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hatif all it takes is a coat of paint to

convert light energy into electric-

ity? That is the challenge that
needs to be addressed if we desire to have
a transformative photovoltaic technology
and meet future energy needs.'? In recent
years semiconductor nanocrystal or quan-
tum-dot-based solar cells have drawn sig-
nificant attention as viable candidates for
boosting the energy conversion efficiency
beyond the traditional Shockley and Queis-
ser limit of 32% for Si-based solar cells.>'?

Because of the extremely small size of
semiconductor quantum dots and high ab-
sorption cross section, it is possible to cap-
ture nearly all of the incident solar light in
the visible region with an extremely thin
layer of semiconductor materials. These
heterojunction semiconductor solar cells,
often referred as ETA (extremely thin ab-
sorber) cells, offer new opportunities to de-
velop relatively inexpensive solar cells.'>™
One such example utilizes a PbS and TiO,
heterojunction and is reported to exhibit a
power conversion efficiency of 5.1%."® Simi-
larly, Sb,S3-based ETA solar cells have deliv-
ered efficiencies greater than 5%.'>'%"7
These recent developments of photoin-
duced charge separation using semicon-
ductor nanocrystal-based assemblies and
efforts to utilize them in solar cells paves
the way to propose transformative research
efforts.

The other type of quantum dot solar
cell employs metal chalcogenide semicon-
ductors as sensitizers which, upon excita-
tion, inject electrons into large band gap
semiconductors such as TiO,. The sulfide/
polysulfide redox couple, which scavenges
holes from the photoanode, is regenerated
at the counter electrode. The photoelectro-
chemical cells employing CdS and CdSe
have been widely studied, and power conver-
sion efficiency in the 3—4% range is often
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A transformative approach is required to meet the demand of economically viable solar cell
technology. By making use of recent advances in semiconductor nanocrystal research, we have
now developed a one-coat solar paint for designing quantum dot solar cells. A binder-free
paste consisting of (dS, CdSe, and Ti0, semiconductor nanoparticles was prepared and applied
to conducting glass surface and annealed at 473 K. The photoconversion behavior of these
semiconductor film electrodes was evaluated in a photoelectrochemical cell consisting of
graphene—Cu,S counter electrode and sulfide/polysulfide redox couple. Open-circuit voltage
as high as 600 mV and short circuit current of 3.1 mA/cm? were obtained with CdS/Ti0,—CdSe/
Ti0, electrodes. A power conversion efficiency exceeding 1% has been obtained for solar cells
constructed using the simple conventional paint brush approach under ambient conditions.
Whereas further improvements are necessary to develop strategies for large area, all solid

state devices, this initial effort to prepare solar paint offers the advantages of simple design

and economically viable next generation solar cells.
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achieved."* %1822 A recent study that
overcomes the redox limitation at the count-
er electrode by using Cu,S/reduced graphene
oxide has produced efficiency as high as
4.4%2% Previous work in our laboratory has
provided understanding of the photoinduced
charge transfer processes in semiconductor
quantum dots and their utilization in semicon-
ductor-sensitized solar cells (Scheme 1).27%°
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Scheme 1. Schematic illustrating the principle of the solar
paint approach. TiO, nanoparticles are coated with CdS or
CdSe via a pseudo-SILAR method. These composite parti-
cles are applied in a paint-like, one-step photoanode for-
mation.

Both types of cells discussed above utilize a series of
sequential deposition steps to attain a better perform-
ing photoanode. Completing the full range of semi-
conductor film deposition and annealing protocols is
time-intensive, requiring multiple steps and 1 or 2 days
to attain the best performing cells. In order to produce
more versatile and economically viable quantum dot
solar cells, it is important to simplify the electrode
preparation procedures. One of the earliest attempts
to simplify construction of photoelectrochemical cells
using a paint approach was made by Hodes and co-
workers.?® They employed a polycrystalline powder
CdSe and CdTe with a fluxing material such as CdCl,
and sintered at ~650 °C.%° With the recent advances in
semiconductor-sensitized solar cells, we have now
prepared solar paint consisting of CdS, CdSe, and TiO,
nanoparticles. A one-step coating approach to design
relatively high efficiency semiconductor-sensitized so-
lar cells is described.

Preparation of Solar Paint. We adopted two synthetic
strategies: (1) physical mixing of commercially avail-
able TiO, (Degussa P25) and bulk CdS (Aldrich) in a
mixed solvent (water and t-butanol); (2) a pseudo-
SILAR (sequential ionic layer adsorption and reaction)
method of depositing CdS (or CdSe) on suspended
TiO, nanoparticles by the addition of Cd*" and S~
(or Se?7) in a stepwise fashion. In addition, we also
included ZnO powder with TiO, before mixing with
CdS so that any beneficial aspects due to charge
separation in the ZnO—TiO, composite semiconductor
can be tested. Procedural details are presented in the
Experimental Methods. The resulting thick, yellow
paste of TiO, and CdS could then be applied directly
on conducting glass electrodes. The photographs in
Figure 1 show the preparation steps of solar paint by
direct mixing of the solvent with preformed particles
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(A,B) and SILAR method (C,D). The photograph E in
Figure 1 shows the application of the paint to an
optically transparent electrode (OTE), and photo-
graphs F—H show the examples of electrodes after
the low-temperature annealing procedure. TiO,/CdS
and TiO,/CdSe electrodes in Figure 2F—H were pre-
pared using pseudo-SILAR procedure. These electro-
des were further subjected to the evaluation of photo-
electrochemical performance.

RESULTS/DISCUSSION

Figure 2A shows the absorption spectra of electrodes
prepared with mixed CdS/TiO,, SILAR CdS/TiO,, and
SILAR CdSe/TiO,. The absorption onset seen in these
spectra around ~550 and 680 nm is characteristic of CdS
and CdSe, respectively. An electrode was also prepared
using a mixture of SILAR CdS and CdSe, 1.5:1.0 wt %,
deposited on TiO, nanoparticles. Spectrum (c) shows the
overlap of absorption arising from CdS and CdSe nano-
particles. The relatively high absorbance seen in the
visible shows the strong absorption properties of solar
paint. More details on the role of semiconductor nano-
particles as extremely thin absorbers (ETA) in solar cell
applications have been discussed in earlier studies.'*'%'”

The morphology of solar paint mixtures was ana-
lyzed using scanning and transmission electron micro-
scopy (SEM and TEM). The SEM image in Figure 2B
reveals two size regimes for CdSe: sub-10 nm diameter
nanoparticles and larger 1—6 um sized particles. The
smaller nanoparticles result from SILAR seeding of
CdSe on the TiO, surface, whereas the larger particles
are most likely formed by precipitation of bulk CdSe in
solution along with subsequent physical mixing with
TiO, nanoparticles (20—50 nm diameter). The absor-
bance spectra for composites formed via the pseudo-
SILAR process confirm the presence of bulk CdS and
CdSe in these composites. High-resolution TEM was
also utilized to analyze local solar paint morphology and
confirms the attachment of CdSe nanoparticles to TiO,
(Figure 2C). Lattice spacings highlighted in the image
show d-spacings of 0.215 nm, characteristic of the (110)
face of wurtzite CdSe. Also shown are 0.352 nm spacings
which correspond to the (101) face for anatase TiO,.

Photoelectrochemical Characterization of Films Prepared by
Mixing Ti0, and CdS Nanoparticles. The electrodes prepared
using solar paint were evaluated in a photoelectro-
chemical cell consisting of semiconductor film photo-
anode, Cu,S-reduced graphene oxide counter elec-
trode, and sulfide/polysulfide electrolyte (1 M/1 M).?2
A series of experiments were carried out in a sandwich
cell configuration to optimize the ratio of CdS and
TiO, in the solar paint. The /—V characteristics under
100 mW/cm?, AM 1.5 solar irradiation for three differ-
ent compositions of CdS/TiO, are shown in Figure 3A.
Fill factors obtained from the /—V curves are in the
range of 0.51—0.55. The CdS/TiO, films also show
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Figure 1. (A) tert-Butanol and water are used as solvent. (B) Bulk CdS powder and TiO, powder are slowly mixed into the
solvent, forming solar paint. (C,D) CdS deposited on TiO, after 1 and 8 cycles of pseudo-SILAR process, respectively. (E)
Application of solar paint to an OTE (optically transparent electrode). (F—H) Annealed films of solar paint: (F) CdS/TiO, (8 SILAR
cycles), (G) CdSe/TiO, (3 SILAR cycles) films, and (H) mixture of F,G.

a CdS SILAR

b—— CdS/TiO, mix
c CdS/CdSe SILAR mix| &
d—— CdSe SILAR

>

15

Absorbance

460 5(‘)0 E(:‘lD 760
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Figure 2. (A) Absorbance traces shown for solar paints made from (a) SILAR CdS/TiO,, (b) CdS powder mixed with TiO,,
(c) SILAR CdS/TiO, mixed with CdSe/TiO,, and (d) SILAR CdSe/TiO,. All films were annealed at 200 °C. (B) SEM image shows
SILAR CdSe on TiO,. (C) High-resolution TEM shows CdSe nanoparticles with a ~4 nm diameter on TiO, (d ~ 40 nm). Lattice
spacings of 0.215 nm for the CdSe (110) plane and 0.352 nm for the TiO, (101) plane confirm the nature of the composite.
Dotted lines serve to guide reader's eye to CdSe nanoparticle edges.

prompt current response to illumination with short
circuit currents in the range of 2.0—-2.3 mA/cm?
(Figure 3B). The results of three representative com-
positions show that the ratio of 1.5:1.0 CdS/TiO, is
optimal for achieving maximum photocurrent gen-
eration. It is interesting to note that the open circuit
potential of all three electrodes were around 600 mV,
unaffected by the ratio of CdS/TiO,. If we exclude
TiO, from the paste, the performance of the solar
paint gave poor performance. Films made from CdS
alone result in a short circuit current of ~80 uA/cm?
and a V. of ~0.27 V.

We also prepared solar paint using mixed ZnO and
CdS nanoparticles. Similar photoelectrochemical per-
formance was observed with CdS/ZnO paint, albeit
with fill factors in the range of 0.24—0.35. Under
prolonged illumination, some photocurrent decay is
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observed in these composites and is attributed to the
reaction with ZnO and $*~ to produce ZnS (see Sup-
porting Information, Figure S1). The stability of the
CdS/ZnO paints is significantly improved by the addi-
tion of TiO, to the composites. Figure 3C shows short
circuit currents between 3.0 and 3.5 mA/cm? for CdS/
ZnO/TiO, composites with varying amounts of TiO,.
The -V curves for the CdS/ZnO/TiO, paints gave fill
factors in the range of 0.36—0.39 (see Supporting
Information, Figure S2).

As discussed in earlier studies,*'*?”? the differ-
ence between apparent Fermi level of the photoanode
and the redox equilibration potential of the counter
electrode dictates the open circuit potential of a
photoelectrochemical cell. The results presented in
Figure 3 highlight the ability to deliver maximum
photopotential without undergoing losses.
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Figure 3. (A) I-V curves for solar paints composed of different CdS/TiO, mass ratios (mixed powders) as photoanodes.
(B) Current—time plots for those films show prompt current response of solar paint to illumination. (C) Current—time plots for
CdS/ZnO/TiO, paints with varying amounts of TiO, exhibit increased photocurrent over CdS/TiO, paints. All films were tested
under 100 mW/cm?, AM 1.5 irradiation with a Cu,S-reduced graphene oxide counter electrode and Na,S/S electrolyte.

In most studies involving quantum-dot-sensitized
solar cells (QDSC), one constructs the photoactive
electrode by first depositing mesoscopic films that
are later modified with metal chalcogenide (e.g., CdS
or CdSe) nanocrystals.**? Both molecular linked ap-
proach®®*" and SILAR*? 3¢ have been successfully
employed to attach an extremely thin layer of metal
chalcogenide to the TiO, film. Upon excitation of CdS
(or CdSe), the electrons are injected into TiO, nano-
particles. The electrons then travel through the net-
work of TiO, nanoparticles and are collected by the
conducting electrode surface. The redox couple pre-
sent in the electrolyte (usually sulfide/polysulfide)
scavenges holes at the photoanode and is then re-
generated at the counter electrode.

CdS + hy — CdS(e + h) M
CdS(e) + TiO, — CdS + TiO,(e) )
CdS(h) +S?~ — CdS+S—* (3)

The electron injection into TiO, and hole scavenging
by sulfide kinetics are the primary processes that
dictate the overall photocurrent generation efficiency.
As pointed out in our earlier studies, the charge injec-
tion process (reaction 2) which occurs with a rate
constant of 10'°—10"" s~ can be modulated by vary-
ing the size of the metal chalcogenide nanoparticles.?*
Despite this fast electron injection into TiO, nanopar-
ticles, a major bottleneck arises from the slower hole
scavenging rate (k ~ 10® s7").2° In addition, back
electron transfer with the oxidized form of the redox
couple and the inefficient response of the counter
electrode have been identified as key factors limiting
the efficiency of QDSC.

The solar paint prepared in this study lacks a well-
defined ordered structure. The SEM image shown in
Figure 2B indicates that there are clusters of TiO, and
CdSe nanoparticles in the microdomain of the film.
Despite our effort to achieve uniform mixing through
sonication, the aggregated particle network exists in
the film. The fact that we observe deliverance of good
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Scheme 2. Pseudo-SILAR method of depositing sequential
layers of CdS and CdSe on suspended TiO, nanoparticles.
For CdS/TiO, (or CdSe/TiO,), the procedure involved a single
step of 8 repeat cycles of Cd*>" and S*~ (or 3 repeat cycles
of Cd*" and Se?") addition. All particles were subjected to
the capping of ZnS through the addition of Zn*" and $*~
(not shown).

photoelectrochemical performance of solar paint sug-
gests the ability of CdSe and TiO, microclusters to
interact and attain good charge separation.
Photoelectrochemical Performance of Solar Paint Prepared
Using Pseudo-SILAR Approach. In order to establish a close
contact between TiO, and metal chalcogenide nanos-
tructures, we modified the conventional SILAR method
by precipitating CdS and CdSe in a suspension of
TiO, nanoparticles. As described in the Experimental
Methods, Cd*" and S*~ (or Se®") precursor solutions
were sequentially added to a stirred TiO, suspension
(Scheme 2). This method facilitated direct deposition of
CdS (or CdSe) on TiO, nanoparticles. During the last
step, 10 mL of 0.1 M of Zn(C,H30,), solution was added
to the composite nanoparticles and then centrifuged.
This was followed by a final treatment of S~ (10 mL of
0.1 M Na,S) to give a thin layer of ZnS. Earlier studies
have shown improved photoelectrochemical perfor-
mance using a ZnS coating as it serves as a barrier for
the charge recombination process.'® The composites
were prepared as a paste and applied to the conduct-
ing, fluorine-doped tin oxide (FTO) surface of an OTE
and tested individually as well as in a mixed form.
Figure 4 shows the photocurrent action spectra of
three electrodes prepared by pseudo-SILAR approach.
The incident photon to current conversion efficiencies
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Figure 4. Left: Photocurrent response of (a) CdS/TiO,, (b) CdSe/TiO,, and (c) CdSe/CdS/TiO, electrodes as monitored from the
IPCE at different wavelength of irradiation (counter electrode, reduced graphene oxide/Cu,S film deposited on OTE; and
electrolyte, 1 M Na,S and 1 M S in water). Right: Schematic illustration of photocurrent generation depicting the electron
transport through the network of TiO, clusters (yellow arrow) and CdS (or CdSe) cluster network (orange arrow).
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Figure 5. (A) I-V curves for solar paints formed with the pseudo-SILAR deposition process. The mixed CdS/TiO,—CdSe/TiO,
paint outperforms paints composed of only CdS/TiO, or CdSe/TiO,. (B) Current—time plots for paints show prompt

photocurrent response.

at different wavelengths were determined from the
short circuit current (/) and incident light intensity
(Pinc) at incident wavelength, A (nm)

IPCE(%) = (1240/4) x (Isc/Pinc) x 100 (4)

It is interesting to note that all three electrodes exhibit
photocurrent generation efficiency in the range of
30—40%. The photoresponse of the CdS/TiO, elec-
trode shows an onset of photocurrent generation at
525 nm, confirming thereby the response to arise from
the band gap excitation of the CdS nanoparticles. TiO,/
CdSe on the other hand exhibits relatively poor re-
sponse in the visible with more noticeable trend above
460 nm. Because of the smaller band gap of CdSe, we
would have expected to see a good response up to
680 nm (see absorption spectra in Figure 1). The
minimal photoresponse seen for the TiO,/CdSe film
at wavelengths greater than 460 nm is attributed to a
movement by the CdSe conduction band edge to more
positive potentials as a result of crystalline growth to
bulk values. This, in turn, hinders excited state electron
injection into the TiO, conduction band due to a loss in
driving force. However, the composite films of CdS and
CdSe deposited on TiO, exhibit an extended response
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in the visible with an onset at 600 nm. Intimate contact
between CdS and CdSe in these films under illumina-
tion should result in band-filling leading to pseudo-
Fermi level equilibration of conduction bands. This
would re-establish the CdSe conduction band to more
negative potentials and restore the driving force for
excited state electron injection. These results point out
the synergy of CdS and CdSe in utilizing incident visible
photons and thus delivering higher IPCE.
|-V characteristics and photocurrent response of
CdS/TiO,, CdSe/TiO,, and CdS/TiO,—CdSe/TiO, elec-
trodes under AM 1.5 light irradiation are shown in
Figure 5, and the cell parameters are compared in
Table 1. The solar paint prepared by pseudo-SILAR
method exhibits prompt photocurrent response in
the range of 2—3 mA/cm? and an open circuit voltage
in the range of 585—615 mV. The fill factor for these
cells was found to be around 0.6, suggesting superior
electrochemical performance. The composite of mixed
CdS/TiO, and CdSe/TiO, nanoparticles achieved the
best performance with a power conversion efficiency
exceeding 1%.
Sensitization of TiO, by excited CdS and CdSe has
been well studied.**”*”~*! In quantum-dot-sensitized
VOL.6 = 2012
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TABLE 1. Photoelectrochemical Performance of Solar
Paints?

electrode ratio method  J,c (mA/cm?) V, (mV) FF 1 (%)
(ds/mio, 1510  mix 2.26 600 052 0.71
(dS/Zn0 22510  mix 3.01 675 028 0.57
(dS/zn0/Ti0, 2.0:1.0:0.2 mix 3.63 685 036 0.89
(ds/mio, 1.03.5  SILAR 233 615 061 0.87
(dSe/Tio, 1.0:50  SILAR 212 608 0.64 0.83

(dS—Ti0,/CdSe—Ti0, 1.0:1.5  SILAR, mix 3.1 585 059 1.08

“Sandwich cell configuration. Electrolyte = 1 M Na,$/1 M S in water; counter
electrode, Cu,S/RGO composite film on OTE, AM 1.5 sunlight illumination. Active
electrode area 0.15—0.2 cm”.

solar cells, the initial charge separation at the TiO,
interface is the primary step following the band gap
excitation of CdS (or CdSe). The scavenging of holes
by S* results in accumulation of electrons in the semi-
conductor film. The accumulation of electrons drives
the Fermi level to more negative potential as noted
from the steady photovoltage. Upon application of
load, the accumulated electrons are transported via
the TiO, and CdS (or CdSe) nanoparticle network to
the collecting electrode surface. The two routes of
electron transport within the nanostructured film are
illustrated in Figure 4.

The photoelectrochemical results presented in
Table 1 compare and contrast the behavior of solar cells
constructed using solar paints prepared with different
strategies. While simple mixing of TiO, and CdS powders
in the form of a paint can deliver power conversion
efficiency of about 0.8%, we can further improve the

EXPERIMENTAL METHODS

Materials. Zinc oxide ultrapure (electronic grade), sulfur pow-
der (325 mesh 99.5%), cadmium nitrate tetrahydrate (98.5%), and
selenium(lV) oxide (99.4%, metal basis) were obtained from Alfa
Aesar. Tertiary butyl alcohol (certified), 1T methyl-2-pyrrolidinone,
and Versa Clean solution were obtained from Fisher Scientific.
Cadmium sulfide powder (99.999%, trace metal basis) and
sodium sulfide nonahydrate (98%) were obtained from Sigma
Aldrich. Cadmium sulfate anhydrous (99.7%) was obtained from
J.T. Baker Scientific. Sodium borohydride 98% was obtained from
Stern Chemicals. Titanium dioxide, P25, was obtained from Degussa.

CdS/Ti0, Mixed Paint. The preparation of binder-free CdS/TiO,
paste was adapted from a previous report.* Briefly, CdS powder
(0.5 g) was mixed into 3 mL of tert-butyl alcohol/water (2:1
volume) solvent. TiO, powder (0.5 g) was slowly added with
mixing and under gentle heating (~40 °C). The range of CdS/
TiO, ratios tested is reported above. ZnO (0.5 g)/CdS (0.75—1.5 g)
pastes were prepared similarly.

Pseudo-SILAR (dS/Ti0, and (dSe/Ti0, Paints. The pseudo-SILAR
CdS/TiO, and CdSe/TiO, paints were prepared by suspending
TiO, (0.5 g) in 15 mL of water/methanol (3:1 volume) using
gentle sonication. After suspension, 100 uL of 0.1 M NaOH was
added to the TiO, slurry. Next, 2 mL of 0.1 M CdSO, in water/
methanol (1:1) was added and mixed for ~30 s before addition
of 2 mL of 0.1 M Na,S in water/methanol (1:1) (or 0.1 M SeO,,
which was reduced in an oxygen-free environment with 2 equiv
of NaBH,) followed by additional mixing for another 30 s. The
mixture was centrifuged (7000 rpm), supernatant discarded, and
the solid CdS/TiO; resuspended. This cycle was repeated 8 times
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efficiency by depositing CdS and/or CdSe directly on
TiO, nanoparticles. The merit of the present study lies in
the utilization of semiconductor sensitization aspect
with a simple and versatile approach. Even the annealing
step can be simplified by subjecting the films to hot air.
One such experimental arrangement we tested to an-
neal semiconductor films at 120 °C using a hot air blower
is shown in the Supporting Information. The cells pre-
pared using hot air annealing of semiconductor films
also performed quite well with efficiency in the range of
0.5—0.8%.

CONCLUSION

The highest efficiency of >1% for QDSC cells pre-
pared using the solar paint approach is nearly five
times lower than the highest recorded efficiency for
SILAR-based QDSC prepared by multifilm architecture
of mesoscopic TiO, layers (viz., compact layer, adsorber
layer, and scattering layer) followed by careful layering
of CdS or CdSe. The latter approach can take up to a day
or two to prepare photoactive anodes. On the other
hand, the solar paint offers the convenience of a one-
step photoactive layer application on the electrode
surface with electrode preparation time of less than an
hour. Obviously, further optimization and use of dif-
ferent semiconductor nanoparticles are necessary to
boost the efficiency of such solar cells. The present
work of designing Sun-Believable solar paint is a first
step toward the development of a transformative
technology for the construction of nanocrystalline
semiconductor-based solar cells.

for CdS/TiO, and 3 times for CdSe/TiO, composites. The solid
product was then dried with typical yields of ~700 mg.

Solar paint from the pseudo-SILAR process was prepared
using the method mentioned above for mixed CdS/TiO, paints,
with additions of ~1 g of the SILAR products CdS/TiO, or CdSe/
TiO, to the tert-butyl alcohol/water solvent. A paint was also
made using a mixture of SILAR CdS/TiO, (~400 mg) and CdSe/
TiO, (~605 mg).

Cell Construction. For the photoanode, fluorine-doped tin
oxide electrodes were pretreated with TiCl4 (40 mM, 70 °C for
30 min). Paints were applied via a doctor blade method to
fluorine-doped tin oxide electrodes and annealed under nitro-
gen for 60 min at 200 °C. The counter electrode utilized a Cu,S—
graphene composite, the construction of which is described ina
previous report.® A mixture of 1 M sodium sulfide and 1 M sulfur
was employed as the electrolyte. Cells were configured in a
sandwich cell orientation with a Parafilm spacer.

Optical, Photoelectrochemical, and Structural Characterization. Dif-
fuse reflectance absorption spectra were recorded using a
Shimadzu UV-3101PC spectrophotometer. Photoelectrochem-
ical measurements were conducted using a Princeton Applied
Research Potentiostat 2263 in a two electrode, sandwich cell
configuration. Active areas for cells tested were in the range of
0.15—-0.20 cm? A 300 W xenon lamp with an AM 1.5 filter was
used as the excitation source. A Newport Oriel QE/IPCE mea-
surement kit was employed for IPCE measurements. SEM
images were made using a FEI Magellen-400 FESEM. TEM
micrographs were taken using FEI Titan 300 kV field emission
TEM with Gatan image filter.
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