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Photoelectrochemical response of carbon dots (CDs) derived
from chitosan and their use in electrochemical imaging

This work demonstrates a direct photoelectrochemical response
of carbon dots (CDs) for the first time, which was attributed

to a photogenerated electron-transfer process by CDs under
illumination. The CDs were derived from chitosan using a low
cost solvothermal method and were covalently linked to an ITO
surface through a silane monolayer. The surface was applied to
ac-photocurrent imaging with micron scale lateral resolution.
This work reports a novel biocompatible and light-addressable
sensor that has potential applications in electrochemical imaging
in the cell-surface attachment area that is not accessible to other
electrochemical or electrophysiological techniques.
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We report a direct photoelectrochemical response from low cost
carbon dots (CDs) prepared from chitosan via a solvothermal
method. The carbon dots were covalently linked to an indium tin
oxide (ITO) surface through a self-assembled silane monolayer.
We attribute the photocurrent of the ITO-silane—CD surface to a
photogenerated electron-transfer process by CDs under illumina-
tion with a wavelength of 420 nm to 450 nm. The self-assembled
monolayer of CDs was used for ac-photocurrent imaging of the
surface with micron scale lateral resolution. This discovery opens
up new applications for CDs as biocompatible, light-addressable
electrochemical sensors in bioanalytical and bioimaging applications.

Carbon dots (CDs) have recently generated excitement as a new
generation of metal free fluorescent materials and semiconductor-
like photocatalysts."* CDs have been widely applied to enhance
the photocatalytic activity of known semiconductor photocata-
lysts in photoelectric conversion,’ pollutant photodegradation,*
water splitting,>® CO, conversion,”® and organic synthesis.’
CDs have played important roles in photoreactions by light
absorption, electron-hole pair generation, photoexcited charge
separation and migration, which showed both electron donor
and acceptor abilities under illumination. However, the photo-
induced electron transfer process of CDs alone is still unclear.
Graphene quantum dots (GQDs),"® which belong to the CD family,
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Conceptual insights

In this work we demonstrate a direct photoelectrochemical response of
carbon dots (CDs) for the first time, which was attributed to a photo-
generated electron-transfer process by CDs under illumination. The CDs
were derived from chitosan using a low cost solvothermal method and
were covalently linked to an ITO surface through a silane monolayer. The
surface was applied to ac-photocurrent imaging with micron scale lateral
resolution. This work reports a novel biocompatible and light-addressable
sensor that has potential applications in electrochemical imaging in the
cell-surface attachment area that is not accessible to other electrochemical
or electrophysiological techniques.

showed photoelectric conversion properties as a semi-
conductor."" ™ N- and O-doping in carbon sp” clusters of GQDs
were shown to be responsible for n- and p-type domains,
respectively.'* To date the direct photoelectric conversion using
pure carbon nanodots under illumination has not been reported.
Herein, we report the photoelectrochemical behaviour of CDs
prepared by a simple bottom-up solvothermal approach from
chitosan as carbon precursor containing nitrogen functionality
and their use in electrochemical imaging sensors. Self-
assembled monolayers of quantum dots (e.g. CdS) have been
used in light-addressable electrodes for macroscopic electro-
chemical sensing.’® The great advantage of CDs over these
conventional quantum dots is that they are cheap, non-
poisonous and biocompatible making them ideal for live-cell
imaging applications with high spatial resolution. Many mature
amperometric or impedimetric biosensor technologies for the
detection of metabolites and proteins have traditionally been
using carbon as an electrode material and can, therefore, be
easily adapted for use in the CD based imaging sensor intro-
duced in this work.

CDs were prepared by a one-step solvothermal carbonization
of chitosan dispersed in ethanol (4% w/v).'® Fig. 1(A) shows the
transmission electron microscopy (TEM) image of CDs with
spherical morphologies and an average diameter of around
4 nm. CDs were observed to be amorphous carbon particles
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Fig.1 (A) TEM image of the CDs; (B) photograph of CDs in ethanol with
365 nm excitation.

without any lattices from the high-resolution transmission
electron microscopy (HRTEM) image. The X-ray diffraction (XRD)
pattern of CDs (Fig. S1, ESIt) displayed a broad peak centred at
21°, which corresponded to a set of sp” carbons-graphitic carbons
with stacking faults known as turbostratic carbons'” and indicated
a significant level of topological disorder in CDs."® The absence of
other peaks in the XRD spectrum confirmed the amorphous
nature of CDs. The CD suspension in ethanol was brown, trans-
parent and clear under daylight and exhibited strong blue lumi-
nescence under 365 nm UV excitation (Fig. 1(B)). The UV/Vis
absorption spectrum of the CD solution in ethanol shows an
absorption peak at 263 nm (Fig. S2(A), ESIt). In agreement with
the results reported previously, excitation-dependent emission was
observed (Fig. S3, ESIT), where emission peaks shifted to higher
wavelengths as the excitation wavelength increased from 340 nm
to 500 nm."® The fluorescence quantum yield of the CD solution
was calculated to be 5.7%. Fig. S4 (ESI{) shows the X-ray photo-
electron spectroscopy (XPS) C 1s and N 1s spectra of the CDs,
which demonstrate the presence of amine groups in the CDs
derived from chitosan. As shown in Fig. S5 (ESIt), the Fourier
transform infrared (FTIR) spectrum showed the presence of
functional groups of CDs, which also demonstrated the presence
of amine groups in the CDs.

To investigate the photoelectric conversion behaviour, CDs
were covalently linked to an indium tin oxide (ITO) surface
through a 3-glycidoxypropyldimethoxymethylsilane (G-silane)
monolayer based on the epoxy-amine reaction as shown in
Fig. 2(A)."® An epoxy terminated monolayer on ITO was formed
by silanization. Then, CDs from chitosan containing alkyl
amine groups were covalently attached to the epoxy groups.
After binding of CDs, the colourless ITO-silane surface became
evenly light brown. As shown in Fig. S6 (ESIt), the absorbance
of the ITO-silane-CDs surface at wavelengths <400 nm in
the UV/Vis absorption spectrum increased compared to the
ITO-silane surface, which indicated the binding of CDs to the
ITO-silane surface. The X-ray photoelectron spectroscopy (XPS)
survey spectrum in Fig. 2(B) confirms the linking of G-silane
and CDs by the appearance of a nitrogen peak at 399.5 eV
(Fig. S7(D), ESIt) assigned to the amine in the CDs from
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Fig. 2 (A) Scheme of CDs binding onto ITO via a reaction with

3-glycidoxypropyldimethoxymethylsilane; (B) XPS full scan spectrum of
the ITO-silane and ITO-silane—CDs.

chitosan and the increase in the carbon signal. The Si 2p peak
at 101.2 eV (Fig. S7(C), ESIt) was assigned to the organic Si in
silane and corresponded to G-silane bonded to the ITO surface.
The C 1s peak at 285.6 eV on the ITO-silane-CDs surface (Fig. S7(B),
ESIt) was assigned to C-N bonds, and its absence on the ITO-silane
surface (Fig. S7(A), ESIt) further confirmed the binding of CDs onto
the ITO-silane surface. Atomic Force Microscopy (AFM) was used to
image the ITO-silane and ITO-silane-CD surface. The height
variation changed from 1.0 nm of ITO-silane to 2.0-4.5 nm of
ITO-silane-CDs (Fig. S8, ESIt), which proved that CDs were
homogenously coated onto the ITO-silane surface. The
ITO-silane-CD surface was used for the investigation of photo-
electrochemical responses.

Photoelectric response measurements of ITO-silane-CDs
were carried out by linear sweep voltammetry (LSV) from —0.6
to 1 V with a 5 mV s ' scan rate in 10 mM pH 7.4 phosphate
buffer with 0.1 M KCl in an electrochemical cell consisting of a
platinum electrode and an Ag/AgCl electrode as the counter and
reference electrodes, respectively. To prevent the interference of
the ITO substrate under UV illumination, an adjustable diode
laser (wavelength 400-450 nm, max 500 mW) with a UV filter
that blocked the light of wavelengths lower than 420 nm was
used as the chopped back side illumination source. The CDs

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) LSV curves of ITO-silane—CDs in the dark and with chopped
illumination (420-450 nm, 10 mW cm™2, a UV blocking filter was used to
block light at wavelengths <420 nm); (B) LSV curves of ITO, ITO-silane,
and ITO-silane-CDs with chopped illumination.

could be excited by the 420-450 nm wavelength light (also see
the fluorescence spectra of CDs in Fig. S3, ESIt). The light
intensity was measured as 10 mW c¢cm > with a calibrated power
meter. As shown in Fig. 3(A), the ITO-silane-CDs surface showed
an obvious photocurrent at anodic potentials with chopped
illumination compared to the background dark current. The
photocurrent under illumination appeared from 0.25 V and
increased with the applied potential. Fig. 3(B) shows the LSV
curves of ITO, ITO-silane, and ITO-silane-CDs surfaces from
0.2 Vto 1 V under chopped illumination. The dark current of the
ITO-silane-CD surface slowly increased at anodic potentials
compared to the ITO and ITO-silane surfaces, suggesting that
the CDs increased the conductivity of the surface. The photo-
current response of the ITO-silane-CD surface was significantly
higher than that of ITO and ITO-silane surfaces. At 0.96 V,
photocurrents (Lijumination — Zdark) Of ITO, ITO-silane, and ITO-
silane-CD surfaces were 0.6 £ 0.1 pA cm ™2, 1.2 + 0.1 pA cm 2,
and 2.8 + 0.6 pA cm ™2, respectively. The results confirmed the
direct photoelectrochemical response of CDs derived from
chitosan under 420-450 nm laser illumination. Fig. S9 (ESIt)
shows the stability of the photocurrent of the ITO-silane-CD

This journal is © The Royal Society of Chemistry 2018
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surface at 1.0 V with chopped illumination in 10 minutes. After
10 cycles, the photocurrent decayed to 68.4%. In this work, the
photocurrent (Tijumination — Tdark) Of the ITO-silane-CD surface
was 0.35 & 0.02 pA cm ™2 at 0.25 V, which is comparable to the
reported performance of a covalently bound CdS quantum dot
monolayer."’

We demonstrate here that solvothermally synthesized nitrogen
doped CDs from chitosan have an n-type semiconductor-like
photoelectrochemical behaviour. To better understand the
mechanism for the photoelectrochemical response of the CDs,
we used photoelectron spectroscopy in air to measure the ioniza-
tion potential of CDs in powder form (Fig. S10, ESIt). We
measured a value for the ionization potential of 5.52 £+ 0.01 eV,
corresponding to the energy of highest occupied electronic state
of CDs. This is significantly larger than the ionization potential of
other carbon systems such as graphite (~4.45 €V)*® and gra-
phene (4.5-5.1 eV).>""** One reason for this might be nitrogen
doping coming from the amine groups in the chitosan starting
material. Nitrogen doping is commonly reported to reduce the
work function of carbon systems,>**® but it can increase the work
function of graphitic systems if the incorporation of nitrogen
atoms is at pyrrolic or pyridinic sites.”” We note that our XPS N 1s
spectra do indicate both pyridinic and pyrrolic species in the
CDs. Previous studies of nitrogen-doped CDs have reported large
ionization potentials (6.16 eV),>® as in our case. We also note that
the partial oxidation of the CDs may also increase the ionization
potential as is the case for graphene oxide.>® The Tauc plot
(Fig. S2(B), ESIT) derived from the UV/Vis absorption spectrum
of CDs indicates an energy gap (Egap) of 3.7 eV, therefore putting
the energy of the lowest unoccupied states at 1.8 eV. The
excitation-dependent photoluminescence (PL) of CDs (Fig. S3,
ESIt) indicates individual energy states (due to surface defects,
functional groups, impurities, etc.) of CDs,*® which allows a very
broad excitation band extending up to 500 nm (2.48 eV). The
possibility of excitations significantly below the energy gap
(3.7 eV) indicates a significant number of inter-gap states as
shown in Fig. 4. There is a large energetic driving force for
electron transfer to the ITO (Fermi energy, Er ~ 4.6 eV). At
anodic potentials, the holes in CDs accept electrons from an
electron donor (D) in electrolyte solution, which is OH™ in this
case. The formation of D' from D using CDs as photocatalysts

ITO silane

Individual energy states

hV D (electron donor)
> "

/ D*
!

h* / Highest occupied
energy state
5:5:eV

Fig. 4 The mechanism of photoelectric conversion of CDs.
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CD surface obtained by microcontact printing; (B) the corresponding

ac-photocurrent image of (A) measured at 1.8 V; (C) the optical micrograph of a PMMA dot array on the ITO-silane surface; (D) the corresponding

ac-photocurrent image of (C) measured at 1.8 V.

under illumination generates the photocurrent. The photo-
currents of CDs related to their quantum yields were investigated.
CDs with a higher quantum yields (QY) of 10.4% were synthesised
by a one-step solvothermal carbonization of chitosan and ethylene-
diamine to increase the N content in the CDs. The ITO-silane-CDs
with 10.4% QY showed higher photocurrents than those with
5.7% QY under the same binding and measurement conditions
(Fig. S11, ESIt). This indicates that N doping plays an important
role in the PL/QY and photocurrent response of CDs.

The ITO-silane-CD surface was applied to ac-photocurrent
imaging using the same experimental techniques usually applied
to light-addressable potentiometric sensors (LAPS) and scanning
photo-induced impedance microscopy (SPIM), which measure the
local photocurrent by illuminating a semiconductor substrate
with a focused, modulated laser beam. 2D images were obtained
by moving the sensor in the XY plane with respect to the laser
beam while recording the photocurrent, providing local electro-
chemical information such as impedance,** ion concentrations,*>
and surface charge.®® An array of poly(methyl methacrylate)
(PMMA) dots was deposited onto the surface by a PDMS stamp
using microcontact printing (uCP). Fig. 5(A) shows the circular
islands of PMMA with a diameter of 40 um and 30 um gaps.
Fig. 5(B) shows the corresponding ac-photocurrent image
measured at a bias voltage of 1.8 V and a modulation frequency
of 10 Hz with a focused 420-450 nm laser beam. The polymer
dot array is clearly visible as a reduction in photocurrent
because of the high impedance of PMMA. An ITO-silane sur-
face without CDs, but patterned with PMMA dots was imaged
with ac-photocurrent imaging as the control experiment.

426 | Mater. Horiz., 2018, 5, 423-428

The control image (Fig. 5(D)) did not show any contrast, proving
that contrast in the ac-photocurrent images comes directly from
the photoelectrochemical response of CDs. To demonstrate the
uniformity of the ITO-silane-CD surface, a small area (40 x 40 pm)
ac-photocurrent scan with a step size of 0.4 um at 1.8 V was
performed. The ac-photocurrent image (Fig. S12, ESIt) proved that
the surface was uniform and CDs were homogenously coated. As
shown in Fig. S13 (ESIt), the ac-photocurrent remained stable for
15 min at a bias voltage of 1.8 V and a modulation of 10 Hz with
unfocused 420-450 nm laser illumination.

To demonstrate the feasibility of using the CD modified ITO
surface for bioanalytical and bioimaging applications, a multi-
layer of yeast cells was immobilized on the ITO-silane-CD
surface by low gelling temperature agarose gel (Fig. S14(A), ESIT).
Fig S14(B) (ESIf) shows the corresponding ac-photocurrent
image at 1.5 V and 10 Hz. The yeast-agarose gel is visible as a
reduction in the photocurrent because of the impedance and
negative surface charge of yeast cells in pH 7.4 PBS solution.**
The control image of pure agarose gel (Fig. S14(D), ESIt) did not
show any photocurrent contrast, proving that the signal came
from the surface attached yeast cells.

Conclusions

In conclusion, CDs from chitosan were covalently linked to an
ITO surface and showed a direct photoelectrochemical response.
The photocurrent generated by CDs and the mechanism have
been studied. The photocurrent was attributed to the enhanced

This journal is © The Royal Society of Chemistry 2018
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electron-transfer process catalyzed by CDs under illumination.
A homogeneous monolayer of CDs was successfully used for
ac-photocurrent imaging. This opens up new applications for
CDs as biocompatible, light-addressable electrochemical sensors
in bioanalytical and bioimaging applications. As for well-
established photocurrent imaging techniques such as LAPS and
SPIM, a CD modified surface could be used for electrochemical
imaging in the cell-surface attachment area, which is not accessible
to other electrochemical or electrophysiological techniques.
However, in contrast to LAPS and SPIM, which are limited to
the measurement of ion concentrations®® or impedance,** a CD
modified surface could image a much broader range of parameters
as carbon has been used as a common electrode material for the
amperometric detection of metabolites and lends itself to standard
immobilization techniques for enzymes and other electroactive
molecules. The lateral resolution of ac-photocurrent imaging with
a CD modified surface would only be limited by the quality of the
focus of the light as there would be no lateral diffusion of
photogenerated charge carriers as in the bulk semiconductors
traditionally employed for LAPS and SPIM.>®
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