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Abstract: New hybrid materials consisting of ZnO nanorods
sensitized with three different biomass-derived carbon quan-
tum dots (CQDs) were synthesized, characterized, and used for
the first time to build solid-state nanostructured solar cells. The
performance of the devices was dependent on the functional
groups found on the CQDs. The highest efficiency was
obtained using a layer-by-layer coating of two different types
of CQDs.

Carbon quantum dots (CQDs) have recently emerged as
a new family of 0D nanocarbon materials.[1] They are
spherical nanoparticles with sizes below 10 nm and exhibit
excitation-wavelength-dependent photoluminescence (PL)
behavior. Mechanistically, both the optical absorption and
fluorescence emissions in carbon dots do not originate from
a band gap, but instead are due to p-plasmon and radiative
recombination of the surface-confined electrons and holes,
different from those in conventional semiconductor QDs.[2–5]

The synthetic method for the production of carbon
quantum dots can be divided in two main categories: top-
down and bottom-up methods. Top-down methods involve
“breaking” larger carbon structures into smaller pieces while
the bottom-up methods rely on forming the CQDs from
molecular precursors. The bottom-up method has clear
advantages in terms of sustainability and compliance with
green-chemistry principles, in particular when biomass pre-
cursors are used for the production of CQDs.[2,6–8]

Hydrothermal carbonization (HTC) has arisen as a power-
ful and sustainable technology for the synthesis of nano-
structured carbon materials with a wide range of applications
including renewable energy, water treatment, catalysis and
gas storage.[9] During the hydrothermal carbonization of
biomass or biomass precursors, first the cellulose is hydro-
lyzed into glucose and further dehydrated to 5-hydroxyme-
thylfurfural (HMF) and levulinic acid. The process continues
by a cascade of chemical reactions involving mainly Diels–
Alder cycloadditions and ring-opening reactions.[10] During

this step, nucleation occurs, forming small nucleation clusters
which, upon increased reaction time, grow into micrometer
scale carbon particles. Several groups have reported the use of
hydrothermal carbonization of biomass to produce CQDs,
which are the nucleation clusters forming prior to the growth
into the final micrometer-sized carbon particle materi-
als.[2, 7, 11,12]

To date, the vast majority of the applications related to
CQDs are in the field of medical diagnostics and bio-
imaging.[13–15] Recently, CQDs have also been used for
catalysis,[7] and the development of novel optoelectronic
materials, such as LEDs[16, 17] and solar cells, where mesopo-
rous TiO2 was sensitized with CQDs derived from the
dehydration of g-butyrolactone using sulfuric acid.[18] In
addition, the related graphene quantum dots have been
used as sensitizers in ZnO nanorod-based solar cells, but this
carbon material was produced using top-down methods.[19]

Such nanostructured solar cells have the potential to be
produced at significantly lower costs than traditional silicon
and thin-film photovoltaics because the use of a high surface
area scaffold, most commonly TiO2 or ZnO, reduces the
required absorber thickness.[20] The most common such device
is the dye-sensitized solar cell, which uses TiO2 sensitized with
a ruthenium-based dye.[21] For these systems the potential for
cost reduction is limited by the scarcity of this platinum-group
metal. A wide range of alternative materials have been
investigated to replace these dyes, including extremely thin
semiconductor layers,[20] semiconductor QDs such as PbS,[22]

CdSe,[23] and CdTe,[24] and alternative dyes.[25] Many of these
are either costly to produce or contain toxic elements such as
Pb and Cd.

Herein we propose the replacement of these expensive
and unsustainable materials with biomass-derived CQDs.
Three different types of CQDs with and without nitrogen
functionalities were used for the first time as sensitizers for
ZnO-nanorod-based solid-state nanostructured solar cells.

These CQDs were prepared by a simple one-step hydro-
thermal carbonization of glucose, chitin, and chitosan: three
abundant and renewable precursors present in lignocellulosic
biomass and most food-waste. The ZnO nanorods were
synthesized using a low-temperature aqueous method
(Scheme 1).

We provide a complete characterization of the nano-
structured carbon materials and clearly show the importance
of the different surface functionalities for the ZnO nanorod
sensitization and solar-cell performance. Our approach com-
bines the inexpensive, inorganic materials ZnO and CuSCN
as electron and hole conductor with CQDs derived from
biomass. The use of a solid-state hole conductor overcomes
instability issues associated with liquid electrolytes and their
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potential reactions with the CQDs. CuSCN allows full
infiltration of the high aspect ratio ZnO nanorods, which is
not possible with organic alternatives, such as 2,2’,7,7’-
tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluor-
ene (spiro-OMeTAD), which is also considerably more
expensive. Thus, the entire solar-cell device can be produced
simply and inexpensively.

The resulting CQDs were first characterized using ele-
mental analysis, X-ray photoelectron spectroscopy (XPS),
and FT-IR. As expected, the carbon content is very similar for
all three CQDs at around 50% (Figure S1, Supporting
Information). The chitin-derived (CT-CQDs) and chitosan-
derived (CS-CQDs) CQDs contain 10.26% and 8.84%
nitrogen, respectively. XPS was used to investigate the
presence of different functional groups on the surface of the
CQDs. The peak at 399.6 eV in the nitrogen XPS (Fig-
ure 1a,b) demonstrates the presence of amine and/or amide
groups in the CT-CQDs and CS-CQDs. The large peak at
285.5 eV in carbon-XPS (Figure 1d) of CS-CQDs—attribut-
able to C¢N or C¢C groups—and its absence in the CT-CQD
spectrum (Figure 1c) suggests the N1s 399.6 eV peak may be
predominantly amine in the case of CS-CQDs and amide for
CT-CQDs. This assignment is supported by the very small
contribution from H-bonded or protonated amine at 401.1 eV
in N-XPS of CT-CQDs, which is much larger for CS-CQDs.
FT-IR analysis (Figure 1 f and Supporting Information) con-
firms the retention in the CQDs of the amide and amine
groups from the chitin and chitosan precursors, respectively;
CT-CQDs show strong amide absorption bands at 1652 cm¢1,
1620 cm¢1, and 1570 cm¢1, coupled with amine N¢H stretch-
ing in the region of 3200 cm¢1. The 3200 cm¢1 amine band is
much stronger for CS-CQDs, and coupled with N¢H bending
peak at 1575 cm¢1 this again supports the dominance of amine
groups in CS-CQDs. Finally, carbon XPS (Figure 1e) and FT-
IR (Figure 1 f and Supporting Information) of glucose-

derived CQDs (G-CQDs) con-
firm the presence of -OH groups
and C-O-C linkages by the XPS
peak at 286.4 eV, and -OH
stretching vibrations at 3600–
3200 cm¢1. These data demon-
strate that the functionalities are
maintained from the original
precursor into the final compo-
sition of the CQDs under these
mild conversion temperatures
(200 88C).

UV/Vis absorption spectra
of the as prepared CQDs show
a strong absorption peak at
254 nm, 268 nm, and 284 nm for
chitin, chitosan, and glucose-
derived CQDs, respectively (Fig-
ure S5). All the materials show
a weak absorption tail extending
into the visible region of the
solar spectrum making them
good candidates for a solar
absorber material. This is in

good agreement with other reports on CQDs.[2] Full details
of the peaks identified in XPS and FT-IR spectra can be found
in the Supporting Information.

Scheme 1. Preparation of carbon quantum dot (CQD) sensitized solar cell by hydrothermal carbonization
of biomass precursors, and combination with chemically grown ZnO nanorods.

Figure 1. XPS and FT-IR spectra of CQDs. Nitrogen 1s XPS spectrum
of a) CT-CQDs and b) CS-CQDs showing fit based on contributions
from nitrogen species as indicated. Carbon 1s spectra of c) CT-CQDs,
d) CS-CQDs, and e) G-XPS showing fits as indicated. f) FT-IR spectra
of CQDs derived from all three precursors as indicated, with the initial
precursor FT-IR spectra overlaid as dashed lines.
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The fluorescence spectra of the aqueous CQDs solution
are given in Figure 2 and optical and fluorescence images are
shown in Figure S6. The excitation-dependent emission can
be clearly observed, where the emission peaks shift to higher
wavelengths as the excitation wavelengths increase from
320 nm to 480 nm. Emission maxima are all centered in the
visible region of the spectrum. The different functional groups
present on the surface of our materials (carboxylic groups,
hydroxy groups, amines, amides) in conjunction with the sp2-
hybridized carbon core are responsible for the photolumi-
nescent properties. However, the optical properties of CQDs
are to date not clearly explained in the literature and several
research efforts (including our own) are currently focused on
a more fundamental understanding of this phenomenon. The
Supporting Information shows digital photographs of the as-
obtained CQDs solutions from different precursors under
daylight and under UV light. The CQDs solutions are
yellowish or brown, transparent and clear under daylight
and exhibit strong green luminescence under UV light
(365 nm). This corresponds well with the fluorescence results
(Figure 2) where all the CQDs excited at 360 nm show strong
fluorescence emission in the blue/green region of the visible
spectrum. The fluorescent quantum yield (QY) of the
aqueous CQDs solution was calculated to be 11.6% for CT-

CQDs, 13.4 % for CS-QDs, and 1.4% for G-CQDs (see
Experimental Section).

Figure 3a–c shows the TEM micrographs of the three
different types of CQDs. The CQDs are largely monodis-
persed, with some potential agglomeration for G-CQDs
(Figure 3c), and have spherical morphologies. Size distribu-
tion measurements show that the average diameter of the
obtained CT-CQDs is (14.1� 2.4) nm while the CS-CQDs are
(8.1� 0.3) nm, and the G-CQDs are much smaller with an
average diameter around (2.57� 0.04) nm (See Figure S7). It
is difficult at this stage to provide an explanation for the size
difference between the various precursors. In the case of
nitrogen-containing carbohydrates the CQDs presumably
involve Maillard reactions between the resulting HMF and
the nitrogen compounds formed during the HTC treatment[26]

which explains the larger size. Glucose forms CQDs involving
a single molecular species (i.e. HMF) resulting in smaller
particles. Whatever the nucleation mechanism, clearly the
molecular precursor has a clear influence on the CQD size
under the same synthetic conditions.

The HR-TEM images of the N-containing CQDs show
a graphitic crystalline structure with a repeating distance
between the fringes of (0.325� 0.007) nm, determined using
ImageJ software (Figure 3d). Electron diffraction confirms
that the resulting CQDs are crystalline showing a lattice
fringe of (0.318� 0.002) nm (see insets of Figure 3). The
presence of the graphitic structure is also confirmed by the sp2

carbon fraction observed in C 1s peak (284.6 eV, 284.3 eV, and
284.6 eV for CT-, CS-, and G-CQDs, Figure 1) as well as by
the presence of signals for C=C bonds and ring vibrations in
the FT-IR results (See Supporting Information for details).

Figure 2. Fluorescence spectra of CQD samples derived from:
a) chitin, b) chitosan, c) glucose.

Figure 3. TEM images of CQDs derived from a) chitin, b) chitosan,
c) glucose. Insets: electron diffraction. d) HRTEM of CS-CQDs.
e,f) TEM images of ZnO nanorods coated with CQDs derived with
a single coating of e) G-CQDs and f) 4 layers of CS + G-CQDs. Clear
texturing on the otherwise smooth, crystalline ZnO surface indicates
coverage by CQDs highlighted by a dashed line to show the ZnO–
CQD interface.
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After soaking in the CQD solutions for 24 h, the CQDs
adhered to the ZnO nanorod surface as can be seen in the
TEM image in Figure 3e, appearing as a roughening of the
nominally smooth ZnO surface. Analysis of the average
carbon content of the samples from wide-area SEM-EDX
scans shows it to increase from around 5% for uncoated
nanorods (arising from atmospheric and synthesis-related
impurities) up to 10–11 % for CS-CQD and G-CQD-coated
nanorods, and 7% for CT-CQDs. The presence of additional
carbon supports the TEM evidence that the nanorods have
been coated by the CQDs, and implies that the CS- and G-
CQDs coat the nanorods more densely or thickly than the CT-
CQDs.

UV/Vis transmission spectra show that the transmission of
the CS- and G-CQD-coated rods is decreased in the 400–
550 nm range (Figure 4a), indicating they have successfully

sensitized the ZnO nanorods to visible light through the
visible absorption tails discussed above. The transmission of
the CT-CQD-coated ZnO varies very little from uncoated
ZnO, reflecting the low level of carbon detected in this
sample. This situation is in good agreement with the XPS and
FT-IR results which clearly show free amine groups in the
case of CS-CQDs which facilitate their binding onto the ZnO
surface by electrostatic interactions, which is hindered by the
amide group on the CT-CQDs.

The solar-cell current–voltage curves in Figure 4b and
associated parameters in Table 1 show that all the CQD
coatings improve the efficiency compared to the uncoated
(ZnO/CuSCN) device. The CS-CQD-sensitized device has
the highest efficiency owing to a combination of relatively
high open-circuit voltage (Voc) and short-circuit current (Jsc)
associated with relatively low series resistance (Rs) and high
shunt resistance (Rsh). Despite having the highest light
absorption, the G-CQD-sensitized device has the lowest Jsc

giving it a low efficiency owing to a high Rs. The CT-CQD-
sensitized device also has lower efficiency, associated with
a low Rsh and therefore low fill factor (FF) and Voc. The low
correlation between light absorption and Jsc and large
variability in internal resistance suggests that the solar-cell

performance is determined more by the struc-
tural nature of the coating than its light-
harvesting ability; the thicker G-CQD layer
enables high light absorption, but may limit
collection of photogenerated carriers because
of internal recombination.[27–29] Conversely the
low density of CT-CQDs on the ZnO surface
may not be sufficient to reduce interfacial
recombination leading to a low Rsh. This
situation demonstrates the strong dependence
of the solar-cell performance on the type of
CQD precursor used and the subsequent func-
tionalization of the CQD surface. It is likely
that the functionalization determines the bind-
ing of the CQD to the ZnO surface and the
nature of the charge transport in the layer,
influencing the solar cell performance.

The efficiency of 0.061% for the CS-CQD-
sensitized device is lower than the TiO2-based
CQD solar cell mentioned above.[18] To increase
light absorption while altering the composition
of the coating layer, layer-by-layer (LbL) meth-
ods[22,24] were investigated by soaking ZnO
nanorods in four alternating layers of either
CS- and CT-CQDs or CS- and G-CQDs to

utilize the opposite charges of the amine and hydroxy groups
in solution. This procedure led to a clear increase in optical
absorption compared to the single-CQD samples (Figure 4c),
an increase of carbon content to approximately 15 %, and the
coatings can be seen in the TEM images (Figure 3 f). Like the
glucose-only devices, the increased light absorption of the CS-
G-CQD device did not lead to increased efficiency: the device
had extremely low Jsc associated with very high Rs. This
supports the hypothesis that the glucose-derived CQDs lead
to high levels of recombination within the CQD layer, which
is exacerbated in the thicker LbL film. The combination of
CS- and CT-CQDs using the LbL method produced an
increased efficiency of 0.077%. This was achieved as the use
of alternate layers of CQDs led to an increased loading on the
ZnO surface and therefore higher light absorption, but the
effect of the functional groups of the two types of CQD on the
transport properties of the film were complementary, ena-
bling a high Jsc without increasing Rs or reducing FF and Voc.

Figure 4. UV/Vis transmission for ZnO nanorods coated with CQDs as indicated (a,c)
and illuminated current-voltage data of ZnO/CQD/CuSCN solar cells (b,d) using either
single layer of CQDS (a,b), or 4-layer LbL coating (c,d).

Table 1: Solar-cell parameters for CQD-sensitized ZnO nanorod solar
cells derived from J–V characteristics in Figure 4.

Sample Jsc

[mAcm¢2]
Voc

[mV]
FF PCE

[%]
Rs

[kW]
Rsh

[kW]

Uncoated 0.083 15 0.34 0.0004 0.27 0.30
Chitin 0.530 175 0.35 0.032 0.98 4.11
Chitosan 0.500 275 0.44 0.061 1.13 15.9
Glucose 0.153 255 0.44 0.017 3.05 40.0
Chitosan–chitin 0.674 265 0.43 0.077 0.85 9.18
Chitosan–glucose 0.054 300 0.38 0.006 14.1 66.1
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Clearly the efficiency of the devices is largely limited by
the light-harvesting efficiency (LHE) of the CQDs. To
separate the contribution from the light harvesting, and
elucidate the dependence of efficiency on the type of CQD
used, the average LHE was calculated in the range 400–
850 nm. For the CS + CT-CQD devices this was around 5.7%,
whereas it was only 2% for the device using CS-CQDs only.
Dividing PCE by LHE gives the average internal efficiency of
these devices as 1.4 % and 3.0%, respectively. This result
demonstrates that although the CS + CT-CQD device has
marginally high light absorption, it is at the expense of
internal efficiency. In addition, if a greater understanding of
the origins of light absorption in these materials were
achieved such that CQDs with close to 100 % light absorption
in this range could be engineered, devices with overall PCE
values over 1% could be possible.

In conclusion, we have shown that carbon quantum dots
(CQDs) can be produced simply from biomass that can be
sourced from waste materials: chitin, chitosan, and glucose.
The as-synthesized CQDs are functionalized with the surface
groups found in the source materials. These CQDs can be
used to sensitize ZnO nanorods to visible light, allowing their
use in solid-state nanostructured solar cells. The performance
of the devices was shown to depend on the functional groups
found on the CQDs. A layer combining chitosan- and chitin-
derived CQDs produced devices with the highest efficiency of
0.077%. Although these CQDs and devices can be produced
extremely inexpensively and simply using solution methods,
the efficiencies require further improvement to provide
a useful technological alternative to current devices. The
light-harvesting efficiency of the devices should be improved
further, potentially by coating thicker layers of CQDs without
increasing the series resistance, or by increasing the visible
light absorption of the CQDs themselves by size or compo-
sition control.

Experimental Section
Chitin, chitosan (medium molecular weight), and d-(++)-glucose were
used as precursors to synthesize carbon quantum dots (CQDs). The
precursor (0.7 g) was dissolved in ethanol (20 mL) and placed in
a Teflon-lined, stainless steel autoclave, which underwent treatment
at 200 88C for 6 h. The dark brown and yellow solution obtained was
centrifuged at 10000 rpm for 10 min to remove the solution contain-
ing fluorescent CQDs from the solid black precipitate. The solution of
CQDs was then filtered using standard syringe filters.

ZnO nanorods were grown on fluorine-doped tin oxide (FTO)
substrates seeded with ZnO by spray pyrolysis of a 0.1m zinc acetate
solution in methanol at 350 88C, modified from Ref. [30]. Seeded
substrates were suspended face down in an aqueous solution of 25 mm
hexamethylenetetramine (HMT) and 15 mm zinc nitrate and heated
for 4 h at 90 88C, which was repeated 8 times to increase the nanorod
length.[23, 24]

ZnO nanorods were coated with carbon quantum dots (CQDs)
by soaking the substrates in the CQD solution in ethanol for 24 h
before removing and rinsing with clean ethanol to remove any poorly
adhered QDs. This process was repeated in subsequent solutions to
produce LbL samples.

Photovoltaic devices were completed by spray-coating the CQD-
coated nanorods with a 0.15m CuSCN solution in propyl sulfide while
heating at 100 88C on a hotplate until they were completely covered
with a compact layer of CuSCN, as reported previously.[31] 150 nm-

thick Au contacts were evaporated to form four ca. 0.2 cm2 devices
per substrate.

Transmission electron microscopy (TEM) observations were
performed on a JEOL JEM-2010 electron microscope operating at
200 kV. QD size was measured from TEM images using Image-J
software. Absorption spectra of CQDs were measured using Perki-
nElmer Lambda LS 35 UV/Vis spectrometer. The fluorescence
spectra of CQDs were measured using the fluorescence spectrometer
PerkinElmer LS 55, with a slit width of 10 nm both for excitation and
emission. The excitation wavelength was increased from 320 nm to
480 nm in 20 nm increments. Elemental analysis data were obtained
with Vario MICRO Cube elemental analyzer system. XPS measure-
ments were carried out on a Specs spectrometer using MgKa

(1253.6 eV) radiation from a double anode at 150 W.
The fluorescence quantum yield of the aqueous CQDs solution

was calculated using quinine sulfate as a reference and following the
same procedure as described by Sahu et al.[4] Five concentrations of
each of the CQDs samples and quinine sulfate were prepared, all
having absorbance values less than 0.1 at 340 nm. Quinine sulfate
(literature quantum yield 0.54) was dissolved in 0.1m H2SO4

(refractive index 1.33) while the CQDs samples were dissolved in
water. By plotting the integrated fluorescence spectra (excited at
340 nm) vs. absorbency values (at 340 nm) for CQDs and quinine
sulfate, the slope of the curves were calculated, and using that data the
quantum yield of the CQDs was determined.

UV/Vis transmission spectra of the CQD-coated ZnO nanorods
were measured using a PerkinElmer Lambda 950 spectrometer fitted
with an integrating sphere. Photovoltaic device current-voltage
characteristics were measured using a Keithley 2400 SMU controlled
using NI Labview. Devices were tested with 100 mWcm¢2 illumina-
tion using a Newport Oriel class ABB solar simulator with an AM 1.5
filter.

Keywords: biomass · carbon dots · hydrothermal carbonization ·
solar cells · sustainable chemistry
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