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ABSTRACT: Successive ionic layer adsorption and reaction (SILAR) is the most
extensively used method for the direct and simultaneous synthesis and deposition of
quantum dots (QDs) onto porous oxide films for quantum-dot-sensitized solar cell
(QDSC) applications. In this work, the noticeable influences of the cationic precursors on
the deposition of CdS QDs and the QDSC performance have been studied. A careful
comparison of two cationic precursors, cadmium nitrate and cadmium acetate, for the
preparation of CdS QDSCs by the SILAR method showed that, compared to the commonly
used cadmium nitrate, cadmium acetate provided a significantly higher deposition rate of
CdS QDs on TiO, films. A solar cell power conversion efficiency of 2.15% was achieved for
a CdS QDSC employing cadmium acetate as the cationic precursor, much higher than the
value of 1.44% obtained for the cell prepared using cadmium nitrate for the same number of
SILAR cycles. Control experiments in which the recipes of the cationic precursor solutions
were changed revealed a dramatic effect of the cationic precursor pH on the deposition rate
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of CdS QDs on the TiO, film. In addition, an appreciable anomalous red shift, which became more pronounced with increasing

amount of QDs, was observed in both the optical absorption and photocurrent spectra of CdS-sensitized TiO, films.

1. INTRODUCTION

Over the past two decades, research on sensitized solar cells has
grown significantly, and the technology has been considered as
one of the most cost-effective alternatives to the silicon and
other semiconductor-based photovoltaic devices because of the
low-cost and simple fabrication process.' ® Recently, a record
solar-to-electricity conversion efficiency as high as 15% was
achieved for perovskite-sensitized solar cells.” As a derivative of
dye-sensitized solar cells (DSCs), quantum-dot-sensitized solar
cells (QDSCs) are now attracting tremendous attention
because of the extraordinary optical and electrical properties
of QDs, such as band gaps tunable across wide energy ranges,
strong light absorption, high stability against oxidative
deterioration, high extinction coefficients, and large intrinsic
dipole moments facilitating charge separation.”~'" Although
there have been quite a few studies on the application of QDs,
such as CdS,"*™" CdSe,**"** PbS,>*** and Ag,$>**° QDs, as
sensitizers for light harvesting in solar cells, the performance of
QDSCs, typically with power conversion efficiencies in the
range of 1—-5%, still lags much behind those of DSCs. Among
various semiconductors used for QDSCs, CdS/CdSe-QD-
cosensitized solar cells are most attractive and recently have
been reported to achieve power conversion efficiencies as high
as 5% based on mesoscopic TiO, films.””** To further improve
the performance of QDSCs, one of the urgent issues is to
determine the difficulty of assembling QDs effectively in
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mesoporous TiO, or ZnO films to obtain a fully covered layer
of QDs on the TiO, or ZnO surface.

Two methods have been widely employed and extensively
studied for the assembly of QDs. One is in situ growth of the
QDs on a mesoporous oxide, for example, TiO, or ZnO,
including successive ionic layer adsorption and reaction
(SILAR)'O7'>177192% 4nd chemical bath deposition
(CBD).'%'"3% The other is self-assembled binding of
presynthesized QDs on the surface of an oxide through the
link of bifunctional molecules [i.e.,, self-assembled monolayer
(SAM) technique].>**" Although the SAM technique has the
advantage of providing precise control of the size of the QDs, it
is difficult to achieve uniform and sufficient coverage of the
QDs on the oxide film.>*** In addition, the use of a SAM
complicates the charge-transfer process from the QDs to the
oxide. To date, SILAR, which deposits various light-absorbing
QDs in mesoporous oxides through the direct in situ surface
adsorption of ions, has been the most common method
employed for making QDSCs. In the SILAR process, to deposit
the semiconductor QDs in mesoporous films, the films are
dipped, in sequence, into aqueous precursor solutions of the
reactants. Ions of the reactants penetrate into the mesoporous
film and incorporate into the interior of the mesopores. The
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Figure 1. SEM images of CdS-deposited TiO, films prepared for different numbers of SILAR cycles [(a,d) 6, (be) 12, and (c,f) 24] using (a—c)

Cd(NO;), and (d—f) Cd(Ac), as the cationic precursors.

ions that are adsorbed during the first dip react with ions of the
opposite charge during the second dip, leading to the formation
of one molecular layer of the semiconductor. The process is
repeated until the desired thickness is obtained.

CdS is one of the most commonly used semiconductors for
QDSCs. To form CdS QDs through the SILAR method, two
kinds of precursor ions, namely, Cd** and S*, are adsorbed
onto the surface of TiO, nanoparticles sequentially. In the
literature, for the deposition of CdS QDs by the SILAR
method, cadmium nitrate [Cd(NO,),] is usually used as the
Cd** source'O7'*177192728 yith sodium sulfide (Na,S) as the
anion (S*7) source, whereas cadmium acetate [Cd(Ac),] has
rarely been employed. To our knowledge, only the Mora-Serd
group recently reported the use of acetate salts to deposit QDs
by SILAR, and they found that a higher cell performance could
be obtained when the acetate precursor was employed for
electrode sensitization compared to nitrate precursor.*>*
Rabinovich and Hodes, who used Cd(Ac), in 50% methanol/
water as the precursor for the preparation of CdS films, studied
the anomalous red-shift effect of CdS but did not investigate
the cell performance.®® In this study, through a detailed
comparison of the influence of Cd(NO;), and Cd(Ac),
precursors on the CdS QD deposition rate and cell perform-
ance, we found that the difference in pH values of the precursor
solutions might be responsible for the appreciable influence of
the precursors on CdS QDSCs prepared by SILAR. Control
experiments in which the recipes of cationic precursor solutions
for CdS QD deposition were changed were carefully carried out
to provide evidence for this conclusion, which has not been
reported before.

2. EXPERIMENTAL SECTION

2.1. Preparation of Mesoporous TiO, Films. Commer-
cially available F-doped tin oxide (FTO) glass was used as
transparent conducting substrates for the preparation of TiO,
photoanodes. Mesoscopic TiO, films were prepared by doctor
blading TiO, paste (Degussa P2S) onto the substrate and then
sintering at 500 °C for 30 min in air at a heating rate of 5 °C/
min. The thickness of the TiO, film, measured from a cross-
sectional scanning electron microscopy (SEM) image, was

about 9 pm. The active area of the TiO, films was
approximately 0.36 cm” (0.6 cm X 0.6 cm).

2.2. Fabrication of CdS QD-Sensitized Photoanodes.
To synthesize and assemble CdS QDs on TiO, films, the
substrate was sequentially immersed in solutions of Cd*" and
then S>7, and the sample was rinsed with methanol between
each dip. The purpose of the rinsing step was to remove excess
ions, which hinder the formation of the desired monolayer
adsorption. The cationic precursors (Cd** and Zn®*) were
based on methanol solutions, whereas a solvent including water
and methanol (1:1, volume ratio) was employed for the anionic
precursors (S>7). For the sake of direct comparison, Cd(NO,),
and Cd(Ac), methanol precursors with the same concentration
of 0.1 M were used as the Cd*" sources. First, the TiO, films
were immersed in Cd(NO;), or Cd(Ac), precursor for 1 min,
rinsed with methanol, and dried in air. Then, the films were
dipped into a 0.1 M Na,$ precursor for 1 min to allow S*~ to
react with the preadsorbed Cd**. Afterward, the electrodes were
again rinsed with methanol and dried. The two-step dipping
procedure is defined as one SILAR cycle. The incorporated
amount of CdS QDs can be increased by repeating the SILAR
cycle. To improve the stability and performance, all SILAR
electrodes were covered with a Zn§ passivation layer at the end,
by being dipped twice alternately in 0.1 M Zn(Ac), and 0.1 M
Na,S solutions for 1 min per dip.

2.3. Preparation of Electrolyte and Counter Electrode.
The electrolyte employed in this study was composed of 1 M S
and 1 M Na,S in deionized water. The counter electrode was a
Cu,S film fabricated on a brass foil. The preparation of the
Cu,S electrode followed the procedure reported in the
literature'>"" and can be described briefly as follows: Brass
foil was immersed in 37% hydrochloric acid (HCI) solution at
about 70 °C for 30 min, then rinsed with water, and dried in air.
After that, the etched brass foil was dipped into 1 M S and 1 M
Na,S aqueous solution for about S min, resulting in the
formation of a black Cu,S layer on the foil. The solar cells were
prepared by sandwiching the Cu,S counter electrode and QD-
sensitized photoanode using a scotch tape spacer (~50 ym in
thickness) and permeating the assembly with polysulfide
electrolyte.
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2.4. Characterization of Materials and QDSCs. The
morphologies of the film samples were characterized by
scanning electron microscopy (SEM, Philips, JEOL JSM
7000). Energy-dispersion X-ray (EDX) analysis was used to
analyze the element contents and distribution. At least three
areas (~100 ym?®) on the film surface (~1.5 cm?) were
randomly selected for EDX measurements on each sample.
Optical absorption spectra were measured on a Thermo
Scientific UV—vis—NIR spectrophotometer (Evolution 300
PC) fitted with an integrating sphere. The photovoltaic
properties were measured using an HP 4155A programmable
semiconductor parameter analyzer under AM 1.5 simulated
sunlight with a power density of 100 mW/cm” The incident-
photon-to-carrier conversion efficiency (IPCE) was determined
by taking the ratio of the device photocurrent to the
photocurrent of a Si photodiode with a known spectral
response, and the samples were illuminated by a 75-W xenon
lamp (Spectra Physics model 60100) filtered by a mono-
chromator (Acton Spectra Pro 2150i). The pH values were
measured with a VWR symphony meter.

3. RESULTS AND DISCUSSION

Samples obtained employing Cd(NO;), and Cd(Ac), as the
Cd** precursors for different numbers of SILAR cycles are
denoted as N-m (m = 6, 12, and 24) and C-n (n = 6, 12, and
24), respectively (where m and n represent the numbers of
SILAR cycles). The mesoporous structure of TiO, films favors
the penetration of the cationic and anionic precursor solutions.
Figure 1 shows the morphologies of CdS-deposited TiO, films
obtained using Cd(NO,), and Cd(Ac), as Cd** sources. For
both series, N-m and C-n, the surface of the films became more
compact with increasing number of SILAR cycles, suggesting
that increased amounts of CdS QDs were deposited onto the
TiO, film. In comparison with the N series, a higher coverage
of QDs on the TiO, surface was likely obtained for the C series
for the same number of SILAR cycles, as more pores on the
film surface were filled by the larger number of QDs deposited.
In other words, Cd(Ac), as the Cd** source appeared to result
in a higher deposition rate than Cd(NO;),. From the SEM
images, it is obvious that the small pores on the films were
partially blocked for large numbers of SILAR cycles, especially
as shown for sample C-24 (Figure 1f).

The relative amount of CdS QDs adsorbed on the film was
examined by EDX analysis. EDX spectra of pure TiO, and CdS-
sensitized films are presented in Figure S1 of the Supporting
Information. As shown, the pure TiO, film exhibited only the
two typical peaks corresponding to Ti and O, whereas for the
CdS-sensitized TiO, films, energy-dispersion peaks correspond-
ing to Cd and S also appeared. The stronger peak intensities of
Cd and S indicated a larger amount of CdS QDs adsorbed.
Figure 2 presents the atomic ratios of Cd and S in the variuos
samples based on EDX calculations. Obviously, more CdS QDs
were deposited on the films for the C series than for the N
series for the same number of SILAR cycles. This is consistent
with the results reflected in the SEM images, which showed a
higher coverage of QDs on the TiO, surface for the C series. In
addition, it reveals that, in these films, the amount of Cd was
slightly higher than the amount of S, suggesting there might
exist extra Cd (or S deficiency) in the TiO, films. Similar results
(i.e., excess Cd) have also been reg)orted for CdS nanoparticles
and CdS-sensitized ZnO films.*>*® Cross-sectional images with
EDX analyses (Figure S2, Supporting Information) revealed
that the distributions of Cd and S were essentially
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Figure 2. Element ratios of Cd and S based on EDX calculations for
CdS-deposited TiO, films prepared for different numbers of SILAR
cycles.

homogeneous throughout the thickness of the mesoporous
TiO, films.

An absorption red shift for CdS deposited by SILAR was
observed. From the absorption spectra in Figure 3ab for
samples from both the N and C series, it can be seen that the
optical absorption edge shifted to longer wavelength with
increasing number of SILAR cycles, although a slight blue shift
was also observed for sample N-6 in a few initial cglcles as a
result of the quantum confinement effect of QDs.”” As the
number of cycles increased, the shift of the absorption edge
became increasingly pronounced, with the corresponding band
gap smaller than that of bulk CdS (as shown for the films
except N-6), as discussed further in the following paragraphs.
The red shift was also verified by the color change of the
sensitized TiO, films as the QD deposition proceeded (Figure
S3, Supporting Information). The change in color occurred
much more quickly in the films of the C series than in those of
the N series.

It is well-known that the optical band gap (E,) for direct
interband transitions and the absorption coefficient (A) near
the absorption edge exhibit a relationship of the form'®*®

(Ahv)* = c(hv — Ey) (1)

where ¢ is a constant, v is the frequency, and h is Planck’s
constant. The optical band gap can be obtained by
extrapolating the linear portion of a plot of (Ahv)versus hv
at A =0.

According to the (Ahv)® versus hv plots in Figure 3c,d, the
calculated band gaps of the CdS QDs are considerably lower
than the band gap of bulk CdS (as depicted by the vertical
dashed line at 2.42 eV) except for that of N-6. The eventual
estimated effective band gaps and the band-gap red shift, AE,
are reported in Table 1. As increased numbers of SILAR cycles
directly resulted in increased amounts of QDs adsorbed on the
TiO, film, this implies that the red shift is closely related to the
increased amount of QDs (Figure S4a, Supporting Informa-
tion). For the same number of SILAR cycles, the much more
pronounced shift observed for the C series than for the N series
should be attributed to the higher deposition rate achieved
using Cd(Ac), as the cationic precursor, which resulted in more
QDs attached to the film. Sample C-24 exhibited an effective
band gap of 2.03 eV, shifted as much as 0.39 eV (~16%)
beyond the band gap of bulk CdS, 2.42 eV. This red shift is
larger than the values reported in the literature for both SILAR-
and CBD-deposited CdS.'>!33%373940
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Figure 3. (a,b) UV—vis absorption spectra of CdS-sensitized TiO, films prepared for different numbers of SILAR cycles. (c,d) (Ahv)* vs hv plots for
determining the absorption onsets of the films. The vertical dashed line at 2.42 eV indicates the band-gap value of bulk CdS.

Table 1. Band Gaps, Absorption Onsets, and Band-Gap
Shifts of CdS QDs Prepared for Different Numbers of SILAR
Cycles

sample  absorption onset (nm)  effective band gap (eV)  AE“ (eV)
N-6 508 2.44 —0.02
N-12 537 2.31 0.11
N-24 566 2.19 0.23
C-6 546 227 0.15
C-12 590 2.10 0.32
C-24 611 2.03 0.39

“Band-gap shift with respect to that of bulk CdS (2.42 eV).

Even though this anomalous absorption-edge red shift has
been reported in many publications,'>'¥?¥739%0 4 el
established and generally accepted explanation of the cause of
this phenomenon is still lacking. Recently, Rabinovich and
Hodes studied the red-shift phenomenon appearing in the
optical spectra of CdS deposited by SILAR onto ZnO nanorods
and concluded that the red shift is unlikely to be due to a lower
band gap but seems to result from a particularly long
absorption tail that extends far into the red region and is
amplified by the large optical thickness of high-surface-area

nanoporous films.>> As the number of the SILAR cycles
increased (as did the amount of CdS QDs), a greater red shift
was observed. A high degree of structural disorder that could
localize states near the band gap in CdS QDs might be one
explanation for such pronounced tailing. Another explanation
comes from a study based on CdS nanorods and nanocages in
which Tong et al. estimated E, to be as low as 2.18 eV It is
suggested that the electronic coupling of interfacial Cd—Cd
pairs could bring about a self-narrowed band gap for an
assembly of CdS nanocrystals compared to individual CdS
nanocrystals and bulk CdS material. Such a hybridization of the
Cd levels in Cd-rich (or S-deficient) CdS could create new
energy levels inside the original band gap that were responsible
for the lower-energy transition. This argument was supported
by experimental data revealing a Cd excess compared to S
(Cd:S = 1.17) and was further verified by an electronic
structure calculation. In our study, a Cd excess was also found
in SILAR-deposited CdS, and almost all of the samples
exhibited a slightly higher atomic content of Cd than §, as
evidenced by the results of EDX calculations shown in Figure
2b.

The photovoltaic characteristics of the CdS QDSCs under
one-sun illumination (AM 1.5 G, 100 mW/cm?) are presented
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Figure 4. J—V characteristics of various CdS QDSCs measured under the illumination of one sun (AM 1.5, 100 mW/cm?).
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in panels a and b of Figure 4 for the N and C series,
respectively. The short-circuit current (J,.), open-circuit voltage
(V,.), fill factor (FF), and power conversion efficiency (7) are
summarized in Table 2. For each type of device studied, at least

Table 2. Photovoltaic Properties of Various CdS QDSCs
Measured under the Illumination of One Sun®

sample V.. (V) J.. (mA/cm?) FF n (%)
N-6 0.50 3.85 0.42 0.82
N-12 0.53 6.54 041 1.44
N-24 0.49 7.76 0.40 1.53
C-6 0.53 7.02 0.45 1.68
C-12 0.54 9.49 0.42 2.15
C-24 0.43 4.58 0.43 0.84

“AM 1.5, 100 mW/cm?>

three identical samples were fabricated to check the
reproducibility of cell performance (see Table S1 of the
Supporting Information for a detailed discussion of reprodu-
cibility employing samples N-12 and C-12 as examples). As
shown in Table 2, the changes in V. and FF were not large.
However, a significant change in ], can be seen for the N and C
series for different numbers of SILAR cycles. As for DSCs, the
amount of dye loaded on the TiO, electrode predominantly
affects the photocurrent density.*"** This is also the case for
QDSCs, where QDs take the place of dye molecules. Therefore,
the performance of a QDSC is very much dependent on the
number of SILAR cycles employed to deposit the QDs. With
increasing number of SILAR cycles, both the coverage ratio of
CdS on the TiO, and the thickness of the CdS layer increase.
Such an incremental increase in the CdS QD loading leads to
more excited electrons under the same illumination, which
contributes to the photocurrent. Figure S4b (Supporting
Information) shows the dependence of the photocurrent
density on the amount of QDs loaded on the TiO, films. A
small amount of CdS QDs incorporated on the TiO, film
results in a small photocurrent density, along with a small
photocurrent and a poor cell performance, for example, for
sample N-6. However, an overload of CdS QDs on the TiO,
film also results in low cell performance, possibly for the reason
of blocking of the mesopores, which leads to a decrease of the
QD/electrolyte contact area and unfavorable electron transport
at the TiO,/QD/electrolyte interface. At the same time, it
would be difficult for electrons to transfer from CdS to TiO, in
an excessively thick CdS layer because of the increased diffusion
distance and injection time.*>** This might explain the decrease
in the efficiency and photocurrent density of sample C-24, the
morphology of which (Figure 1f) indicates that the pores of the
TiO, film are largely blocked. The highest photocurrent density
of 9.49 mA/cm?® was obtained in the QDSC based on the C-12
photoanode, implying an optimal amount of CdS QDs forming
a well-distributed layer on the TiO, film. In contrast, the N
series, that is, the electrodes that employed Cd(NO,), as the
Cd** source, presented a much slower increase in the
photocurrent density and efficiency with the growth of CdS
QDs in comparison with the C series prepared using Cd(Ac),;
more SILAR cycles, even as many as 24, did not result in better
cell performance. The cell delivered the best power conversion
efficiency of 2.15% for C-12, which was nearly a 40%
enhancement compared to that for N-12, which was prepared
with the same number of SILAR cycles.

These observations demonstrate that Cd(Ac), precursor is
more effective than Cd(NO;), for CdS QD deposition on
TiO,. A high deposition rate favors the ready formation of a
conformal CdS QD layer coating on TiO,, as the nucleation
and growth of CdS QDs can be finished in a very short period
of time, and therefore can facilitate electron injection from the
QDs to the TiO,. Good contact between the CdS and TiO, is
important to enhance the charge separation.**® The large
short-circuit current and high efficiency of the cells prepared
using Cd(Ac), as the precursor should be ascribed to the
formation of good contact between the CdS QDs and the TiO,
layer because of the high deposition rate.***” Such a superior
interface between TiO, and CdS can inhibit the interfacial
recombination arising from injected electrons diffusing from
TiO, into the electrolyte.”**** In contrast, for Cd(NO;),
precursor, because it takes much longer for the CdS QDs to
adsorb onto the TiO, films, more surface defects of QDs might
be produced during this process and, thus, cause increased
carrier recombination, lowering the cell performance.**** The
Mora-Ser6 group reported increased injection efficiency and
reduced surface defects based on ultrafast carrier dynamics and
surface photovoltage spectroscopy when acetate precursor was
employed instead of nitrate precursor, which supports our
conclusion.>® In addition, because of the porous structure of
TiO, films, the pores might be easily blocked by QDs in the
case of a time-consuming process. In other words, the excess of
QDs adsorbed later might not be able to deposit into the inner
pores inside the TiO, film in view of the channel obstruction
during a long-term deposition. This could explain why the
efficiency for the N series could not be increased substantially
for large numbers of SILAR cycles and why the cell
performance of C-6, with only six SILAR cycles, was better
than the cell performances of all of the N series, even though
the QD amount adsorbed for N-24 was larger than the amount
adsorbed for C-6.

Figure S compares the IPCE curves of QDSCs based on N-
12 and C-12 electrodes. It can be seen that the overall
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Figure S. IPCE curves of the N-12 and C-12 electrodes measured as
functions of wavelength. Inset: Band gaps, onsets, and band-gap shifts
of CdS QDs obtained from IPCE curves.

photoresponse matches well with the absorption features, with
the photocurrent onsets directly correlated with the absorption
onsets. C-12 exhibited a higher IPCE than N-12 throughout the
entire spectrum, resulting in a high photocurrent density (see
the Supporting Information for a detailed calculation of the
photocurrent density from the IPCE curves). The maximum
IPCE of C-12 reached as high as 75% at a wavelength of ~490
nm. Band gaps can also be calculated from the spectral
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response by extrapolating the square of the photocurrent
(equivalent to IPCE?) to zero photocurrent.*’ The results are
included in the inset of Figure 6. The values of the band gaps

( a) Positively + *+ B _ Negatively
charged 'I + charged
t IEP ——
Low pH ~6.0  High pH
- Cd
(b)o o™ o cds
_ Cd(NOy),
FTO +NayS FTO
" CdE,
Q0 O (&) o iy
e B = cds
Cd(Ac),
FTO + NHZS FTO
T, o Cd* Cds

Figure 6. Schematic diagrams of (a) the surface charge of TiO, as a
function of solution pH and (b) the deposition processes of CdS QDs
on TiO, films using Cd(NO;), and Cd(Ac), methanol solutions as
cationic precursors. IEP stands for the isoelectric point.

show good agreement with those estimated from the optical
spectral response. The photovoltaic properties reveal that the
anomalous red shift of the absorption edge indeed contributes
to the photoresponse at longer wavelengths, which results in a
marked enhancement in the solar power conversion efficiency.
In the literature, there are also a few examples of anomalous red
shifts in the photocurrent response of cells based on SILAR-
adsorbed CdS QDs on mesoporous TiO, or
ZnO.18193537.394050 gy 5 pronounced red shift, which
lowers the effective band gap of the QD-sensitized TiO,
photoanode, broadens the absorption range of the solar
spectrum, and thus, to some extent, makes up for the limited
photoactive region of CdS (2.42 eV), is greatly beneficial for
solar energy utilization.

The exact causes of the different deposition rates obtained
using different Cd** precursors are still unclear at this stage.
However, in our experiments, we observed that Cd(NOj;), and
Cd(Ac), dissolved in methanol resulted in different acid—base
properties. Cd(NO;), is a strong acid and weak base salt,
whereas Cd(Ac), is a weak acid and mild base salt. A higher pH
value would be expected in Cd(Ac), methanol solution than in
Cd(NO;), methanol solution. Although dissolved in methanol

solution, some water of crystallization existed in the Cd(NOj),
4H,0 and Cd(Ac),-2H,0 used. Indeed, these two precursors
presented noticeable difference in their pH values, ~6.1 for
Cd(NO;), and ~7.6 for Cd(Ac), at the same concentration of
0.1 M in the current investigation.

To investigate the influence of cadmium precursors on the
deposition rate of CdS QDs on TiO, film, we performed some
designed experiments in which the pH value of the Cd*'
precursor solution was changed. The results are listed in Table
3. The number of SILAR cycles was set to be 12. The relative
QD contents were estimated according to the EDX analysis.
Absorption onsets and effective band gaps were extrapolated
from UV—vis absorption spectral responses. The deposition
rate could be evaluated from the QD content and absorption
onset. As we suspected that pH effects might be the main
causes for the different deposition rates, acetic acid, nitric acid,
and ammonia solutions were employed to adjust the pH of the
precursor solution. When acetic acid was added to 0.1 M
Cd(NO;), methanol solution (HAc/Cd** ~ 1:1, molar ratio),
the amount of CdS QDs deposited on the TiO, film and the
resulting photocurrent density both decreased as compared to
the results for the original pure Cd(NO,), precursor listed in
Table 3, indicating a decreased deposition rate as the pH
dropped from ~6.1 to ~2.1. Similar results were obtained upon
the addition of nitric acid to Cd(Ac), methanol solution. In
contrast, when ammonia solution was added to both the
Cd(NO;), and Cd(Ac), precursors (NH;H,0/Cd* ~ 1:1,
molar ratio), the deposition rate of CdS QDs was significantly
increased in the case of the Cd(NO;), precursor, as the pH
increased to 7.7 from 6.1. For the Cd(Ac), precursor, no
appreciable enhancement in the deposition rate was observed
as the pH increased from ~7.6 to ~8.8. These results suggest
that the deposition of CdS QDs increases with increased pH
but reaches saturation at pH ~8.0. See Figure SS in the
Supporting Information for a detailed study of the dependence
of the deposition rate on the precursor pH. It is worth
mentioning that the addition of ammonia to Cd(NO;),
methanol solution created Cd(OH), white precipitates in the
precursor, whereas no precipitates were observed for Cd(Ac),
methanol precursor.

Although the exact mechanism by which the deposition rate
of CdS QDs on TiO, films is closely associated with the pH of
the precursor is not known, a varied surface charge on TiO,
might be a response. When nanoparticles are dispersed in an
aqueous solution or polar solvent or electrolyte, surface
ionization and the adsorption of cations or anions would result
in the generation of a surface charge and the development of an
electric potential between the nanoparticle surface and the bulk
of the dispersion medium.’"** For TiO, nanoparticles

Table 3. Summary of the Results of Control Experiments with Changing Recipes of Cationic Precursor Solutions for CdS QDs

Deposited for 12 SILAR Cycles

cationic precursor pH content (%) absorption onset (nm) band gap (eV) J.. (mA/cm?) n (%)
Cd(NO,), ~6.1 3.65 537 231 6.54 1.44
Cd(Ac), ~7.6 11.39 590 2.10 9.49 215
Cd(NO,),+HAc ~2.5 1.14 528 235 3.85 091
Cd(Ac),+HNO, ~6.4 7.15 571 217 725 1.60
Cd(NO,),+NH,-H,0 ~77 11.68 591 2.10 9.18 1.97
Cd(Ac),+NH,-H,0 ~8.8 11.81 592 2.09 9.42 2.01
Cd(NO,),+Mn(Ac), ~6.8 9.05 574 2.16 9.47 2.02
Cd(NO;),+Mn(NO;), ~6.0 3.66 540 2.30 6.32 1.39
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immersed in aqueous solution, in general, their surface is
covered by hydroxyl groups, according to the reaction

Ti" + H,0 - Ti"—OH + H* ®)

Once the solution pH changes, the surface charge of TiO,
will be affected by the reactions occurring on the particle
surface, such as

Ti""—OH + H* — Ti""-OH,* (3)

TiV-0H - TiV-0 + H' 4)

The surface charge can be evaluated from the zeta potential.
The pH at which the surface of nanoparticles is neutral is
defined as the isoelectric point (IEP), where the zeta potential
equals zero.”' The IEP for TiO, nanoparticles was reported to
be pHygp =~ 6.0.375¢ As illustrated by the schematic diagram of
the surface charge of TiO, as a function of solution pH in
Figure 6a, when the pH is below pHygp, there will be a positive
surface charge and a positive zeta potential (eq 3). However,
when the pH is greater than pHip, a negative surface char%e
and negative zeta potential would be developed (eq 4).°*°>>7
Similar reactions would occur when TiO, was immersed in
Cd(NO;), and Cd(Ac), methanol precursor solutions (as
illustrated in Figure 6b). As the Cd(Ac), precursor exhibits a
higher pH than the Cd(NO;), precursor, the TiO, surface
would become more negatively charged for the film dipped in
Cd(Ac), precursor and, thus, have a higher driving force for the
adsorption of Cd** ions. Consequently, when the TiO, films
were successively dipped into Na,S solution, allowing S>~ to
react with the preadsorbed Cd*", a larger amount of CdS QDs
was generated on the TiO, film dipped in Cd(Ac), precursor.
In other words, a much higher deposition rate of CdS QDs on
the TiO, film can be achieved using Cd(Ac), as the cationic
precursor compared to Cd(NO;),.

It should be noted that, after several cycles of SILAR
deposition of CdS onto the TiO, surface, a portion of the
subsequent layer of CdS would be deposited on the
preadsorbed CdS surface, not only on the TiO, surface. Similar
interpretations concerning the surface charge can also be made
in this case. In the literature, the reported pHp values are 5.5°°
and 3.7.%° Despite the difference in values, it is considered that
a high pH will also lead to a more negatively charged
preadsorbed CdS surface, which contributes to the effective
adsorption of Cd*" ions in the precursor and, ultimately, results
in a high deposition rate of CdS.

A study reported by Santra and Kamat supports the
conclusion that acetate ligand provides better QD deposition
than nitrate ligand.”” They studied a strategy to boost the
efficiency of QDSCs through Mn** doping of CdS. In their
experiments, Cd(NO;), methanol solution (0.1 M) was used
for CdS deposition, and Mn(Ac), solution (0.075 M) was
admixed with Cd(NO;), solution to incorporate Mn>* into
CdS, enabling the formation of Mn-doped-CdS QDSCs. Nearly
55% enhancement in the power conversion efficiency was
achieved with a red shift of up to 50 nm in the absorption onset
reported for Mn-doped-CdS as compared to undoped CdS.
Our verification experimental results are reported in Table 3. As
shown, adding Mn(Ac), to Cd(NO3), precursor (Mn**/Cd**
~ 1:10, molar ratio) substantially increased the CdS deposition
rate and red-shifted the absorption onset compared to the
original Cd(NO;), precursor, and an improved QDSC
performance of 2.02% (40% higher than the undoped
performance) was obtained. However, when Mn(Ac), was

replaced by Mn(NO;), and admixed with Cd(NO;), precursor
(Mn**/Cd** =~ 1/10, molar ratio), no obvious change in the
amount of QDs deposited was found, as presented in Table 3.
These observations are in good agreement with our suggestion
that the acetate ligand can improve QD deposition and thus
contribute to improved solar cell performance.

4. CONCLUSIONS

The present work has demonstrated that precursors have
noticeable influences on the synthesis and assembly of QDs on
photoanode films by the SILAR method for QDSCs. Further
studies revealed that the pH value of the precursor solution is
likely to determine the deposition rate and, consequently, to
affect the amount of QDs deposited on the photoanode. A
QDSC fabricated with CdS QDs deposited on TiO,
mesoporous film using Cd(Ac), as the Cd*" precursor exhibited
a power conversion efficiency as high as 2.15%, achieving nearly
40% enhancement compared to that obtained using Cd(NO;),
for the same number (i.e, 12) of SILAR cycles. This effect is
mainly attributed to the rapid deposition of QDs on TiO, films
provided by the Cd(Ac), precursor, which has a higher pH
value. The cationic precursor selected to deposit CdS QDs by
SILAR has a dramatic effect on the QDSC performance. An
increased amount of QDs was found to be accompanied by an
increasing degree of red shift of the absorption edge. An
apparent anomalous red-shift phenomenon, not explicitly
mentioned in most of the literature, was observed for CdS-
QD-deposited TiO, films in our study. The combination of an
increased amount of QDs and a broadened absorption
spectrum resulted in an appreciable enhancement of the
power conversion efficiency for otherwise identical device
configurations.
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