densed to form blue GQDs (mainly). The carbonization
degree of SnPc/Pc increased as the reaction time was
prolonged to 24 h, and the PL proportion and synthetic
yields of the red GQDs increased in the crude product.
When the reaction time was increased to 36 h, the GQDs
were excessively carbonized, so the PL intensity of the
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GQDs was dominated by carbon cores, and the PL of the
GQDs dropped sharply31.

Superresolved spectral and spatial sensing
To observe finer structures or images, superresolution

technology is used to overcome the optical diffraction limits
for imaging applications, such as the high resolution of cell
structures in biological sensing. In this work, the emission
peak shapes of the GQDs-Sn and GQDs-OH changed
slightly (shoulder peak) under different excitation wave-
lengths. The PL lifetimes of the GQDs-Sn and GQDs-OH
were distinguished at different excitation wavelengths, and
the infrared spectrum sensing configuration depended on
the special nanomaterials. This concept could also be
adapted for nanomicroscopy-related applications, enabling
spatial superresolution imaging in nanoapplications. In
general, in superresolution, it has been proven that a proper
encoding–decoding process can enhance spectral31 as well
as spatial32,33 resolution.
Our aim is to realize high-spectral-resolution sensing

without using a spectrometer, i.e., to decode the
spectral information just from intensity readouts, while
the spectrum is reconstructed when applying the a
priori known spectral “signature” of the nanoparticles.
Figure 4a shows a schematic sketch of the spectral
distributions, and Fig. 4b shows the microscopy-based
sensing configuration. It was assumed in the

experiment that a large number of photoluminescent
nanomaterials (LNMs) were positioned below the
spectrally inspected specimen. Simultaneously, the
LNMs were placed in a solution between two micro-
scope coverslips, and the samples were positioned on
top of the upper coverslips. The microscope coverslips
had a uniform or previously known spectral transmis-
sion in the near-infrared region. This transmission is
needed for calibration of the sample’s spectral recon-
struction process. It was postulated that each group n
of LNMs was excited with a different excitation
wavelength λn and that the emission of this group was
denoted by Ln (λ). It was also assumed that these were
spectrally randomized and noncorrelated emission
distributions. From the mathematical derivation pre-
sented in the theory-application section, one might see
that the reconstructed spectrum indeed included a
term corresponding to the original high-resolution NIR
spectrum S(λ) of the inspected samples. The decoding
process was as follows: SR λð Þ ¼ PN

n¼1 I nΔtð ÞLn λð Þ,
where SR(λ) was out of the reconstructed high-
resolution spectrum. On the other hand, it was
assumed that the spectral emission functions of the
different LNM groups were not correlated with each
other, and the following equation was obtained:PN

n¼1 Ln λ0ð ÞLn λð Þ � 0:25 1þ δ λ0 � λð Þð Þ (the specific
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derivation process is described in the ESI). In this work,
we realized the reconstructed spectrum and spatial
separation with two types of LNMs based on the above
equation.
Importantly, in the proposed approach, a discrete set of

excitation wavelengths resulted in a continuous spectral
reconstruction of the inspected samples. Additionally,
excitation in the visible region allowed spectral recon-
struction in the NIR region with high spectral resolution.
Since the above-proposed sensing could be applied for
each pixel of the detector, the proposed concept could be
used for hyperspectral imaging, while the high spectral
resolution could be extracted for each pixel of the camera
while mapping a different spatial footprint in the inspec-
ted sample. Since the various spectral signatures of the
different LNM types were spectrally noncorrelated to
each other, the more types we had (larger N), the higher
the hyperspectral mapping capability became.
If each LNM type targeted another region in space, then

the proposed concept could be used to perform spatial
superresolved imaging, i.e., LNM-based nanoscopy
instead of using time multiplexing to enhance the signal-
to-noise ratio and spatial resolution, as described in
refs. 34,35; here, a method of wavelength multiplexing was
proposed for wavelength multiplexing nanoscopy. In
addition, the detailed theoretical verifications of the
spectral reconstruction method are provided in the Sup-
porting Material sections.
Thus, we presented an approach allowing us to extract

spectral information without using a spectrometer.

Preliminary experimental validation
For the experimental validation, the aim was to perform

spectral mapping with a small number of LNM groups
while also providing a small number of spectrally resolved
points. Instead of using different LNM groups, the GQDs-

Sn and GQDs-OH were used with different fluorescence
spectra under different excitation wavelengths.
In this experiment (the scheme of Fig. 4b), a microscope

spectral transmission filter with a spectral transmission
band of 650–680 nm was placed in front of the charge-
coupled device (CCD), and the GQDs were excited by
different excitation wavelengths (which changed their
spectral emission). The readouts obtained for each exci-
tation wavelength were collected, and reconstruction was
performed based on Eq. (2). After performing the recon-
struction of spectral transmission through the filter, the
results were compared with the datasheet of the filter. For
this experiment, additional types of GQDs were fabricated.
Figure 5a includes the emission spectra of the GQDs-Sn

without any filter and the same measurement with a red
filter having a transmission band within the range of
650–680 nm (Fig. 5b). Figure 5c shows two spectral
measurements of the GQDs-Sn with and without the red
filter under 360 nm excitation. In Fig. 5d, the same mea-
surement was performed under 620 nm excitation. In Fig.
5e–h, the same operation as in Fig. 5a–d was performed
but for the GQDs-OH.

Spectral reconstruction
The experimental spectral reconstruction is presented

in Fig. 6, where two types of LNMs were used for the
spectral measurements. Various spectral measurements
were performed through the red filter, as shown in Fig. 5b
(for GQDs-Sn) and Fig. 5f (for GQDs-OH). Spectral
integration was performed such that the spectral infor-
mation was lost, and a single readout of intensity was
obtained for each excitation wavelength. Similarly, Fig. 5a
(for GQDs-Sn) and Fig. 5e (for GQDs-OH) show the same
data as a reference without the effect of the red filter.
Spectral reconstruction was performed as shown in
Eq. (2), and we normalized the reconstruction of the

The inspected 
sample

Microscope cover glasses

Different types of LNMs

Microscope

λ1 ... λn ... λN

Excitation wavelengths
Visible range

λ

Emission spectrum
Near infra-red range

Spectral intensity

a b

I(λ) Ln(λλ)

S(λ)

Fig. 4 A schematic sketch of the proposed spectral distributions. a Schematic sketch of the spectral distributions. b Microscopy-based sensing
configuration.
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spectrum with and without the effect of the filter (the
Wiener filter calculation36 was performed for noise
insensitive inverse filtering). The obtained experimental
results appear in Fig. 6 for the GQDs-Sn (solid line). For
comparison, the GQDs-OH results (dashed line) are also
included in Fig. 6 to show the spectral reference mea-
surements made only on the filter alone without the
involvement of any LNMs.

Since there were only 14 different spectra (using 14
different excitation wavelengths), the obtained spectral
reconstruction was not perfect. Additionally, the spectral
distributions of the GQDs-Sn and GQDs-OH did not
match perfectly to the spectral transmission band of the
red filter. The GQDs-OH were better matched to the filter
and produced better reconstruction results than the
GQDs-Sn. Nevertheless, with both types of LNMs,
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Fig. 5 Experimental spectral measurements of two types of LNMs with and without the red spectral filter. a Emission spectrum of the GQDs-
Sn without any filter. b Emission spectrum of the GQDs-Sn with the red filter. c Emission spectrum of the GQDs-Sn with and without the filter under
excitation at 360 nm. d Emission spectrum of the GQDs-Sn with and without the filter under excitation at 620 nm. e–h as in a–d but for GQDs-OH.
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qualitative reconstruction was achieved. The reconstruc-
tion of the transmission spectrum indicated a spectral
band within the region of approximately 655–690 nm,
while the real filter transmitted energy in the spectral
range of approximately 645–680 nm.
Thus, the obtained error for spectral reconstruction was

approximately 10 nm, which was quite satisfactory given
that the spectra of the LNMs had matched poorly with the
spectral transmission region of the filter and that only
14 spectral functions were used for the reconstruction.
Additionally, note that this spectral error was obtained in
the spectral region of approximately 600–750 nm (spectra
of the LNMs used); thus, an error in the spectral alloca-
tion of approximately 10 nm was less than 7% from the
spectral region.
As previously indicated, instead of using spectral dis-

tributions to reconstruct spectral information, temporal-
scrambled measurements could also be made and applied
for spatial superresolution.

Spatial separation
Reconstruction based on spectral measurements
To reduce the problem of the time required to recon-

struct superresolved images, the proposed configuration
in the work allowed, as in PALM nanoscopy, conversion
of localization precision into spatial resolution by loca-
lizing two GQDs positioned closer to each other than the
optically identical point spread function of the micro-
scope. However, unlike in the case of PALM, the different
LNMs were separated spatially by time sequencing, i.e.,
being excited sequentially in time. In our case, the dif-
ferent GQDs were spatially separated via different tem-
poral “signatures” by being excited simultaneously.
To preliminarily prove the ability to use the experimen-

tally recorded spectra for spatial separation, the spectra of
the GQDs-Sn under 360 nm excitation and the spectra of
the GQDs-OH under 620 nm excitation were used to
perform spatial separation, as shown in the simulation in
Fig. S5 (ESI). The obtained results are shown in Fig. 7.
Unlike in the simulation in Fig. S5 (ESI) that assumes
random spectra, experimentally measured spectra were
used here, yet superresolved spatial separation was feasible.
Thus, the mathematical condition of Eq. (4) was fulfilled in
reality.
Unlike in the theoretical case of Fig. S5, in practice, the

reconstruction provided limited precision for the super-
resolution. As seen in Fig. 7, the localization positions of
the spatial peaks were shifted by 2 pixels= 20 nm (right
peak) and by 3 pixels= 30 nm (left peak) from the right
position of the center of the two types of LNMs. Thus, the
experimentally obtainable average precision of the
reconstruction was approximately 25 nm.
Similar results were obtained when the experimentally

measured spectra were used with the two LNM groups

mn01mn01

Real spectral transmission

Reconstructed spectral transmission

Fig. 6 Experimental spectral reconstruction. The solid line
represents the reconstruction for the GQDs-Sn, the dashed blue line
represents the reconstruction for the GQDs-OH, and the yellow line
represents the spectral measurement of the filter’s transmission.

Fig. 7 Experimental results for spatial superresolution. The insets show magnified images of the relevant spatial regions around the spatial
positions of GQDs-Sn and GQDs-OH.
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and when the excitation wavelengths for each were
spectrally close. The spectra of the GQDs-Sn under
360 nm excitation and the spectra of the GQDs-OH under
380 nm excitation were used. The obtained spatial
separation results were similar, with errors of 3 pixels=
30 nm (right peak) and 4 pixels= 40 nm (left peak), which
corresponded to an average spatial error of 35 nm.

Reconstruction based on temporal-scrambled measurements
To test the spatial reconstruction/superresolving cap-

abilities, we performed temporally resolved FLIM (fluor-
escence lifetime imaging microscopy) measurements for
the GQDs-Sn and GQDs-OH. The images obtained at the
different excitation wavelengths are shown in Fig. 8a;
the upper row shows the results for the GQDs-Sn, and the
second row shows the results for the GQDs-OH.
For the spatial resolution experiment, we used GQDs-

Sn and GQDs-OH excited at wavelengths of 405 and
640 nm, respectively. As previously mentioned, since the
photon count did not coincide in time, adjacent GQDs-
Sn and GQDs-OH excited together with the same
excitation wavelength emit photon counts in non-
coincincing temporal windows. Thus, by taking the

readouts from different temporal windows and com-
paring them to the previously known “temporal sig-
natures”, the two types of LNMs could be spatially
resolved and separated.
The obtained results are shown in Fig. 8b, c. Figure 8b

shows the time counts for the two adjacent LNMs. The
first 2.2 ns was used for the GQDs-Sn, and another tem-
poral window of 2.2 ns starting from 2.9 ns was used since
the GQDs-OH had a significant “temporal signature” of
photon counts, while the GQDs-Sn had almost no counts.
The inset in Fig. 8b shows the full window of the photon
counts, where not only the temporal window of interest
that was magnified in the figure itself.
The obtained spatial separation results are shown in

Fig. 8c. The obtained results showed that spatial separa-
tion between the LNMs was feasible based on their
temporal signature. The localization error was approxi-
mately 1 pixel (which equals 10 nm) for the left spatially
allocated peak (for GQDs-Sn) and 3 pixels (30 nm) for the
right spatial peak (for GQDs-OH).
In both approaches for spatial superresolution (the one

based on spectral scrambling and the one based upon
temporal scrambling), the proposed concept was much

λex=405 nm λex=440 nm λex=485 nm λex=510 nm λex=640 nm

λex=405 nm λex=440 nm λex=485 nm λex=510 nm λex=640 nm

Temporal signature for 
blue solid-line signal

Temporal signature for red dashed-line signal

[pixels; 1pixel=10nm]

a

b c

Fig. 8 Experimental data collection and experimental results for the time-resolved measurements. a FLIM experimentally collected
measurements for GQDs-Sn (top) and GQDs-OH (bottom). b Time-dependent counts of GQDs-Sn and GQDs-OH at two excitation wavelengths of
405 nm and 640 nm. c Spatial superresolution allowing the separation of two spatially unresolved GQDs in space. We used the fluorescence lifetime
information of different excitation wavelengths collected on the FLIMs of two GQDs to achieve spatial separation through the temporal window.

Wang et al. NPG Asia Materials (2021) 13:5 Page 10 of 13



less time consuming since it allowed simultaneous (rather
than sequential) spatial superresolution of nearby LNMs.
Please note that there are many papers, e.g., in ref. 37, that

discuss studies regarding single SiO2 nanoparticles having
photophysical properties of the luminescent centers that
strongly resemble those of single dye molecules. The pho-
toluminescence exhibits interesting properties, such as
spectral broadening. Although these previous studies are very
interesting and indeed present the capability of changing the
spectral distribution of the nanoparticles, they do not present
the capability of using a large variety of possible spectral
distributions as encoding “signatures” capable of producing
spectral and spatial superresolved imaging. In our paper, we
present, for the first time, to the best of our knowledge, the
capability of extracting the spectral information of an
inspected object by decomposing it into a large number of
known spectral “signatures” produced by special quantum
dots that we synthesize; the same approach can also be used
to perform spatial superresolved imaging of the inspected
object. Thus, in our approach, we obtain the spectrum of an
inspected object without using a spectrometer (our nano-
particles are used as a spectrometer), and then we apply a
localization-based approach to perform spatial superresolved
mapping of the inspected object.

Conclusions and discussions
In conclusion, GQDs with ultranarrow-bandwidth red

emission were effectively prepared via a one-step synthesis
method by using planar, highly conjugated compounds as a
carbon source. At present, GQDs-Sn have an FWHM of
21 nm, which is the narrowest bandwidth of fluorescent
nanomaterials reported to date. To achieve superresolved
spectral and spatial sensing, we took advantage of the nar-
rower FWHM of the GQDs-Sn and GQDs-OH, the red
emission of the GQDs-Sn and GQDs-OH, the very similar
emission peak positions of the GQDs-Sn and GQDs-OH
(Δλem= 16 nm), and the different fluorescence lifetimes of
the GQDs-Sn and GQDs-OH by changing the excitation
wavelength. Superresolved spectral and spatial sensing could
be achieved by obtaining spectral information without using
a spectrometer and simultaneously performing super-
resolution processing according to the temporal “signature”
characteristics of different types of GQDs.
Here, it has been shown how spectral or temporal

scrambling achieved by using many groups/types of
different LNMs or the same group excited at different
wavelengths produces uncorrelated emission spectra or
uncorrelated temporal photon counts, emitted either at
the same time in different spatial locations or at dif-
ferent temporal sites (sequences), could be used for
achieved spatial and spectral superresolved sensing,
respectively. The proposed novel concept was demon-
strated theoretically and validated numerically as well as
tested in preliminary experiments.

For the application in which the proposed novel concept of
spectrometric reconstruction was used for spatial super-
resolution, one does not need to use a large number of
excitation wavelengths or LNM groups, unlike in the case of
spectral reconstruction. Actually, the overall number of LNM
types and excitation wavelengths will improve the obtainable
resolution, and a factor of even 10 can be very significant in
the case of spatial resolution enhancement.

Materials and methods
Materials
Tin(II) phthalocyanine (SnPc) and Pc were of analytical

grade and were purchased from J&K Scientific Ltd. Pet-
roleum ether and N,N-dimethylformamide (DMF) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used without further purification.

Preparation of GQDs
Synthesis of GQDs-H
GQDs-H were prepared from Pc by the solvothermal

method. Briefly, 10 mg of Pc was dispersed in 20 mL of
DMF with ultrasonic dispersion for 30 min. Subse-
quently, the solution was transferred into a poly(tetra-
fluoroethylene) (Teflon)-lined autoclave for the
solvothermal reaction and heated at 180 °C for 24 h.
After the reaction, the reactor was cooled to room
temperature to obtain a dark green mixed solution. The
mixed solution was centrifuged at 10,000 r.p.m. for
20 min to remove the flocculent precipitate. The
supernatant was collected by centrifugation and filtered
through a 0.22-μm microfiltration membrane to further
remove flocculent particles. By using rotary evaporation
(70 °C), the DMF was removed from the solution, and
the GQDs were redispersed in ethanol for use. A large
amount of deionized water was added to the ethanol
solution to produce a precipitate, and the precipitate
was collected by centrifugation and washing. This step
was repeated seven to eight times until the PL intensity
was very low and the PL intensity at 440 nm was less
than 5% of the PL intensity at 670 nm. The precipitate
was dried in a vacuum oven to obtain GQDs-H.

Synthesis of GQDs-OH
Similarly, other red GQDs (GQDs-OH) were prepared

according to the same method used for GQDs-H. Pc
(10 mg, carbon source) and NaOH (150mg, sodium
hydroxide) were codispersed in 20 mL of DMF in a flask.
The reaction conditions and purification processes were
consistent with those used for GQDs-H.

Synthesis of GQDs-Sn
The preparation and purification process of GQDs-Sn

were consistent with those used for the GQDs-H, except
that the carbon source was changed to tin(II) Pc.
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Reconstruction spectrum algorithm
By assuming a series of constraints, a method for

reconstructing spectra and space separation was derived.
S(λ) denotes the spectral transmission of the mapped
sample. It was assumed that there were N types of LNMs,
with a large number of them located below the spectral
lens. The emission of the LNMs was in the near-infrared
(NIR) region with excitation in the visible region. On the
other hand, it was supposed that each group n of LNMs
was excited with different excitation wavelengths λn, and
the emission of this group was denoted by Ln(λ), which
were spectrally randomized and noncorrelated emission
distributions. Thus, the LNM types were excited with
different excitation wavelengths λ1, …, λn, … λN sequen-
tially. The emission time was denoted by Δt, and for each
emission, the intensity was collected in the detector. This
readout intensity was denoted by I(nΔt) with n= 1, …, N.
Our intensity readout, therefore, could be denoted as

I nΔtð Þ ¼
Z
λ
S λð ÞLn λð Þdλ: ð1Þ

From those N intensity readouts, the original NIR
spectrum S(λ) could be reconstructed. The decoding
process was as follows, where SR(λ) is our reconstructed
high-resolution spectrum:

SR λð Þ ¼
XN
n¼1

I nΔtð ÞLn λð Þ: ð2Þ

Let us prove this. We substitute Eq. (1) into Eq. (2) and
obtain

SR λð Þ ¼
XN
n¼1

Z
λ0
S λ0ð ÞLn λ0ð ÞLn λð Þdλ0 ¼

Z
λ0
S λ0ð Þ

XN
n¼1

Ln λ0ð ÞLn λð Þ
" #

dλ0:

ð3Þ

Since N was a large number and since we assumed that
the spectral emission functions coming from the different
LNM groups were not correlated with each other:

XN
n¼1

Ln λ0ð ÞLn λð Þ � 0:25 1þ δ λ0 � λð Þð Þ: ð4Þ

The 0.25 constant was because it was assumed that the
emission intensity Ln was normalized to be between 0 and
1 and was uniformly distributed between 0 and 1, while it
had no spectral correlation (white random process dis-
tribution). For other statistical distributions, the dis-
tribution was considered.

Thus, by substituting Eq. 4 into Eq. 3, one can obtain

SR λð Þ ¼
Z
λ0
S λ0ð Þ 0:25 1þ δ λ0 � λð Þð Þ½ �dλ0 ¼ constþ 0:25 S λð Þ:

ð5Þ
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