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ABSTRACT: To increase the performance of power conversion efficiency of
dye-sensitized solar cells (DSSCs), in the current paper, nanocomposites of
n-type ZnO and p-type NiO semiconductors were constructed as
photoanodes in DSSCs. Furthermore, the influence of the addition of
carbon quantum dots on the nanocomposites of n-ZnO and p-NiO was
evaluated. The efficiency achieved was 1.58 times of that of ZnO with
addition of 8 wt % NiO. Moreover, the doping of carbon quantum dots in the
nanocomposites of ZnO/NiO(8 wt %) enhanced the efficiency up to 3.8
times of that of ZnO/NiO(8 wt %). The value (13.02% (430 nm LED@100
W/m2)) was the highest among that of the carbon dot-incorporating DSSCs.
NiO and ZnO semiconductors created a p−n heterojunction, gave rise to
faster separation of charges, and minimized the recombination of electrons. Carbon quantum dots promoted the charge carrier
transport by converting photon to charge and reducing the potential barrier of the charge carrier at the interfaces of n-ZnO/carbon
dots and carbon dots/p-NiO. These results suggest that the adequate selection of the band gap energy levels of the materials induces
the preferable charge separation. Especially, the effect reducing the potential barrier of charge carriers by carbon quantum dots is
prominent to improve the photovoltaic efficiency of the DSSCs. Thus, the nanoscale materials of ZnO, NiO and Cdots were
promising for the enhancement of photovoltaic performance.

KEYWORDS: p-NiO/n-ZnO heterojunction, carbon quantum dot, nanocomposite photoanode, power conversion efficiency,
dye-sensitized solar cell

1. INTRODUCTION

Among technologies toward renewable energies, photovoltaics
is appealing to the direct transformation of solar energy into
electricity. However, the popularized silicon-based photo-
voltaic cells are adverse in the photovoltaic market owing to
their high costs. Conversely, dye-sensitized solar cells (DSSCs)
are cost-effective for the reasons of low-cost resources and easy
assembly processes. The band gap edge of an ideal DSSC
photoanode must fit with a band gap assembly of the sensitizer
intended for the competent injection of electrons. The metal
oxide materials are mostly used for the construction of
photoanodes because of the notable surface area and porous
structure being available to the dye adsorption onto the
semiconductor.1 The structure of the photovoltaic cell should
afford two principles: the generation of electrons/holes in
semiconductor materials by photosensitizing and their transfer
to electricity through the conductive contact. The most
common DSSCs are composed of the TiO2 semiconductor
and the dye sensitizer.2 ZnO has high stability against
photocorrosion, an adequate band gap (3.37 eV) and an
exciton binding energy (60 meV).3 Thus, ZnO also can be
useful for electronic and optoelectronic applications such as
light-emitting diodes, photovoltaic devices, and sensor

materials. Recently, nanometal oxide semiconductors have
drawn abundant attention to photovoltaics and optoelectronics
because of their characteristic optical, electrical, and chemical
properties.4

The significant issue to approve the power conversion
efficiency (PCE) of DSSCs is how to raise the efficient
separation of charge (electron/hole), delay their recombina-
tion, and accelerate the charge carrier transfer across the metal
oxide-based semiconductor network. Numerous techniques
have been developed to improve the photoanode by facilitating
the electron−hole pair separation and their transportation,
promoting the longevity of DSSCs, and enhancing their light-
harvesting performance.5,6 The PCEs of DSSCs consisting of
the heterojunction (n−n, p−p, or p−n) photoanode/photo-
cathode such as SnO2/TiO2 (2.91%),7 ZnO/ZrS2 (3.50%),8
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and ZnO/CuO (2.70%)9 photoanodes and the NiO/CuO
(0.50%)10 photocathode have been reported, but their PCE
values were still low. Further modification by doping
carbonaceous materials such as graphene or carbon nanotubes
(CNTs) has fascinated significant attention because of the
uniqueness in their structural and optoelectronic properties,
which improves the collection and transport of the charge
carrier.7,11 The performance of the TiO2/CNT (6.97%)
photoanode was enhanced 39% of that of TiO2 (5.01%)12

and that of the SnO2−TiO2/graphene (3.37%) photoanode
was 16% higher than that of SnO2−TiO2 (2.91%).

7 Although
carbon quantum dots (Cdots) are the nanoscale carbon
materials and have similar graphitic structures as other
carbonaceous materials, the main advantages of Cdots different
from them are easy synthesis,13 hydrophilicity, inherent
conductivity,14,15 low toxicity,16 photostability,17 high surface
passivation, excellent biocompatibility,18 low cost, and environ-
mental friendly.19 The PCEs of the nanocomposite DSSCs
were 5.92% for the ZnO/Cdot electrode20 and 9.85% for the
NiO/Cdot electrode.21 Thus, the Cdots played a great role as
charge carrier transporters to enforce the PCE of the
photovoltaic cells.
In this work, we were motivated to further approve the PCE

of the photoanode of n-ZnO-based DSSCs by two sequential
effects: first, doping the p-NiO semiconductor to form an n-
ZnO/p-NiO heterojunction and, second, doping Cdots in the
n-ZnO/p-NiO heterojunction to reduce the potential barrier of
electron/hole at each boundary of n-ZnO/Cdot and Cdot/p-
NiO. Doping of p-NiO will cause fast charge separation and
minimize the recombination process because the electric field

is generated at the boundary of n-ZnO/p-NiO and the charge
carrier is correspondingly driven. Doping of Cdots will give rise
to faster charge carrier transport and delay of the direct
recombination process. In this research, ZnO and NiO
nanoparticles (NPs) with smaller sizes (around 20 nm) are
used because the smaller size effectively acts because of the
larger surface area.8 The amine content in Cdots is varied, as it
also has effects on the PCE of the DSSC. This research will
clarify the roles of the p−n heterojunction and Cdots based on
the discussion of the band gaps and the charge transfer
mechanisms of the ZnO/NiO/Cdot DSSCs.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. Nickel chloride (NiCl2, 98%), zinc

nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), isopropanol (99.5%),
ethylene glycol ((CH2OH)2, 99+%), citric acid anhydrous (CA, 99%),
and ethylenediamine (EDA, 99%) were products of Across Organics
(USA). N719 (SORALONIX, Germany) was stored in a dark
environment. Other reagents were of analytical grade. All reagents
were used as received. Indium tin oxide (ITO) glass (11−13 Ω cm−2)
was purchased from Aim Core Technology (Taiwan).

Instruments for characterization are a transmission electron
microscope (TEM, JEOL ISM-200FX II, Japan, operated at 120
kV), a field-emission gun with a transmission electron microscope
(HRTEM, FEI Tecnai G2 F30, Philips, 300 kV), a Fourier transform
infrared absorption spectrometer (FTIR, NICOLET 6700, Thermo
Scientific, USA), an ultraviolet (UV)−visible absorption spectrometer
(JASCO V-670, Japan), a photoluminescence (PL) spectrometer (F-
7000, Hitachi High-Technologies Co., Japan), an X-ray diffractometer
(XRD, Bruker D2 Phaser, USA), a Brunauer−Emmett−Teller (BET)
analyzer (BELSORB Max, Japan), and an X-ray photoelectron

Scheme 1. Scheme of Synthesis of (A) ZnO NPs, (B) NiO NPs, (C) Cdots, and (D) ZnO/NiO/Cdot Nanocomposites
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spectrometer (XPS, VG Scientific ESCALAB 250, England). The
deconvolution of XPS curves was performed using XPS peak-
processing software, where a Lorentzian−Gaussian distribution
function and the subtraction of the linear background were applied,
and a carbon peak position was used as a reference for the calibration
of the XPS spectrum.
2.2. Synthesis of ZnO/NiO/Cdot Nanocomposites. ZnO NPs

are the same sample previously prepared and characterized (Scheme
1A).8 NiO NPs were synthesized using a calcination method.22 An
aqueous NaOH (0.4 M) solution was dropwise added to an aqueous
NiCl2 (0.2 M) solution with constant stirring and stirred for 1 h at 80
°C. The precipitates formed were collected by centrifugation (6000
rpm, 10 min) and washed with water, ethanol, and again water. The
black NiO NPs were produced by calcining the dried solid for 2.5 h at
350 °C (Scheme 1B). The dispersions of ZnO NPs and NiO NPs (2,
4, 6, 8, and 10 wt %) in isopropanol were stirred for 2 h at room
temperature (∼25 °C) after sonication for 30 min. Following the
same process for ZnO NPs, solids of ZnO/NiO were washed and
dried.
Cdots were synthesized based on the bottom-up hydrothermal

procedure (Scheme 1C).23 In short, CA (1.00 g) and EDA in water
(10 mL) were heated in a poly(tetrafluoroethylene) (Teflon)-lined
autoclave at 230 °C for 5 h. The transparent dark-brown products at
CA/EDA = 1:0.5, 1:1, 1:1.5, and 1:2 mole ratios were obtained from
the amount of EDA of 167, 335, 502, and 669 μL, respectively. After
the dispersion of ZnO/NiO(8 wt %) and Cdots in isopropanol was
sonicated for 30 min, it was stirred at room temperature (25 °C) for 2
h. The precipitates (ZnO/NiO(8 wt %)/Cdot) were washed and
dried following the procedure for ZnO (Scheme 1D). Nano-

composites at a fixed ZnO/NiO(8 wt %) were prepared at different
CA/EDA mole ratios along with amounts of Cdots.

2.3. Fabrication of Solar Cells and Photovoltaic Measure-
ments. Solar cell systems were prepared as previously reported.8 ITO
glass (2 cm × 2 cm) was treated by washing with solvents in a
sonicator and exposing to UV−ozone. The ZnO (200 mg) slurry in
isopropanol (1 mL) was deposited on an ITO substrate (1 cm × 1
cm) and annealed at 400 °C for 40 min. In a newly prepared ethanol
solution of N719 (0.5 mM, 5 mL), the dried ITO/ZnO photoanode
was soaked overnight, washed out with water and ethanol and dried at
room temperature (∼25 °C). The working electrodes of ITO/ZnO/
NiO/N719 and ITO/ZnO/NiO/Cdot/N719 photoanodes, the
counter electrode of the Pt-deposited ITO glass and solar cells were
prepared following the previous report.8

The current density−voltage (J−V) curves and other electro-
chemical parameters were measured on a photo-electrochemical
workstation (ZHNAER CIMPS-X, Germany) with a light-emitting
diode (LED) light (blue light, λ: 430 nm, 100 W/m2) and analyzed
with THALES software from ZHNAER (XPot 26356, Germany). The
calculation of PCE was performed based on eq 1

J V

E
PCE (%)

FF
100sc oc=

· ·
·

(1)

where Voc, Jsc, FF, and E are the open-circuit voltage, the short-circuit
current density, the fill factor, and the incident light intensity (100 W/
m2), respectively. The measurements for minimum two sets of cells
were performed five times and averaged. The electrochemical
impedance spectroscopy (EIS) data were obtained similarly to the
previous report,8 using an open-circuit voltage (an alternating current
(AC) amplitude of 10 mV) in a frequency in the 1 Hz to 106 Hz range

Figure 1. TEM images of (a) ZnO/NiO(8 wt %) and (b) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %) and (c)-(e) HRTEM images of ZnO/NiO(8 wt
%)/Cdot(1:1, 5 wt %) nanocomposites. (c1) Fast Fourier transform image and (c2) inverse fast Fourier transform image of the (100) plane domain
of Cdots.
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under the dark conditions. Intensity-modulated photocurrent spec-
troscopy (IMPS) and the intensity-modulated photovoltage spectros-
copy (IMVS) were performed with a frequency response analyzer,
which can deliver both direct current (DC) (light intensities from 30
to 150 W/m2) and AC components of the illumination by setting the
frequency interval from 100 mHz to 10 kHz.
2.4. Determination of Adsorption Amounts of Dye on

Electrodes. Adsorption amounts of dye on ZnO/NiO(8 wt %)
electrodes loaded with different contents of Cdot(1:1) were
determined by immersing the relevant electrodes in a newly prepared
ethanol solution of N719 (0.5 mM, 5 mL) overnight, rinsing with
water and ethanol, and drying at room temperature (25 °C). Then,
the electrodes were kept in an aqueous NaOH solution (1 M, 5 mL)
for 12 h to remove the dye adsorbed on the photoanodes. The
amounts of the dye in the extracts were evaluated using calibration
curves through calorimetry (UV−visible absorption spectrometer,
JASCO V-670, Japan), in which absorbance at a 309 nm band of
N719 was utilized. Once the concentration of the desorbed dye is
known, the loaded mass of dye can be calculated using a mass
molarity calculator. Finally, the loaded dye was expressed as weight
per weight of the electrode material.

3. RESULTS AND DISCUSSION

3.1. Characterization of Composites. The shape and
size of prepared nanocomposites were characterized by
TEMimages. As presented in the Supporting Information
Figure S1, nanograins of ZnO and NiO had mean sizes of 19.3
± 3.5 and 21.2 ± 4.3 nm, respectively, which were similar to
previously reported values.8,20,21 However, a TEM image of
ZnO/NiO(8 wt %) displayed larger nanograins, where small
nanograins of 20 nm size were agglomerated (Figure 1a). The
results indicate that when ZnO and NiO(8 wt %) with similar
sizes are mixed, they interact attractively, suggesting the
possible formation of a heterojunction between them.
Moreover, the addition of Cdots on ZnO/NiO(8 wt %)
seems to promote the cohesion between ZnO and NiO NPs
along of the interposition of Cdots. Thus, the independent 20
nm grains are difficult to see in Figure 1a,b.
Figure 2A shows XRD patterns provided from ZnO, NiO,

ZnO/NiO(8 wt %), ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %),
and Cdot(1:1) NPs. There are distinguishable peaks at 2θ
angles of 32.22°, 34.93°, and 36.76°. Based on PDF no. 79−
1827, these peaks are attributed to the diffractions of (100),

(002), and (101) lattice indexes, respectively, of ZnO with a
hexagonal wurtzite arrangement.8 The peaks at 2θ = 37.51°,
43.54°, 63.13°, 75.64°, and 79.61° are referred to NiO with a
cubic structure and can be assigned to the planes of (111),
(200), (220), (311), and (222), respectively,24 which are
indexed in PDF no. 01−1239. In the nanocomposites of both
ZnO/NiO(8 wt %) and ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt
%), besides the main Bragg peaks of ZnO, weak peaks are
realized at 2θ angles of 37.41°, 43.43°, and 62.96°
corresponding to (111), (200), and (220) lattice indexes of
NiO, respectively.4,25,26 It can be referred from these results
that NiO(8 wt %) is contained in composites21 but does not
influence crystallographically ZnO, being consistent with the
observation of fringes from ZnO and NiO in TEM images.
However, there is a report that the XRD peaks have shifted
after doping Ni into ZnO because of the distortions in the
ZnO host lattice after doping Ni along of different ionic radii
of Zn2+ (0.74 Å) and Ni2+ (0.69 Å).27 On the present ZnO/
NiO(8 wt %) composites, the d-spacings of (100), (002), and
(101) planes for ZnO and ZnO/NiO(8 wt %) were 0.277 and
0.281 nm, 0.256 and 0.260 nm, and 0.244 and 0.247 nm,
respectively (Figure S2). Thus, the changes of 0.003−0.004
nm in the d-spacings may be judged to have no significant
meaning. On the XRD pattern of ZnO/NiO(8 wt %)/Cdot-
(1:1, 5 wt %), even if Cdots were doped in ZnO/NiO(8 wt %),
the new Bragg peaks were not observed because of the small
size of the Cdots with ∼2.5 nm diameter,21 which is reflected
as a broad hump centered around 2θ = ∼22.5° (as shown in
Figure 2Ae).28 The crystallite size (D [nm]) can be evaluated
using a formula of Debye−Scherrer29

D k / cosλ β θ= (2)

where k (=0.94) is a Scherrer constant, which depends on the
particle shape, λ (=0.1542 nm) is an incident wavelength of the
Cu Kα radiation, β [radian] is a full width at half maximum
(fwhm) of the selected diffraction peak, and θ [°] is Bragg’s
diffraction angle obtained as a 2θ value of the relevant index.
Thus, the averaged values of crystallinity sizes of ZnO and NiO
calculated from the Bragg peaks (nine peaks for ZnO and five
peaks for NiO) at 30−80° were 14.3 and 13.9 nm, respectively.

Figure 2. (A) XRD and (B) FTIR spectra of (a) ZnO, (b) NiO, (c) ZnO/NiO(8 wt %), (d) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %), and (e)
Cdot(1:1) NPs.
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These sizes were slightly smaller than those from TEM
reported above.
To clarify the coexistence of component crystals, the

HRTEM images of the ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt
%) nanocomposite were observed because the images can

provide the different lattice fringes of different spacings from
different nanomaterials. As seen in Figure 1c−e, the majority
was the spacing of 0.278 nm assignable to the (100) lattice
plane of ZnO30 and, additionally, the spacings at 0.257, 0.244,
and 241 nm, respectively, were of (002) and (101) lattice

Figure 3. XPS spectra of (A) ZnO/NiO(8 wt %) and (B) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %). (a) Full survey spectrum and fine and
deconvoluted spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Ni 2p, and (f) Zn 2p.

Table 1. Binding Energies and Area Intensities from XPS of ZnO/NiO(8 wt %) and ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %)

Zn/NiO(8 wt %) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %)

element binding energy (eV) area intensity (a.u.) binding energy (eV) area intensity (a.u.) assignment

C 1s 284.3 49.8 CC (aromatic)
284.9 98.5 285.0 84.9 C−C (ethylene glycol, citric acid)

285.8 81.1 C−N (amine)
287.2 361.4 286.7 183.6 C−OH (ethylene glycol, hydroxyl)

288.8 77.6 CO (carboxylic)
N 1s 400.7 121.8 N−C (amine)
O 1s 530.5 228.4 530.1 256.8 O−Zn/O−Ni (ZnO/NiO)

530.8 336.6 OC (carboxylic)
531.9 541.3 COO− (hydroxyl)

532.9 1722.7 533.1 799.7 C−OH (ethylene glycol)
Ni 2p3/2 855.8 374.3 855.9 267.9 Ni2+ (NiO)

861.7 630.6 861.6 248.6 Ni2+ (NiO)-satellite
Ni 2p1/2 873.7 181.9 873.2 101.8 Ni2+ (NiO)

879.8 265.7 879.5 140.8 Ni2+ (NiO)-satellite
Zn 2p3/2 1023.2 5999.6 1022.6 6267.9 Zn2+ (ZnO)
Zn 2p1/2 1046.2 4473.6 1045.6 4493.1 Zn2+ (ZnO)
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planes of ZnO and of the (111) lattice plane of NiO.30

Spacings of Cdots were measured at 0.320 and 0.263 nm,
which are a (002) lattice index and in-plane (100) spacing of
the graphitic structure, respectively.31 Moreover, the crystal
domains of ZnO, NiO, and Cdots exist closely or overlap.
Thus, the HRTEM image reveals that the aggregation of
component nanomaterials in a ZnO/NiO(8 wt %)/Cdot(1:1,

5 wt %) nanocomposite is an aggregate consisting of
component nanomaterials but does not influence the crystal
structure of each component.
Figure 2B shows FTIR absorption spectra of the relevant

materials. An O−H stretching mode was observed as a broad
band at 3436 cm−1 and bands at 1561, 1500, 1381, and 466
cm−1 are attributed to the OH bending, CH2 bending, CH2

Figure 4. J−V curves and plots of parameters of (A) ZnO/NiO at various amounts of NiO, (B) ZnO/NiO(8 wt %)/Cdot(1:1) at different
contents of Cdots, and (C) ZnO/NiO(8 wt %)/Cdot(5 wt %) with different EDA/CA mole ratios of Cdots. (a) J−V curve, (b) open-circuit
voltage, (c) short-circuit current density, (d) fill factor and (e) PCE. (D) IPCE plot of a ZnO/NiO(8%)/Cdot(1:1, 5 wt %) nanocomposite.
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wagging, and Zn−O stretching vibration modes, respectively,
in ZnO NPs,4 where the carbon-including modes come from
ethylene glycol (protector of ZnO). The IR bands of NiO NPs
appearing at 3460, 1630, and 444 cm−1 are assigned to the O−
H stretching, O−H bending, and Ni−O stretching vibrations,
respectively.21 The two bands at high wavenumbers are the
contributions of the hydroxylation on NiO NPs.4 The
spectrum of ZnO/NiO(8 wt %) NPs demonstrates that the
bands originated from ZnO and NiO, except a new band at
1051 cm−1 assigned to a stretching vibration of C−O. This
band may come from isopropanol that was used as a solvent
for preparing the nanocomposite of ZnO and NiO(8 wt %)
NPs.32 IR bands of Cdots at 3436, 2941, 1651, 1554, and 1389
cm−1 can be ascribed to O−H, C−H, CO, N−H/CC,
and CC vibrations, respectively, which originate from the
graphitic structure, carboxylic acid, and amine groups.14,33

However, an IR spectrum of ZnO/NiO(8 wt %)/Cdot(1:1, 5
wt %) resembled that of ZnO/NiO(8 wt %), but characteristic
bands of Cdots were not clearly revealed because of the small
amount (5 wt %) of its coexistence.
The full XPS survey scan of ZnO/NiO(8 wt %) and ZnO/

NiO(8 wt %)/Cdot(1:1, 5 wt %) in Figure 3 exhibited the
characteristic peaks assigned to C 1s, N 1s, O 1s, Ni 2p, and Zn
2p. Chemical species and the composition in particles can be
assessed from fine analysis of XPS in Figure 3, and the binding
energies and the area intensities of deconvoluted species are
recorded in Table 1. On a C 1s peak, ZnO/NiO(8 wt %)
displayed two deconvoluted species, which correspond to
aliphatic (sp3) C−C (284.9 eV) and C−OH (287.2 eV) bonds
of ethylene glycol adsorbed onto ZnO during the synthesis.
Whereas, the binding energies of the relevant species in ZnO/
NiO(8 wt %)/Cdot(1:1, 5 wt %) were at 285.0 and 286.7 eV
and the peaks from species of Cdots appeared at 284.3 eV
(CC bond), 285.8 eV (C−N bond), and 288.8 eV (CO
bond).34 Although ZnO/NiO(8 wt %) does not have a
nitrogen element, the amine group (C−NH2 bond) exists in
Cdots of ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %), and it
appeared at 400.7 eV. The O 1s peak in ZnO/NiO(8 wt %)
can be deconvoluted into two species at 530.5 and 532.9 eV,
which occurred from metal−oxygen bonds (Zn−O and Ni−O
bonds) and the O−C bond of ethylene glycol on ZnO,
respectively. On the other hand, the O 1s in ZnO/NiO(8 wt
%)/Cdot(1:1, 5 wt %) was correspondingly at 530.1 and 533.1
eV, and moreover, two new species of binding energy at 530.8
eV (OC bond) and 531.9 eV (COO− bond) originated from
carboxylic acid/carboxylate because of the existence of
Cdots.35

Among four peaks in the Ni 2p region of n-ZnO/p-NiO(8
wt %), the main peak of Ni 2p3/2 and its satellite were detected
at 855.8 eV and at 861.7 eV, respectively. A peak at 873.7 eV
corresponds to the main peak of Ni 2p1/2 and a peak at 879.8
eV is its satellite.6,21 Similarly, the Ni 2p deconvolution peaks
in ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %) were at 855.9 and
861.6 eV and 873.2 and 879.5 eV for 2p3/2 and 2p1/2,
corresponding to their main and satellite peaks, respectively.
For a Zn 2p high-resolution XPS spectrum of ZnO/NiO(8 wt
%), a peak at 1023.2 eV is ascribed to Zn 2p3/2 and an
additional peak at 1046.2 eV is ascribed to Zn 2p1/2.

34−36 The
splitting of spin−orbit between Zn 2p3/2 and Zn 2p1/2 is 23 eV
for both ZnO/NiO(8 wt %) and ZnO/NiO(8 wt %)/Cdot-
(1:1, 5 wt %), suggesting that the chemical state of Zn2+ is the
same in ZnO/NiO(8 wt %) and ZnO/NiO(8 wt %)/Cdot-
(1:1, 5 wt %). From the characterization of XPS, it is revealed

that the coexistence of the nanocomposites (ZnO, NiO, and
Cdots) was successfully confirmed.

3.2. Photovoltaic Performances of Nanocomposite
Electrodes. The electrochemical properties of DSSCs with
working electrodes of ZnO/NiO/Cdot composites were
investigated in comparison with ZnO/Cdot DSSCs20 and
NiO/Cdot DSSCs.21 The J−V characteristics of ZnO/NiO
nanocomposites at the various contents of NiO were analyzed
under blue LED light irradiation (Figure 4Aa). The numerical
values of J−V characteristic parameters are shown in Table S1
and Figure 4A(b−e). Although the FF values did not visibly
vary with mixing of NiO NPs up to 10 wt %, the Voc, Jsc, and
PCE values gradually increased up to 8 wt % and significantly
decreased at 10 wt %. Thus, the PCE increased to 3.41% in 8
wt % of NiO NPs in ZnO NPs, as shown in Table S1.
The improvement in PCE (2.16%) of the ZnO electrode by

adding NiO is still not high enough, but in the meantime,
Cdots have outstanding optical characteristics and display high
PCE-enhancing performance of a photovoltaic cell.13,37 Figure
4Ba displays J−V curves of a DSSC consisting of the ZnO/
NiO(8 wt %) photoanode added with different amounts of
Cdot(1:1). The calculated values are shown in Table S1 and
Figure 4B(b−e). The current density was improved after the
addition of Cdots, although the voltage was not varied.
Correspondingly, although the Voc and FF values did not
exhibit so abundant deviation against the variation in the
amount of Cdots, the Jsc values increased remarkably from 1.18
to 4.75 mA cm−2 with addition of up to 5 wt % of Cdot(1:1).
However, the increased amount of Cdot(1:1) to 10 wt %
resulted in the decrease in the current density to 2.71 mA
cm−2. As the PCE of DSSCs is in proportion to the current
density, the PCE displayed the maximum (13.02%) at 5 wt %
of Cdot(1:1). Thus, the PCE increased 3.8 times of that of the
ZnO/NiO(8 wt %) electrode with addition of 5 wt % of
Cdot(1:1). This enrichment indicates that the Cdots result in
higher charge separation as the charge transporter between
ZnO and NiO.
The amine content in Cdots may influence the photovoltaic

efficiency. Figure 4C and Table S1 depict the J−V character-
istics and the obtained parameters of the ZnO/NiO(8 wt %)
photoanode added Cdot(5 wt %) at different CA/EDA mole
ratios. Alike the variation in contents of Cdots, although the
Voc and FF values do not vary much, the Jsc values showed the
maximum value at 1:1 ratio and, finally, the PCE, affected by
these parameters (Voc, FF, and Jsc), revealed the highest PCE of
13.02% at Cdot(1:1). The current numerical values were
reproducible. For instance, in the performance of ZnO/NiO(8
wt %) and ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %),
measurements done five times for separately prepared cells
provided approximately similar values.
Figure 4D displays an incident photon-to-current conversion

efficiency (IPCE) spectrum of the ZnO/NiO(8 wt %)/Cdot-
(1:1, 5 wt %) nanocomposite. The maximum IPCE value was
38.8% at 495 nm. Then, the IPCE value at a certain wavelength
λ can be estimated by following eq 321

J

P
IPCE (%)

1240
100sc

in λ
=

·
·

·
(3)

where Pin is an incident intensity. From eq 3 and the Jsc value
(4.75 mA/cm2) in Table S1, obtained at a light source of 430
nm with an incident light intensity of 100 W/m2, the calculated
IPCE value of the ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %)
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nanocomposite was 13.7%. This value was almost consistent
with the measured IPCE value (15.1%) at 430 nm in Figure
4D.
3.3. Role of Additives (NiO and Cdots) in Photo-

voltaic Efficiency of ZnO-Based DSSCs. To verify the
influence of the additives of NiO and Cdots in ZnO-based
DSSCs, some parameters related to surface properties of
electrode materials, dye adsorptions, and PL behaviors of
Cdots were examined. Nitrogen adsorption−desorption
isotherms for the ZnO mixed with different amounts of NiO
were measured at 77 K. The isotherms, the distribution curves
of pore size, and analyzed parameters are revealed in Figure
5A,C and Table S2. The isotherms of three ZnO/NiO
nanocomposites fitted to type II except ZnO of type IV. The
highest specific surface area (52.2 m2 g−1) was achieved at 8 wt
% of NiO in ZnO and it was about 40% improved than that
(37.2 m2 g−1) of ZnO, although the pore diameter and volume
tended to decrease with addition of NiO. The surface area
varied after NiO was loaded because the variation in the
interfacial surface area contacting between the ZnO and NiO
NPs changed. The diminution of the average pore volume and
diameter may be the mutual overlap of NiO and ZnO NPs in
the ZnO/NiO nanocomposites, in concurrence with the aspect
of aggregates as observed in the TEM image given above.
Further nitrogen adsorption−desorption investigation was
performed for nanocomposites of Cdot(1:1) loaded on
ZnO/NiO(8 wt %). The results in Figure 5B,D and Table
S2 revealed the enhancement of the specific surface area up to
5 wt % Cdot(1:1) and then the decrease in the higher amount
(7.5 and 10 wt %) of Cdot(1:1), while the pore volume and
pore diameter slightly decreased with loaded Cdots on ZnO/
NiO(8 wt %).

Here, the dye (N719) adsorption examination was
performed for various amounts of Cdot(1:1) loaded in
ZnO/NiO(8 wt %), and the amounts of dye loaded on
photoelectrodes are summarized in Table S2 and plotted in
Figure 5D. The adsorption of N719 was maximized and then
decreased with the increasing amount of Cdot(1:1). It should
be focused that the amount of Cdot(1:1) at the maximum dye
adsorption is the same as that under the condition of the
highest surface area, where the PCE was the highest (see Table
S1). The increased specific surface area is raised by the binding
of Cdots on the ZnO surface and results in the higher dye
adsorption, which yields strongly the enhancement of the PCE
of the ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %) electrode-based
DSSC. Similar correlation of the highest specific surface area
and the highest PCE also occurred even in the case of NiO
loaded on ZnO, where the maximum of both parameters was
at 8 wt % NiO. Thus, the surface area may play an important
role in adsorbing dye and the high light-harvesting ability,
achieving the high enhancement of ZnO/NiO PCE. It can be
confirmed that the PCE of the Cdot-loaded electrode is
significantly improved by the larger amounts of dye adsorption
owing to the achieved wider surface area and by the enlarged
light absorbance. Meanwhile, when an excessive amount of
Cdot is loaded on ZnO/NiO(8 wt %), overaccumulation of
Cdot could occur, leading to the blocking of certain active sites
for dye absorption on the surface of ZnO/NiO(8 wt %) and
thus the decreased dye adsorption amount.
The PL measurement is available to confirm the effects of

the fluorescent material (Cdots) on the nanocomposites of
metal oxides (ZnO/NiO(8 wt %)) because the PL intensities
of ZnO and NiO are weak (at most 10 wt % of Cdots).20,21

The PL spectra of different CA/EDA mole ratios of Cdot(5 wt

Figure 5. Nitrogen adsorption−desorption isotherms at 77 K and the analyzed parameters of (A,C) ZnO combined with various NiO quantities
(0−10 wt %) and (B,D) ZnO/NiO(8 wt %) loaded with different contents (0−10 wt %) of Cdot(1:1). The insets indicate the relevant distribution
curves of pore sizes. (D) includes the amount of adsorbed N719.
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%) on ZnO/NiO(8 wt %) are shown in comparison with those
of Cdots in Figures 6A and S3. Cdot(1:0.5), Cdot(1:1),
Cdot(1:1.5), and Cdot(1:2) displayed a strong blue emission
band at 446 nm under the excitation at 338, 351, 353, and 355
nm, respectively, but Cdot(1:1) resulted in the highest
emission intensity. The PL spectra of ZnO/NiO(8 wt
%)/Cdot(5 wt %) were remarkably quenched depending on
the CA/EDA mole ratio of Cdots: The PL quenching from
that of pristine Cdots was 53, 94, 81, and 71% at a CA/EDA of
1.0.5, 1:1, 1:1.5, and 1:2, respectively. It should be especially
noticed that the highest quenching (94%) occurred on a ZnO/
NiO(8 wt %)/Cdot(1:1, 5 wt %) nanocomposite, which
resulted in the highest performance of DSSCs. The result
indicates that the photon energy gained by Cdots was
consumed by ZnO/NiO(8 wt %), maybe, for enhancing the
PCE value.20

The charge transfer can be evaluated by EIS performed by
applying an open-circuit voltage bias.8,38,39 The internal and
charge transfer resistances (Rs and Rct) were evaluated via
fitting the Nyquist plot on a model circuit (Figure 6B). The
achieved numerical values for ZnO, ZnO/NiO(8 wt %), and
ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %) electrodes are
displayed in Table S3 with the values of PCE. Although the
internal resistance did not reveal the significant variation by
addition of NiO and Cdots, the charge transfer resistance
showed a meaningful variation. Thus, the lowest charge
transfer resistance (15.3 Ω) for ZnO/NiO(8 wt %)/Cdot(1:1,
5 wt %) indicates the faster electron transfer in this electrode in
connection with the highest PCE.
Beside the charge transfer resistance, the lifetime of an

electron (τe) in the DSSC is a valuable indicator for evaluating
the recombination phenomenon on an electrode. This value is
found from a middle peak frequency ( fmid = ωmid/2π, ω:
characteristic angular frequency) in a Bode phase plot (Figure
6C), based on eq 48,40

f
1 1

2e
mid mid

τ
ω π

= =
(4)

Once a middle peak frequency lowers, it implies that the
lifetime of an electron becomes longer and the longer lifetime
diminishes the rate of recombination for raising the advance of
PCE in DSSCs. The lifetimes of an electron calculated from
Figure 6C, with the aid of eq 4, were 20.1, 27.9, and 41.9 ms
for ZnO, ZnO/NiO(8 wt %), and ZnO/NiO(8 wt %)/Cdot-
(1:1, 5 wt %) electrodes, respectively, as listed in Table S3. As
a result, the ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %) electrode
attained the longest lifetime of electrons, which provides the
high PCE of DSSCs.
The electron transfer time (τtr) and the charge recombina-

tion time (τrec) in DSSCs are obtainable from IMPS and
IMVS, respectively. They are expressed by39,41,42

f
1

2tr
IMPS

τ
π

=
(5)

f
1

2rec
IMVS

τ
π

=
(6)

where f IMPS and f IMVS are the characteristic frequencies of the
minima in IMPS and IMVS imaginary spaces, respectively. The
times for electron transport and recombination are plotted, in
Figure S4, for the four different CA/EDA mole ratios of Cdots
loaded on ZnO/NiO(8 wt %) photoanodes. Both the τtr and
τrec decreased by intensifying the light because plenty of
photoelectrons generated at an incident light of high intensity
fill the deep-level traps and resulted in the electron trapping
and detrapping with shallower levels.42 Because the shallow-
level traps can capture charges for a short time, if they trap a
charge, this charge will be emitted to the nearby bands by the
thermal activation process. The photogenerated electrons may

Figure 6. (A) PL excitation (a,b) and emission (a′,b′) spectra of (a,a′) Cdots and (b,b′) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %), (B) Nyquist plots
and (C) Bode phase curves of EIS of (1) ZnO, (2) ZnO/NiO(8 wt %), and (3) ZnO/NiO(8 wt %)/Cdot(1:1, 5 wt %), and (D) charge collection
efficiency calculated from IMPS and IMVS at various light intensities for ZnO/NiO(8 wt %)/Cdot cells at different CA/EDA mole ratios of Cdots.
The inset in (B) is the used model circuit.
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suffer capture and release of the mid-gap state as surface traps
offer pathways for nonradiative exciton recombination43 as
they are assumed randomly walking within the films of
mesoporous NPs. By the theory of semiconductor physics,41

once the recombination occurs, the falling of electrons from
the conduction band to the valence band shortens the electron
lifetime, although if the trap states are larger, the lifetime of
electrons is longer. Furthermore, electrons generated by
photon transfer the electron from the shallow trap to deep
trap (the trapping process) and from the deep trap to shallow
trap (the detrapping process).44

In addition, the most crucial factor for characterizing the
overall performance of DSSCs can be estimated to be charge
collection efficiency (Cce), as expressed by41

i
k
jjjjj

y
{
zzzzzC (%) 1 100ce

tr

rec

τ
τ

= − ×
(7)

The charge collection efficiencies calculated from eq 7 for
different CA/EDA mole ratios of Cdot(5 wt %) loaded on
ZnO/NiO(8 wt %) cells are shown in Figure 6D. Among the
different CA/EDA mole ratios of Cdots, Cdot(1:1) achieved
the greater charge accumulation efficiency, which confirmed
the highest PCE of DSSCs obtained with this material.
Moreover, the injection of electrons increased the efficiency of
charge collection, resulting in the enhancement of the
photocurrent density.
Although the Cdot-enhanced metal oxide DSSC was

optimized at 10 wt % Cdots of CA/EDA = 1:2 for n-type
ZnO DSSCs20 and at 12.5 wt % Cdots of CA/EDA = 1:1.5 for
p-type NiO DSSCs,21 it was at 5 wt % Cdots of CA/EDA = 1:1
for ZnO/NiO(8 wt %) DSSCs in the present work. Moreover,
it should be noted that the PCE (13.02%) of ZnO/NiO(8 wt
%)/Cdot was higher than that (5.92 and 9.85%, respectively)
of ZnO/Cdot and NiO/Cdot.20,21 Such improvement may be
attributed to the appearance of a p−n junction at the boundary
of ZnO (electron majority carrier) with NiO (hole majority
carrier). Here, what we keep in mind is that the n-ZnO/p-NiO
heterojunction semiconductors would be arranged based on
their respective electron affinity and energy band gap edge
values, as shown in Scheme 2a. The conduction band offset of
ZnO/NiO for the fabricated cell structure can be calculated
according to the Anderson model45

E 2.40 eVCB ZnO NiOχ χΔ = − = (8)

where χ is an affinity of the electron and its value is 4.20 eV for
ZnO46 and 1.80 eV for NiO.47 Then, the valence band of
ZnO/NiO can be calculated as

E E E E 2.31 eVVB gZnO gNiO CBΔ = − + Δ = (9)

where EgZnO and EgNiO, respectively, are energy gaps of ZnO
(3.22 eV) and NiO (3.31 eV) NPs, and in the current work,
the values for individual NP were evaluated from UV−visible
absorption spectra. Then, the barriers of the electron and hole,
respectively, in the ZnO/NiO interface were 2.40 and 2.31 eV.
The respective calculated potential barrier of the electron/hole
was lower at the boundary of ZnO and NiO than the band gap
of each ZnO and NiO.
The energy level of the boundary of p-NiO and n-ZnO is

interpreted as follows. Fundamentally, n-ZnO is an electron-
rich semiconductor and p-NiO is a hole-rich semiconductor.
When two semiconductors are combined without irradiation of
light, the high concentration gradient of the charge carrier
happens at the heterojunction boundary, resulting in current
diffusing through the heterojunction and charge dissociation
(positive donor ion in n-ZnO and negative acceptor ion in p-
NiO).48−50 The carriers (electrons and holes) continue to
diffuse all the way for the Fermi energy (EF) to be equalized in
both semiconductors, as shown in Scheme 2b. A built-in
electric field is directed from n-ZnO to p-NiO through the
junction and then bends a band occurred at the heterojunction
boundary. This built-in electric field (Ebi) separates charge
carriers and reduces their recombination as a consequence.
Based on their band gap alignments, once the light is
illuminated, electrons transport from the p-side to n-side and
holes diffuse from the n-side to p-side because the built-in
electric field affects.
Hence, a p−n heterojunction contacting at the boundary of

ZnO and NiO would assist in the separation of charges and
minimization of the recombination process.48 Therefore, the
PCE (3.41%) of the nanocomposite electrode of ZnO and
NiO(8 wt %) was improved 1.58 times of that (2.16%) of the
ZnO-based DSSC. However, because the hole mobility was
slower than the electron mobility, the higher amount of NiO
doped in ZnO was not effective for the enhancement of charge
separation.49 Thus, an excess amount (higher than 8 wt %) of
NiO doped in ZnO will result in less charge separation and the
higher recombination process.
As the energy levels of Cdots are −7.13 eV (HOMO) and

−3.52 eV (LUMO),51 Cdots are positioned at the midpoint of
ZnO and NiO in view of their electron affinity, as shown in
Scheme 2c. Following similar ways to eqs 8 and 9, the

Scheme 2. Energy Level Alignments of (a) Noncontacted n-ZnO/p-NiO, (b) Contacted n-ZnO/p-NiO, and (c) Contacted n-
ZnO/Cdot/p-NiO

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c02547
ACS Appl. Nano Mater. 2021, 4, 236−249

245

https://pubs.acs.org/doi/10.1021/acsanm.0c02547?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02547?fig=sch2&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02547?ref=pdf


conduction and valence bands of ZnO/Cdot and Cdot/NiO
were 0.68 and 1.72 eV and 0.31 and 2.02 eV, respectively, in
the ZnO/Cdot/NiO composite. Thus, the doped Cdot in
ZnO/NiO plays a greater role in reducing the electron/hole
barrier at each intersection of ZnO/Cdot and Cdot/NiO. The
reduced electron/hole barrier will result in higher charge
separation and the passivation of the direct recombination that
confirms the enhancement of the PCE of the DSSC.
Cdots are nanosized (∼3 nm) NPs containing a graphitic

core and functional groups such as carboxyl and amine
moieties and exert the luminescent effect.13 The doping of
Cdots in n-ZnO/p-NiO successfully encouraged the significant
variation in the specific surface area and the higher adsorption
amounts of dye (N719). The increase in photon-harvesting
materials is one of the important factors enhancing the PCE of
a DSSC. Moreover, the characteristic fluorescence of Cdots
was quenched by their doping in the nanocomposites of n-
ZnO/p-NiO. Cdots-gained photon energy results in the
HOMO−LUMO separation and transfers the generated charge
to the closest energy level of n-ZnO/p-NiO without the PL.
This process is the efficient charge gain of n-ZnO/p-NiO from
Cdots and results in the accelerated charge transfer from Cdots
to n-ZnO/p-NiO.52 Thus, the boosted device performance
should be highly contributed by the charge transfer from the
coexisting Cdots in the ZnO/NiO nanocomposite photo-
anode. Additionally, when the Cdots were introduced in the n-
ZnO/p-NiO heterojunction, they act as an effective charge
transporter by reducing the potential barrier at each interface,
as seen in Scheme 2c, in the place of the charge separation and
the minimization of charge recombination on the direct p−n
junction surface (Scheme 2b). Then, the lower potential
barrier induces the faster charge transfer, which inhibits charge
recombination and improves current collection, that is, the
higher charge collection efficiency results from the faster time
of electron transport and longer lifetime of electrons.53

Meanwhile, the longer electron lifetime is more efficient
when the recombination is repressed. In consequence, the PCE
of the photoanode was improved 3.8 times of that of the ZnO/
NiO(8 wt %) photoanode by doped Cdots. In this work, we
have evaluated the effects of two additives, NiO and Cdots, in
a ZnO-based DSSC photoanode and could conclude that the
Cdot additive was strongly effective compared to the NiO
additive in ZnO. Through the present work, the PCE of
DSSCs was maximized at 5 wt % Cdot(1:1) and under these
conditions, the highest specific surface area, the highest dye
absorption, the lowest resistance of charge transfer, and the
highest lifetime of electrons were achieved.
Table 2 compares the PCE values of metal oxide

semiconductor DSSCs with additives of carbon materials,
which have been previously reported.7,12,20,21,54−60 The
addition of carbon materials such as graphene and CNTs
enhanced excellently the PCE values of metal oxide-based
DSSCs, although these materials are relatively expensive and
need rather tender preparation procedures different from those
of Cdots. Although the addition of Cdots provides comparable
efficiency to that of other carbon materials, the efficiency is
higher in the order of ZnO < TiO2 < NiO. Especially, it should
be noteworthy that the n-ZnO/p-NiO/Cdot electrode in the
current work has a strikingly high photovoltaic effect.

4. CONCLUSIONS
In this work, photoanodes with a n-ZnO/Cdot/p-NiO
heterojunction were applied to improve the photovoltaic

efficiency of the DSSCs. The p−n heterojunction constructed
at the boundary of n-ZnO with p-NiO assists in the separation
of the charge carrier and the reduction in charge recombina-
tion, and Cdots doped in n-ZnO/p-NiO minimize the
potential barrier of the charge carrier at each interface of n-
ZnO/Cdot and Cdot/p-NiO. Thus, Cdots play a greater role
in both the photon-to-charge conversion and the fast charge
transport to advance the efficiency of the photovoltaic device.
In addition, the doping of Cdots on n-ZnO/p-NiO semi-
conductors revealed the enhancement of the specific surface
area and higher amount dye (N719) adsorption. Thus, n-
ZnO/Cdot/p-NiO photoanode-based DSSCs achieved a
performance (PCE) of 13.02%. It should be noticed that the
performance of the photovoltaic p−n junction going through
Cdots was more effective than n-ZnO/Cdot (5.92%),20 n-
TiO2/Cdot (6.90%),60 and p-NiO/Cdot (9.85%)21 nano-
composites. Thus, it could be confirmed that Cdots influence
the n−p type heterojunction photoanode and both n-type and
p-type semiconductor photoelectrode-based DSSCs to promise
the enhancement of the photovoltaic devices, not only DSSCs
but also other devices. To conclude, this study proves that the
adequate nanocomposites of the photoelectrodes can be
constructed by the suitable band gap alignment and they are
highly recommended for enhancing the performance of the
photovoltaic device. Then, Cdots are preferable candidates of
the constituted heterojunction.
Even though our present work has achieved the higher

performance of photovoltaic DSSCs compared to previous
reports based on the addition of Cdots, the device is not yet
complete because of the durability of the liquid electrolyte and
dye and, moreover, PCE is still lower than that of perovskite
solar cells,61,62 although the perovskite solar cells have issues of
long-term, thermal, and moisture stabilities to be progressed.63

Therefore, toward the practical applications, our future
prospects will be the fabrication of a stable solid electrolyte
or a solid hole transport material and a stable photosensitizing
dye.64,65
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TEM images and particle size distribution of ZnO and
NiO, amplified XRD of ZnO and ZnO/NiO(8 wt %)
NPs, PL spectra of Cdot(1:1) and ZnO/NiO(8 wt

Table 2. Comparison of Photovoltaic Efficiency of the
DSSCs on Nanocomposites with Carbon Materials as
Additives

electrode additive PCE (%) refse

TiO2 thermally threated carbon black 5.65 54
TiO2 CNTs 6.97 12
TiO2 functionalized graphene 8.13 55
TiO2 multi-walled CNT 9.05 56
TiO2 activated single-walled CNT 2.16 57
TiO2 graphene 8.07 58
TiO2 nitrogen-doped carbon quantum dot 8.02 59
TiO2 carbon quantum dot 6.90 60
ZnO carbon quantum dot 5.92 20
SnO2/TiO2 graphene 3.37 7
NiO carbon quantum dot 9.85 21
ZnO/NiO carbon quantum dot 13.02 present
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%)/Cdot(5 wt %), electron transport time measured by
IMPS and electron recombination time measured by
IMVS for ZnO/NiO(8 wt %)/Cdot(5 wt %) cells,
parameters from J−V curves of ZnO/NiO and ZnO/
NiO(8 wt %)/Cdot photoanodes, surface properties and
amount of N719 adsorption of ZnO/NiO NPs and
ZnO/NiO(8 wt %)/Cdot(1:1), and EIS parameters and
PCE values for different photoanodes (PDF)
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