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Chemical Biology, Tianjin Key Laboratory of Biosensing and Molecular Recognition, Research Center for
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Abstract: Carbon nanodots (CNDs), as zero-dimensional carbonaceous fluorescent nanomaterials, are valuable add-ons to the
current cohorts of fluorescent nanoparticles. The fine control over the size and the surface is the key to gain designated photophysi-
cal properties of CNDs as well as empowers CNDs in many applications. Herein, a series of electrochemical strategies to manipu-
late the size and the surface of CNDs and to identify the surface structures was presented. Accordingly, the understandings on
the originals of photoluminescence as well as the pathways of electrochemiluminescence of CNDs were revealed. These studies
demonstrated that electrochemical methods were easy to operate, cost-effective and efficient in altering thin layers of the surface on
CNDs within a few nanometers. The key findings in the luminescence mechanism provided guidelines for the rational design of

CNDs with suitable features, which could promote applications of CNDs in bioimaging, sensing and catalytic conversion.
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Carbon nanodots (CNDs), referring to zero-di-
mensional carbonaceous luminescent nanomaterials,
have merits of tunable luminescence emission!" and
high resistance to photobleaching®. They also possess
unique properties associated with their intrinsic na-
ture of carbon, such as high electron mobility, good
biocompatibility and low toxicity®. Besides, the pho-
tophysical properties, such as size-independent and
excitation-dependent photoluminescence (PL), have
distinguished CNDs from conventional quantum dots
(QDs). Since the first report in 2004, these nanoscopic
carbon-based fluorophores have promised various ap-
plications in the fields of bioimaging”, sensing™'”
and energy conversion™"",

Structurally, CNDs are composed of carbonic
backbones and functional groups or polymer-capped
surfaces. Depending on preparation methods and

starting materials, their carbonic backbones can be

either in graphite crystalline or in the form of amor-
phous carbon. In some cases!"*'?), the obtained back-
bones only contain single or few atomic layers of
graphene sheets, so-called graphene quantum dots
(GQDs). As to surfaces, surface oxides are the com-
mon species covering the carbonic cores, resulting in
hydrophilic CNDs. Hydrophobic CNDs can also be
obtained through carbonization of organic moelcues®”.
Considering the rather small size of CNDs (less than
10 nm), there are significant amounts of surface moi-
eties over the whole structures. The surface properties
have played vital roles in determining optical proper-
ties, stabilities, solubility and functionalities®". Con-
trolling the surface without damage to the carbonic
core structure is demanding but challenging in this
research field.

Despite enormous reports on CNDs over the last

decades, limited methods can provide precise control
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of size as well as the surface in the synthesis. More-
over, how surface properties impact the photophysi-
cal properties of CNDs remains an open question.
Many approaches such as wet oxidation, laser abla-
tion, ultrasound and carbonization have been devel-
oped to obtain CNDs. The features of different syn-
thesis methods have been covered by several compre-

s221 - Among these methods, electro-

hensive review
chemical exfoliation or etching is considered as a
representative top-down approach to synthesize
CNDs. Through controlling parameters (e.g. applied
potentials, electrode materials or electrolytes), the
size and the surface of CNDs can be modulated dur-
ing the preparation. Additionally, combing with elec-
trochemical voltammetry and electrochemilumines-
cence techniques, comprehensive information on the
structures and luminescent mechanism of CNDs can
be accessed.

In the past few years, several electrochemical
strategies’” ! have been developed to control the size,
to tune the surface, to identify the surface structures,
and hence, to reveal PL essentials of CNDs. In this
review, we highlight our research progress in this re-
gard and provide perspectives on using electrochemi-
cal methods for the study of CNDs as well. This pa-
per is organized as follows: Section 1 describes the
electrochemical synthesis of CNDs in aqueous and
non-aqueous electrolyte solutions. Section 2 covers
how to identify surface groups by cyclic voltammetry
and to tune the surface oxidation groups of CNDs
electrochemically. In Section 3, electrochemilumi-
nescence of CNDs is presented, followed by the sum-

mary and outlook in Section 4.

1 Electrochemical Synthesis of CNDs

In electrochemical methods, carbon-based elec-
trodes (e.g. graphite rods®™*", multiwalled carbon nan-
otubes (MWCNTSs) ", carbon fibers™, carbon paste
electrodes®) were electrochemically etched (Fig. 1A)
in either aqueous media or nonaqueous media to
form luminescent carbon nanoparticles. The resultant
CNDs generally contain carbon cores and surfaces
covered with oxygen-containing functional groups.

In NaH,PO, aqueous solution, fluorescent CNDs

were successfully obtained by electro-oxidizing car-
bon electrodes at a high applied potential. When po-
larizing graphite rods at +3 V (vs. SCE) in 0.1 mol-L"
NaH,PO, aqueous solution®, 1.9 + 0.3 nm CNDs em-
itting blue PL as well as 3.2 + 0.5 nm CNDs emitting
yellow PL were gained (Fig. 1B). Notably, fluorescence
peaks of the resultant CNDs did not shift as changing
excitation wavelength (Fig. 1C). It is the first time that
fluorescence-non-shifting CNDs were prepared. Also,
these CNDs displayed pH-sensitive fluorescence and
low cytotoxicity, which could be used for monitoring
intracellular pH change (Fig. 1D). It was noticed that
PL shifting and non-shifting CNDs could be control-
lably synthesized by varying the composition of car-
bon electrodes. Home-made carbon paste electrodes
(CPEs) were electro-oxidized at +9 V (vs. SCE) in
0.1 mol - L' NaH,PO, aqueous solution®. When em-
ploying 64% CPEs (64% mass fraction of conductive
carbon black and 36% liquid olefin), the emissions of
as-resulting blue CNDs (64% CNDs) shifted with the
varied excitations. While 73% CNDs prepared by us-
ing 73% CPEs exhibited emission wavelength shifting
along with excitations (Fig. 2A), despite the statistical
diameters of 73% CNDs as the same as 64% CNDs.
The measurement of charging currents has identified
that the oxidation current passing through 64% CPEs
was about four times higher than that through 73%
CPEs (Fig. 2B). Consequently, 64% CNDs possessed
higher oxidation degree on the surface than 73%
CNDs. It is likely that the abundant oxides on the sur-
face lead to multiple emissive sites, showing different
emission wavelengths.

In the aqueous solution, when applying high
positive potentials, anodic oxidation of water occurs
(2H,0 — O, +4H' + 4e, E°=1.23 - 0.059pH), which
is accompanied by generation of hydroxyl radicals
(H,O — OH'" + e +H") and oxygen radicals (OH" +
H,O — O, + 3H" + 2e). The electrochemically gener-
ated oxidative radicals (OH" and O5") cleave bulk car-
bon-based electrodes into small fragments effectively,
attributed to the formation of CNDs. Because the oxi-
dation through radicals is non-selective, the obtained

CNDs are of polydispersity. Thus, post-separation is
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Fig. 1 (A) The schematic illustration of electrochemical set-up to prepare CNDs. (B) UV-vis absorption and fluorescence spectra
of blue CNDs (< 5 kD) (left) and (C) yellow CNDs (5 ~ 10 kD) (right) in aqueous solution. (D) Emission spectra of blue
CNDs under different excitation wavelengths as indicated. (E) The correlation of fluorescence intensity of CNDs with en-

vironmental pH. Reproduced with permission from Ref 30. Copyright 2008 Royal Society of Chemistry.
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Fig. 2 (A) The emission spectra of as-prepared 73%CNDs (left) and 64%CNDs (right) under corresponding excitations as indi-
cated. (B) CVs of 64% and 73% carbon paste electrode in 0.1 mol-L" NaH,PO, aqueous solution. Reproduced with per-
mission from Ref 34. Copyright 2012 Royal Society of Chemistry. (C) TEM images of obtained CNDs and a summary of
their size under indicated applied potentials. (D) The optimal emission and excitation wavelengths of as-prepared CNDs

prepared under different potentials. Reproduced with permission from Ref 33. Copyright 2011 Wiley.

generally required to narrow down the size distribu- tend to be yielded in this process.

tion and to remove non-fluorescent carbon particles. While in a non-aqueous solution, as applied po-
Nevertheless, the aqueous-based electro-oxidation tentials locate in the potential window of a non-aque-
process has the merit of large-scale production due to ous electrolyte solution, the polarization of car-
high oxidation efficiency. Another advantage is that bon-based electrodes predominates over the polariza-

luminescent CNDs with long-emission wavelength tion of electrolyte. Oxidation and break of carbon



- 642 - W,

= 2020 4

bonds in carbon-based electrodes have been initiated
by the applied potentials. Meanwhile, the intercala-
tion of electrolyte cations or anions into graphite lay-
er structures may also be driven, which further facili-
tates fragmentation. CNDs are expected to be gener-
ated under the synergetic effect of the above reac-
tions. Considering the reaction rate is controlled by
applied potential and current, the CNDs yielded in
this process primarily possess blue luminescence with
narrow size distribution.

More precise size-control has been done for
the first time by tuning the oxidation potentials ap-
plied onto carbon fibers in 0.1 mol - L' tetrabuty-
lammonium perchlorate (TBAP) acetonitrile solution
in our group™. The CNDs in the sizes of 3.3 + 0.6 nm,
29+ 05nm, 2.7 0.7 nm, 24 + 0.6 nm and 2.2 +
0.6 nm were gained under the applied potentials at
+0.5 V, +1.2 V, +1.5 V and +2.5 V (vs. Ag wire),
respectively (Fig. 2C). It has shown that monodis-
perse fluorescent CNDs could be directly obtained
without further separation. The size of the as-pre-
pared CNDs was dependent on the applied potential.
The higher applied potential facilitated the formation
of smaller sized CNDs, implying that increased ap-
plied potential was more efficient to ‘cut’ bulk mate-
rials into small pieces. The emission spectra of these
CNDs were excitation-dependent. It is also interest-
ing to see that large-sized CNDs have short emission
wavelengths (Fig. 2D). This feature is contrary to the
size-dependent behavior of conventional quantum
dots, in which large-sized particles typically have
long emission wavelengths. This research has indicat-
ed that not only size but also the surface of CNDs has
a significant impact on their PL properties.

2 Electrochemical Modulation of the
Surfaces

Considering the high surface-to-volume ratio,
the surface properties of CNDs have largely influ-
enced the physical and chemical properties, such as
solubility, stability, photo-physics and catalytic abili-
ty. Oxygen moieties (e.g. -OH, -CO, -COOH), which
facilitate water-solubility and subsequent functional-

ization of CNDs, are common species largely existing

on the surface of CNDs. Some of the groups are re-
dox-active. Hence, cyclic voltammetry (CV) can be
used to identify specific group units on the surface.
For instance, CV was utilized to verify surface struc-
tures of 2.7 nm GQDs™. The CVs of GQDs solutions
presented a pair of symmetrical redox peaks at glassy
carbon electrodes (Fig. 3A). The formal potential at
0.29 V with the separation of the peak potential 36
mV implies a two-electron quasi-reversible electro-
chemical reaction. The formal potential linearly de-
pends on pH (from 7.2 to 11.0) with a slope of -56
mV -pH", indicating a two-proton-coupled electron
transfer process. These two-proton and two-electron
redox reactions match with typical electro-reactions
of quinone-diol derivatives in aqueous media. Among
the derivatives, quinones were preferred structures as
the oxidation peak disappeared while the reduction
peak enhanced after the first cycle of CVs. Specifical-
ly, ortho-quinone structures were assigned in this
case because the formal potential of the reversible
peaks was close to that of catechol (21 mV) rather
than hydroquinone under the same experimental con-
ditions. Given the existence of ortho-quinone struc-
tures, it is achievable to modulate the PL emissions of
GQDs by attaching 1,2-diamine compounds. The in-
crease in the overall conjugation structures of GQDs
resulted in the red-shift of PL emission, indicating
that conjugation system can affect bandgap.
Moreover, surface oxygen species on CNDs
could introduce surface disorder structures, generate
surface states and influence the luminescent proper-
ties of CNDs consequently. Therefore, tuning the sur-
face-oxidation degree is a considerable scenario to
explore the new features and PL mechanism of
CNDs. Our research has demonstrated that the extent
of oxidation on the surface of CNDs can be electro-
chemically adjusted without changing the size of
CNDs. In 0.1 mol-L"' TBAP acetonitrile solution, the
prepared CNDs were further oxidized on a working
electrode of platinum (Pt) at an applied potential of
+2.5 V (vs. Ag wire) for two hours™. The further ox-
idized CNDs displayed red-shifted emissions com-
pared to the original CNDs (Fig. 3B). The images of
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transmission electron microscopy (TEM) indicated
that the size of CNDs remained the same. While the
spectra of X-ray photoelectron spectroscopy (XPS)
and Fourier-transform infrared spectroscopy (FT-IR)
verified that the content of oxygen on the surface of
CNDs increased after further electrochemical oxida-
tion. Specifically, the percentage of C-OH and C=0
groups on CNDs raised significantly. Analogously,
the CNDs, electro-oxidized on Pt wire in 0.1 mol-L"!
NaH,PO, solution at +1.5 V (vs. Ag/AgCl) for 1.5 h,
exhibited improved surface oxidation degree evident
by XPS and FI-IR spectra®®. Compared to the original
CNDs with nonshifting PL, the as-oxidized CNDs
had unchanged size but their PL spectra started to
shift along with excitation wavelength changing.
These observations clearly implicated surface oxida-
tion-related luminescence of CNDs. It is asserted that
the higher the surface-oxidation degree, the more sur-
face defects created on the surface, which are ac-
countable for the red-shifted emission as well as for
the multi-emissive sites induced shifting PL. There-

fore, the present electrochemical method is an effective
manner to modulate the fluorescent characteristics of

CNDs via tuning the surface oxidation degree.
3 Electrochemiluminescence (ECL)
of CNDs

Besides photoluminescence, the light from
CNDs can be generated by electrochemical reactions.
That is to say when appllying certain potentials,
cation radicals (CNDs") and anion radicals (CNDs™)
are formed simultaneously. The collisions between
cation and anion radicals produce excited state
CNDs", which relax back to the ground sates to give
off ion-annihilation ECL. In the case of CNDs"™ or
CNDs™ alone produced in the system, co-reactants,
such as S,0¢* or L-cysteine, are employed to facilitate
the formation of CNDs" for anodic or cathodic ECL.
The results of ECL are informative because the redox
potential, corresponding current and light intensity
are captured at the same time. The explication of the
ECL process is imperative to get insights into elec-

tron transfer pathways and energy levels in nanoparti-
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cles, as well as to develop nanomaterial-based cata-
lysts and biosensors®.

As aforementioned, surface oxides are account-
able for forming surface states, and trapping electrons
and holes in CNDs. Considering that electrons trans-
fer between electrodes and nanoparticles will pass
through their surface in ECL, it is possible to decode
the particular oxygen-containing units on the surface
of CNDs through understanding the ELC process. By
introducing CNDs into classic Ru(bpy);*-ECL system,
our group have revealed that benzylic alcohol units
on the surface of CNDs enabled these fluorescent
carbon nanomaterials as co-reactants in the anodic
ECL of Ru(bpy);*P"(Fig. 4A). During the potential
scan from +0.20 to +1.40 V (vs. Ag/AgCl), Ru(bpy)s**
were electro-oxidized into Ru(bpy);** at 1.15 V. Mean-
while, benzyl alcohol units on CNDs were oxidized to
form strong reductive intermediates, a-hydroxyben-
zylic radicals[CHsCHOH]', which then deprotonated
to C¢HsCHO upon oxidation. The standard potential
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- ® C-dots(48h <3K) 4 C-dots(d8h3-10k) & C-dots(48h 10-30K)
: S g ') Casel  Casell
C-dots(ArGHR) >C-dots(ArGHR )  T— e 1.0 g
e -8 3 Hg b frenishe

-H

C-do!s(ArgR)
HO J.

Anode
2 Ru(bpy)sz‘ o Ru(bpy),z" # reductive intermediate unit
2 Ru(bpy),** ) C-dot #oxidized unit

B  Self-co-reactant ELC

E°([CHs;CHOH]" /CHsCHO) was estimated to be
-1.25 V (vs. NHE), which is sufficient enough to re-
duce Ru(bpy);** into Ru(bpy)s** with E°(Ru(bpy);*"/
Ru(bpy):**) of -0.86 V (vs. NHE). This newly estab-
lished Ru(bpy);**-CNDs ELC system with excellent
reproducibility, stability and eco-friendly features al-
so promised the quantitative detection of dopamine in
the range of 0.5 ~ 20 wmol -L' with the detection
limit down to 0.3 pmol-L".

With the uncovering of CNDs being co-reactants,
so-called ‘self-co-reactant’ ELC pathway was recog-
nized for the first time to rationalize that CNDs can
emit anodic ELC without additional co-reactants .
An H-shaped electrolytic cell was employed in the
study to separate a Pt disc working electrode with a
Pt coil counter electrode and hence to exclude inter-
ferences. The main findings are as follows: i) when
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=4
%

Normalized intensity
I I
- N

S
[

0.0 ’ T T T T T T T
350 400 450 500 550 600 650 700 750 800

e Wavelength / nm
C-dots ——— C-dots* D
" i Surface-oxidstion degree in
C-dots (CgHsCHOH) 21, C-dots (C,H.CHOH) - 1+ 0_
C-dots (C4HsC"HOH) + C-dots** — C-dots* + C-dots (C4HsCHO) + H* K _ T —
C-dots* — C-dots + hv & - Red-shift i the emission l
—— 5 Sartace . pm—
lon-annihilation ELC i — & :_
C-dots e C-dots™ —; T
-e - | = by, —=
C-dots ——— C-dots H l/\,\:-m‘ -3 =1
C-dots+ C-dots**——— C-dots* : = Sariaee E—
" —— Core
C-dots* —— C-dots + hv Two pathways to tune the luminescence of C-dots
Pcdots O CoreofC-dots | Surface-oxidized groupsof C-dot]

Fig.4 (A) Scheme of CNDs as co-reactants in the anodic ECL of Ru (bpy):*". Reproduced with permission from Ref 37. Copyright
2014 American Chemical Society. (B) Two types of the mechanism of CND-ECL. Reproduced with permission from Ref
38. Copyright 2018 Elsevier. (C) ECL spectra of CNDs either with different sizes or with different surface oxidation de-

grees. (D) Illustration showing the impacts of the surface and the size on CND-luminescence. Reproduced with permis-

sion from Ref 39. Copyright 2015 Wiley.



55

(N N RS i K N O - 645 -

into [CqHsCHOH]". The subsequent recombination
from the exciton pair of (CNDs"* -[CHsCHOH]")
resulted in the observed anodic ECL (Fig. 4B top). ii)
When pulsing or cycling potentials between negative
and positive regions, the observed ECL signals were
ascribed to both self-co-reactants ECL and ion-anni-
hilation ECL (Fig. 4B bottom).

Furthermore, as ECL is susceptible to the sur-
face of nanoparticles, the comparison of ELC spectra
with PL spectra can provide insights into the emission
origins. Our group measured ECL spectra of different
sized CNDs, which were synthesized via chemical
oxidation of carbon fibers™!. Each ECL spectrum
matched with its corresponding PL spectrum, imply-
ing that both PL and ECL emitters came from the
surface (Fig. 4C). The red-shifted ECL spectrum along
with the increased size or surface-oxidation of CNDs
disclosed that the energy levels of the surface emis-
sive sites are attributed to both the m-electron system
and the surface chemistry™ (Fig. 4D). These under-
standings have provided insights into the rational de-
sign of CNDs, facilitating to expand full potentials of

CNDs in many applications.

4 Summary and Outlooks

In this review, the effects towards the rational
design of CNDs via electrochemical methods were
described. Both the size and the surface composition
of CNDs can be modulated through designated elec-
trochemical reactions. The established electrochemi-
cal strategies can easily tune the surface of CNDs
with a size of several nanometres without changing
the core size, which is hard to be realized by other
methods. The subsequent alternation of photo-prop-
erties associated with the surface suggested the sur-
face-related luminescence of CNDs. Moreover, the
redox potentials shown in the electrochemical reac-
tions not only can be treated as fingerprints to identi-
fy exact surface structures of CNDs, but also can be
used to determine energy levels of CNDs. These elec-
trochemical strategies can also be adapted into the
study of other novel nanomaterials such as Ag clus-
ters and ultrasmall Ag,Se QDs.

Although electrochemical methods have shown

as effective ways to manipulate CNDs, there are still
more efforts required on precise control of specific
surface groups. One way is to combine with addition-
al chemical modification, which has selectivity to-
wards certain surface groups™. With improved selec-
tivity, electrochemical methods can be powerful in
modifying and probing specific surface structures of
nanomaterials. As for CNDs, besides their applica-
tions in bioimaging and biosensing, considering en-
riched surface states existing on CNDs, there will be
considerable potentials for CNDs as catalysis or re-
dox species in electrochemical reactions, which is
worth further efforts.
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