
 

Hydroxylated graphene quantum dots as fluorescent probes for sensitive
detection of metal ions
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Abstract: Highly sensitive methods are important for monitoring the concentration of metal ions in industrial wastewater. Here, we developed a
new probe for the determination of metal ions by fluorescence quenching. The probe consists of hydroxylated graphene quantum dots (H-GQDs),
prepared from GQDs by electrochemical method followed by surface hydroxylation. It is a non-reactive indicator with high sensitivity and detec-
tion limits of 0.01 μM for Cu2+, 0.005 μM for Al3+, 0.04 μM for Fe3+, and 0.02 μM for Cr3+. In addition, the low biotoxicity and excellent solubility
of H-GQDs make them promising for application in wastewater metal ion detection.
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1. Introduction

In  recent  years,  optical  detection  techniques,  especially
fluorescence  spectroscopic  methods,  have  been  attracting
much  attention  and  have  been  widely  investigated  for  their
applications  in  the  detection  of  various  analytes,  such  as
neutral  molecules,  heavy  metal  ions,  enzymes,  and  anions
[1].  In  particular,  fluorescence  sensing  is  the  method  of
choice because  of  its  rapid  signal  acquisition,  high  sensitiv-
ity, and  easy  operation,  and  it  can  identify  specific  mo-
lecules  via  the  interaction  between  the  sensing  material  and
the  target  [2].  Fluorescent  probes  are  generally  divided  into
two categories:  reactive  and  non-reactive  indicators.  React-
ive  indicators  are  based  on  molecular  reactivity  instead  of
molecular recognition and achieve a high chemical  selectiv-
ity in complicated biological and environmental systems [3].
Thus, high sensitivity is the main advantage of these indicat-
ors; however,  the  alteration  of  the  utilized  materials  is  irre-
versible. On the other hand, non-reactive indicators are based
on  non-covalent  physical  interactions,  such  as  electrostatic,
π−π, donor−acceptor,  hydrogen  bonding,  hydrophobic,  hy-
drophilic,  and  coordination  interactions,  which  leave  the

structure  of  the  sensing  material  unchanged;  however,  their
sensitivity  is  usually  lower  than  that  of  reactive  indicators
[4].  Hence,  the  development  of  novel  highly  sensitive  non-
reactive indicators is of great interest.

Recently,  graphene  quantum  dots  (GQDs)  have  shown
potential  applications  in  many fields,  such  as  optoelectronic
devices, bioimaging, and biomedical research, on account of
their  outstanding  fluorescent  properties,  excellent  chemical
and  physical  stability,  and  low  toxicity  [5−7].  In  particular,
surface-active  oxygen  functional  groups  such  as  epoxy
groups,  hydroxyl,  and  carboxyl  have  found  application  in
sensing devices, especially for metal ion detection [8−9]. Be-
cause the surface hydroxyl and carboxyl groups increase the
electronegativity  of  GQDs,  metal  cations  can  interact  with
these  groups  via  electrostatic  forces.  The  following  electron
transfer  processes  result  in  the  agglomeration  of  GQDs  or
change in  surface  states  and  consequently  fluorescence  en-
hancement  or  quenching,  allowing  GQDs  to  detect  various
ions,  such as Al3+ [10],  Fe3+ [11],  Hg2+ [12],  Cr6+ [13],  Cu2+

[14],  and  Pb2+ [15],  with  high  sensitivity  [16].  However,
there  is  still  room  for  improvement  in  terms  of  sensitivity
compared with reactive indicators.  To achieve a highly effi- 
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cient and  sensitive  fluorescent  biosensor,  two  basic  require-
ments must be met: (1) strong fluorescence and (2) the exist-
ence of a sufficient number of metal-binding sites. For most
GQDs,  fluorescence  results  from  quantum  size  and  surface
state effects [17]. According to the previous understanding of
the  luminescence  nature  of  quantum  dots,  when  their  total
surface  oxygen  level  increases,  the  fluorescence  intensity
usually  decreases  [18].  Thus,  simultaneously  increasing  the
fluorescence  intensity  and  the  number  of  meta-binding  sites
is  not  possible.  Utilizing  graphene  quantum  dots–aptamer
probe and  graphene  oxide  platform  as  a  fluorescent  nano-
sensor for the detection of lead(II) ion, Qian et al. [19] found
a wide linear span of up to 400 nM and an ultra-low detec-
tion limit of 0.6 nM. However, in a recent study, we showed
that different hybridized surface states lead to different fluor-
escence  colors.  In  particular,  a  high  content  of  hybrid  state
from C−OH bonds as well as graphene core not only results
in a GQD fluorescence blue shift but also increases the fluor-
escence  intensity  [20]. This  important  result  lays  a  founda-
tion  for  further  research  in  the  design  of  highly  sensitive
GQD-based biosensors.

In this work, we first prepared GQDs by electrochemical
method  and  then  treated  them  by  surface  hydroxylation  to
obtain  H-GQDs,  which  had  a  higher  number  of  hydroxyl
groups but the same original structure as the GQDs. The H-
GQDs proved to be highly sensitive in the detection of Cu2+,
Al3+,  Fe3+,  and  Cr3+ ions  by  fluorescence  quenching.  We
studied the  fluorescence  quenching  mechanism  and  com-
pared our  results  to  those  previously  reported  for  other  car-
bon nanomaterials.

2. Experimental

2.1. Preparation of GQDs and H-GQDs

Graphene quantum dots were prepared by cyclic voltam-
metry on a CHI660D electrochemical workstation [21].  The
working electrode was a  graphite  rod,  and the  counter  elec-
trode was a platinum electrode. We used 20 mL PBS buffer
solution (pH = 7, 0.1 M) as the electrolyte. The CV potential
was within ±5.0 V, the scan rate was set as 0.5 V/s, and the
scan time was 3 d.  After  scanning,  the solution was filtered
by a membrane (220 nm), and then dialyzed with a cellulose
ester membrane bag (3500 Da) for 4 d. The deionized water
was changed every 2 h, and the GQD aqueous solutions were
obtained.

The H-GQDs were prepared as follows: A part of GQDs
(5 mL) was added to 30 μL H2O2 (30wt%). The mixture was
stirred  with  an  irradiated  ultraviolet  lamp  (the  wavelength

was  254  nm,  18  W)  for  24  h.  Afterward,  the  solution  was
immediately dialyzed for 4 d to remove excess H2O2.

2.2. Detection of Cu2+, Al3+, Fe3+, and Cr3+

Stock  standard  solutions  of  Cu2+,  Al3+,  Fe3+,  and  Cr3+

(0.01  M)  were  prepared  by  dissolving  a  certain  amount  of
CuCl2, AlCl3, FeCl3, and CrCl3∙6H2O, respectively, in deion-
ized  water.  The  ion  solution  was  diluted  and  added  to  H-
GQDs (2 mL) according to different concentration gradients.
After  sufficient  mixing,  the  solutions  were  transferred  to
fluorescence cuvettes,  and  the  respective  fluorescence  spec-
tra were recorded.

The limit of detection (LOD) was calculated as follows:
the prepared 0.01 M Cu2+, Al3+, Fe3+, and Cr3+ solutions were
added into H-GQDs solutions (2 mL).

LOD =C1 =
C0V0

V1
(1)

where C0 is the concentration of the metal ions (C0 = 0.01 M),
and V0 is the volume of the metal ions, C1 is the detected con-
centration, and V1 is the volume of H-GQDs (V1 = 2 mL). The
error was produced by the pipette, and the instructions of the
pipette  reported  an  allowable  error  of  5  μL,  which  was
±8.0%.

2.3. Characterization methods

Transmission  electron  microscopy  (TEM,  H-7650B)
analyses  were  carried  out  using  an  electron  microscope  at
120 kV.  The  sample  for  measurement  was  prepared  by  de-
positing  GQDs  and  H-GQDs  aqueous  solution  on  silicon
wafers  on a  drying oven at  40°C for  2  d.  Fourier-transform
infrared (FT-IR)  spectra  were  recorded  by  a  NEXUS  spec-
trometer 670 using KBr pellets. The Raman spectra were ob-
tained using an RM2000 microscopic confocal Raman spec-
trometer  under  He−Ne  laser  with  the  excitation  wavelength
at  632.8  nm.  The  photoluminescence  (PL)  spectra  of  the
samples were obtained using an F97 Pro spectrophotometer.
X-ray photoelectron  spectroscopy  (XPS)  analysis  was  car-
ried out  using  an  ESCALAB  250Xi  photoelectron  spectro-
meter with Al monochromated Kα radiation.

3. Results and discussion

The morphologies  of  GQDs and  H-GQDs were  charac-
terized by TEM, and the  images  are  shown in Fig.  1.  After
surface hydroxylation, H-GQDs maintained the original size
morphology,  except  some  smaller-sized  H-GQDs  produced
after hydroxylation. The average diameters of GQDs and H-
GQDs  are  2.81  nm  and  2.89  nm,  respectively.  As  can  be
seen  from Fig.  2(a),  the  FT-IR  spectra  of  GQDs  and  H-
GQDs showed many stretching vibration bands correspond-
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Fig. 1.    TEM images and histograms of size distribution of (a, c) GQDs and (b, d) H-GQDs.
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Fig.  2.      (a)  FT-IR and (b)  Raman spectra  of  GQDs and H-GQDs,  and PL spectra  of  (c)  GQDs and (d)  H-GQDs with  the  excited
wavelength at 300−400 nm.

Q. Ge et al., Hydroxylated graphene quantum dots as fluorescent probes for sensitive detection of metal ions 93



ing to oxygen-containing surface groups [21], namely, epoxy
(C−O−C,  1056  cm−1),  carbonyl  (C=O,  1736  cm−1), and  hy-
droxyl  groups  (C−OH,  3421  cm−1)  [22−23].  Notably,  the
C−OH vibration peak of H-GQDs was more intense than that
of GQDs, indicating that the hydroxyl groups were success-
fully  introduced.  Moreover,  C−C was  not  observed because
the  vibration  of  the  same  nuclear  diatomic  pair  was  very
weak  in  the  FT-IR  spectrum.  The  Raman  spectra  of  GQDs
and H-GQDs were shown in Fig. 2(b), both the two samples
showed  two  main  peaks  at  approximately  1350  cm−1 (D-
band) and 1597 cm−1 (G-band). The D-band is related to the
structural defects and partially disordered structures of the sp2

domains, and the G-band depends on the E2g vibration mode
of  the  sp2 carbon  domains.  The  strength  of  the  G-band  is
defined as IG, and the strength of the D-band is defined as ID.
The  ratio  of ID/IG in  Raman  spectra  is  used  to  evaluate  the
disorder in graphene materials [24].  In Fig. 2(b),  a clear red

shift  of  the  D band  and  a  higher ID/IG value (1.09)  was  ob-
served  in  the  Raman  spectrum  of  H-GQDs,  while  the ID/IG

value for GQDs was lower (0.93), further suggesting that the
newly introduced hydroxyl  groups increased the surface de-
fects. The change in the surface C−OH contents of H-GQDs
was calculated by XPS, as shown in Fig. 3. Based on the FT-
IR results, the C 1s peak of GQDs and H-GQDs could be de-
convoluted  into  four  components:  C=C/C−C  (284.4  eV),
C−OH (285.6 eV), C−O−C (287.4 eV), and C=O (288.2 eV)
[25].  Interestingly,  after  the  hydroxylation,  the  number  of
C−O−C groups  slightly  decreased  (from 11.91% for  GQDs
to 8.05%  for  H-GQDs),  whereas  that  of  C=O  groups  re-
mained almost  unchanged,  and  the  C−OH  content  signific-
antly  increased  (from  19.27%  for  GQDs  to  29.05%  for  H-
GQDs).  These  results  indicate  that  our  approach  allows  to
modify  the  surface  groups  of  GQDs  without  destroying  the
internal structure.

The  GQDs  and  H-GQDs  (19.27%  and  29.05%,  a  high
content of hydroxyl groups, as revealed by XPS) both exhib-
ited  the  strongest  PL  at  about  450  nm  when  the  excitation
wavelength  was  340  nm,  as  shown  in Figs.  2(c) and 2(d).
This indicates that H-GQDs and GQDs have a similar band
gap.  Based  on  linear  extrapolation  of  the  absorption  spectra
of  solutions  of  H-GQDs,  the  band  gaps  were  calculated  by
plotting  the  square  or  square  root  of  the  absorption  energy
(αhυ, where α is the absorbance and hυ is the photon energy)
against hυ,  which enabled the determination of  the direct  or
indirect  band  gap  energy  (Fig.  4), the  band  gap  was  calcu-
lated to be 2.91 eV [21]. The PL of H-GQDs can be ascribed
to an  electronic  transition  between  the  valence  and  conduc-
tion bands. A small peak at about 380 nm was also observed
(Fig.  2(d)),  which can be ascribed to some smaller-sized H-
GQDs produced, in agreement with the TEM result [26]. The
PL  spectra  are  consistent  with  the  result  of  our  previous
study, demonstrating  that  hydroxyl  groups  related  hybrid-
ized states were responsible for the blue emission at 440 nm

when  the  wavelength  was  about  360  nm.  Furthermore,  the
PL  intensity  of  H-GQDs  at  450  nm  was  about  5.5  times
higher  than  that  of  the  GQDs,  which  provides  a  wider  ion
detection  range.  During  the  hydroxylation  process,  a  large
number of hydroxyl groups in GQDs are induced by hydrox-
ide radical from H2O2. After oxidation, some of the interrup-
ted  π-conjugated  electron  structures  will  recombine  and
cause an increase in π-electron delocalization, which is more
easily  excited  and  then  leads  to  a  high  PL  intensity  of  H-
GQDs [20].

Because the highest emission was 450 nm when the ex-
citation wavelength was 340 nm, 340 nm was selected as the
excitation wavelength to  increase  the  detection of  H-GQDs.
The  quantitative  detection  of  Cu2+,  Al3+,  Fe3+,  and  Cr3+ ions
was  performed  under  the  optimized  conditions.  As  can  be
seen from the PL spectra of H-GQDs in the presence of Cu2+,
Al3+,  Fe3+,  and  Cr3+ ions  (Figs.  5(a)–5(d),  respectively),  the
PL of  H-GQDs was  dependent  on  the  metal  ion  concentra-
tion.  With  an  increase  in  the  concentrations  of  Cu2+,  Al3+,
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Fe3+,  and  Cr3+ ions,  the  PL  intensity  of  H-GQDs  gradually
decreased  but  in  different  proportions.  When  the  metal  ion
concentration reached 10 μM, the PL of H-GQDs containing
Al3+ was  almost  quenched,  whereas  the  PL  intensity  of  H-
GQDs containing Cu2+ and Cr3+ decreased by 62% and 63%,
respectively,  and that of H-GQDs containing Fe3+ decreased
only by  17%.  Moreover,  different  detection  limits  were  ob-

served  for  the  four  metal  ions,  namely,  0.01  μM  for  Cu2+,
0.005 μM for Al3+, 0.04 μM for Fe3+, and 0.02 μM for Cr3+.
These  values  are  much  lower  than  those  reported  for  most
carbon materials, as summarized in Table 1, and comparable
to those of reactive indicators. Stern-Volmer equation can be
used to analyze the quenching effect quantitatively [27]:
F0/F = 1+Ksv [C] (2)
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Fig. 4.    Plots of (αhυ)1/2 against photon energy (hυ) for the H-GQDs solution, where α is the absorbance.
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where F0 and F are  the  steady-state  fluorescence  intensities
of  H-GQDs  in  the  absence  and  presence  of  the  metal  ions
with  the  450  nm  excitation  wavelength, Ksv is  the  Stern-

Volmer  quenching  constant,  and  [C]  is  the  concentration  of
quencher  of  metal  ions.  As  observed  in Fig.  6,  the  Stern-
Volmer plots of fluorescence quenching of H-GQDs by met-
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Table 1.    Detection limits of different sensing systems for Cu2+, Al3+, Fe3+, and Cr3+

Metal ion Sensing probe Detection limit Ref.

Cu2+

GQDs 0.226 μM [15]
N,S-GQDs 0.25 μM [32]

GQDs 0.33 μM [33]
Rhodamine B* 0.01 μM [34]

H-GQDs 0.01 μM This work

Al3+
CDs 0.05 μM [10]

Rhodamine chromone-based* 0.177 μM [35]
H-GQDs 0.005 μM This work

Fe3+

GO nanosheet 7.9 μM [36]
N-GQDs 0.09 μM [37]

Phosphonic acid-fluorine* 0.02 μM [38]
H-GQDs 0.04 μM This work

Cr3+

CDs-OH 0.06 μM [39]
GQDs 50 ppb [40]

Tripolyphosphate modified gold nanoparticles* 0.1 μM [41]
H-GQDs 0.02 μM This work

Note: * Reaction-based probes.
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al ions are not linear over the entire concentration range, but
a  good linearity  is  shown in  the  range of  0–1 μM for  Cu2+,
2–10  μM  for  Al3+,  10–50  μM  for  Fe3+,  and  0–1.2  μM  for
Cr3+, with R2 = 0.9871, 0.9982, 0.9953, and 0.9889, respect-
ively,  as  shown  in  the  insets.  Thus,  static  and  dynamic
quenching would be considered for the H-GQDs mechanism
[28]. The static quenching results from the formation of non-
fluorescent complex among H-GQDs and metal ions, and the
dynamic quenching mechanism is governed by the collisions
between the H-GQDs and metals ions [29].

According to the World Health Organization (WHO) re-
port, 80% of diseases and 50% of child deaths worldwide are
caused by  drinking  contaminated  water.  Excessive  accumu-
lation of heavy metals poses a serious threat to the environ-
ment and human health,  especially in developing and emer-
ging  countries  [30]. Moreover,  according  to  the  electroplat-
ing  wastewater  discharge  standards,  the  concentrations  of
Cu2+,  Al3+,  Fe3+,  and  Cr3+ cannot  exceed  1,  5,  5,  and
1.5 mg/L,  respectively [31].  Notably,  the  detection limits  of
H-GQDs were  far  below these  regulatory  levels,  suggesting
their potential application for the determination of Cu2+, Al3+,
Fe3+, and Cr3+ ions in industrial wastewater.

Generally, the fluorescence quenching of non-reactive in-
dicators induced by metal ions is due to a non-radiative elec-
tron/hole recombination  through  an  effective  electron  trans-
fer process [13] or due to aggregation [42]. According to Liu
et  al. [39],  metal  ions  that  form  hydroxides  with  very  low
solubility product constants can easily combine with the hy-
droxyl groups on the surface of CDs. Thus, because of their
high hydroxyl content, H-GQDs provide a large contact area

with metal ions, and the addition of Cu2+, Al3+, Fe3+, and Cr3+

to the H-GQD solution resulted in agglomeration,  as shown
in  the  TEM  images  (Fig.  7).  Previous  studies  reported  that
the fluorescence properties of GQDs result from the quantum
size and surface state  effects  [17]. For  H-GQDs,  the forma-
tion of large quantum dots due to agglomeration reduced the
quantum size effect.  The speeds of the agglomeration of H-
GQDs  in  contact  with  Cu2+,  Al3+,  Fe3+,  and  Cr3+ ions  were
different due  to  the  difference  in  electrostatic  force.  Con-
sequently,  the  sensitivities  of  H-GQDs  for  Cu2+,  Al3+,  Fe3+,
and  Cr3+ ions  were  different.  In  addition,  Liu et  al. [39] re-
ported  that  the  strong  electron-donating  ability  of  hydroxyl
groups  is  beneficial  to  fluorescence  emission.  Thus,  the
fluorescence quenching ability of H-GQDs was also derived
from the destruction of the surface state due to the consump-
tion  of  the  surface  hydroxyl  groups.  Our  findings  indicate
that the surface hydroxyl groups of H-GQDs played a signi-
ficant role in the detection of metal ions, providing a low de-
tection limit, which makes these sensors suitable for applica-
tion in the field of measurement.

4. Conclusions

(1) We  prepared  H-GQDs  by  introducing  surface  hy-
droxyl  groups  without  changing  the  internal  structure  and
other  surface  oxygen  groups.  The  high  hydroxyl  content
provided  H-GQDs with  excellent  metal  ions  (namely,  Cu2+,
Al3+,  Fe3+,  and  Cr3+)  detection  ability  by  fluorescence
quenching, which  is  attributed  to  the  aggregation  and  de-
struction of the surface state.

 

(a)

(c) (d)

(b)

50 nm 50 nm

50 nm 50 nm

Fig. 7.    TEM images of H-GQDs after addition of (a) Cu2+, (b) Al3+, (c) Fe3+, and (d) Cr3+ ions.
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(2)  Compared  with  other  non-reactive  indicators  based
on carbon nanomaterials,  H-GQDs provided a higher detec-
tion  sensitivity,  which  meets  the  discharge  standards  for
electroplating wastewater  by  WHO,  suggesting  their  poten-
tial application for the determination of Cu2+,  Al3+,  Fe3+,  and
Cr3+ in industrial wastewater.
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