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We report on a cost-effective alternative synthetic method for creation of ZnO-based
natural-dye sensitized solar cells (DSSC). ZnO arrays were electrodeposited on transparent
fluorine doped tin oxide covered glass cathodes in aqueous electrolytes in three-electrode
cell under potentiostatic conditions and under pulse plating modes with rectangular im-
pulses of cathode potential. Then ZnO layers were dye-sensitized by a freshly prepared
blackcurrant juice. The studies of structure by XRD-method, surface morphology by
atomic force microscopy and optical properties by spectrophotometry have demonstrated
the promise of ZnO arrays electrochemically grown in the rectangular pulse mode for
creation of natural-dye sensitized DSSC.

Coobmiaerca o6 sxoHoMuuecKu >(h¢GEeKTUBHOM AJbTEPHATUBHOM METOLE CHHTE3a OKCUIA
IAHKA A CeHCHUOMJIMSMPOBAHHBIX HATYPAJIBHBIMU KPACUTEASAMHU COJHEYHBIX 9JIE€MEHTOB.
Maccussl ZnO ocaskIanm 2JIEKTPOXUMUUYECKH B TPEXIJIEKTPOLHON sAdeliKe Ha CTEKASHHLIE
TMOIMOKKHN, TTOKPBLITHIE TPO3PAUHBIM DJIEKTPOIIPOBOAHBIM OKCUIOM U3 JIETUPOBAHHOTO (PTOPOM
AUOKCUAA O0JI0BA, KAK B MOTEHIIMOCTATUYECKOM PeXKHWMe, TaAK W B UMIIYJALCHBIX PEXUMAX C
MPAMOYTOJALHLIMN UMITYJLCAMU KATOAHLIX IMOTEHIMAaNoB. 3aTeM caou ZnO ceHcubuanamposa-
JU KPacuTejeM 13 CBEKEeIIPUTOTOBJEHHOTO YePHOCMOPOINHOBOTO coKa. MceaenoBanus CTPYKTY-
PbI METOZOM PEHTTeHOBCKOH AM(PPAKTOMETPUHN, MOPPOJOTUN TTOBEPXHOCTH € TIOMOIILI0 ATOMHOTO
CHJIOBOTO MUKPOCKOIIA W ONTUYECKUX CBOMCTB CIEKTPO(OTOMETPUUECKUM METOAOM ITPOAEeMOH-
CTPUPOBAJTIN TEPCHEKTUBHOCTD 9JEKTPOXUMHUUECKU OCAMKIEHHBLIX B MPAMOYTOJbHO-UMITYJILCHOM
pesxnme maccusos ZnO nna cospanua DSSC Ha HATYPaAJIbHBIX KPACHUTENIAX.
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1. Introduction

A dye-sensitized solar cell (DSSC) is a
promising route toward solar energy conver-
sion. The main idea is to simulate natural
light harvesting procedures in photosynthe-
sis by combining dye sensitizers with semi-
conductors [1]. The DSSC has advantages in
both low-cost and high-efficiency in com-
parison with the more established technolo-
gies based on monocrystalline Si and
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nanocrystalline thin-film solar cells. Early
DSSC designs involved transition metal co-
ordinated compounds (e.g., ruthenium
polypyridyl complexes) as sensitizers be-
cause of their strong visible absorption,
long excitation lifetime, and efficient
metal-to-ligand charge transfer. In spite of
highly effectiveness, with current maximum
efficiency of 11 %, the costly synthesis and
undesired environmental impact of those
prototypes call for cheaper, simpler, and
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Table 1. Electrolytes and electrolysis regimes used for deposition of ZnO

Pattern | Electrolyte Deposition Cathode potential (V)| Current | Frequency | Duty | Charge-
number regime o o U density i f (Hz) cycle area
off on (mA/cm?) ratio
(C/em?)
P14 71074 M Pulse - -0.9 -1.5 0.4 20 0.40 1.4
ZnS0O,
0.1 M KCI
0.001 M
NaNO,
D15 0.06 M Potentiostatic | —1.1 - - 1.1 - - 4.0
Zn(NOy),
P16 0.1 M Pulse - -0.8 -1.4 0.8 20 0.40 2.9
NaNO,
P23 Pulse - -0.8 -1.4 - 6 0.42 2.8
P26 Pulse - -0.8 -1.4 - 0.40 3.2

safer dyes as alternatives. Natural pigments
are freely available in plant leaves, flowers,
and fruits and fulfill these requirements.
Experimentally, natural-dye sensitized
DSSC have reached an efficiency of 7.1 %
and high stability by use porous titanium
oxide ceramiecs as photoanode semiconductor
material [1]. However, the further enhance-
ment in power conversion efficiency is diffi-
cult, partly due to charge recombination
and reduced electron transport rate through
the nanocrystalline photoanodes. Efforts
have been made and the enhancement of the
charge transport has been demonstrated by
using one dimensional (1D) zine oxide (ZnO)
nanostructures [2]. According to [3], elec-
trodeposition of nanoporous ZnO films
under potentiostatic condition from an
aqueous zinc nitrate solution containing
polyvinylpyrrolidone surfactant is a cost-ef-
fective alternative synthetic method for
creation of ZnO-based DSSC which provides
a conversion efficiency of 5.08 %. On the
other hand, pulse electrodeposition when
cathode potential is alternated swiftly be-
tween two different values favor the initia-
tion of grain nuclei and greatly increases
the number of grains per unit area result-
ing in finer grained deposit with better
properties than conventionally poten-
tiostatic plated coatings [4]. Moreover, the
latter method does not require of organic
additives that can contaminate ZnQO layers
and provides for successful growth of 1D
Zn0O nanostructures [5]. So, the goal of the
present work is to investigate the possibil-
ity to use zinc oxide nanostructure layers
electrodeposited under potentiostatic and
pulse conditions for creation natural-dye
sensitized DSSC.
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2. Experimental

Zn0O arrays were electrodeposited on
transparent fluorine doped tin oxide (FTO)
covered glass (Pilkington) cathodes in aque-
ous electrolytes contained ZnSO, or
Zn(NQO3),, KCI and NaNOj (Table 1) in three-
electrode cell with platinum counter-elec-
trode and saturated Ag/AgCl reference elec-
trode. Electrodeposition of each ZnO layer
sample was carried out at 70°C under poten-
tiostatic conditions (direct current regime D
at constant cathode potential U) or under
pulse plating modes with rectangular im-
pulses of cathode potential (pulse regime P
with more negative cathode potential U,
and less negative one Uopp)- All potential
values in Table 1 are given versus saturated
Ag/AgCl reference electrode. Pulse plating
parameters were determined in accordance
with [4]. A duty cycle was given by:

_ Ton (1)

duty cycle = =T -f,
Ton+ Tops

on

where T,, is time at potential U,,; T is
time at potential Uotps f is frequency, de-
fined as the reciprocal of the cycle time T:

1

-1 % (2)
T,,+ Toff

f

As such as at some frequencies we could
not see current densities (j), so the electric
charges passed during the electrolysis were
determined by copper coulometer. Then, the
ZnO layer patterns were dye-sensitized by
immersion in a freshly prepared blackcur-
rant juice during 1 h. and by subsequent
drying in air.
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Table 2. Structure characteristics of the electrodeposited ZnO arrays

Pattern Preferable orientation Lattice constant (A) Average Lattice strain
number . crystalline Ad/d-103
texture axis texture c size ¢ (nm)
factor P,
P14 <001> 1.51 3.245 5.215 exceeds 200 -
D15 <103> 1.75 3.257 5.221 80-180 0.3-1.1
P16 <001> 3.12 3.253 5.220 73-163 0.8-0.6
P23 <001> 3.65 3.258 5.215 73-150 0.1-0.8
P26 <001> 3.47 3.257 5.217 exceeds 200 -

Study of zinc oxide array surface mor-
phology was performed by atomic force mi-
croscopy (AFM) by using "NanoLaboratoriya
Integra Prima NT-MDT in a tapping mode.
Phase composition and structure of the de-
posited films were determined by XRD-
method using an X-ray diffractometer
DRON-4M with CoK, radiation according to
0—26-scheme. Preferable orientations of the
films were researched by analytical treat-
ment of X-ray diffractions by means of ob-
taining the texture factor P; [6]:

(I;/Io) - N
i N

3 I,/1y
i

(3)

where I; — experimental intensity of maxi-
mum; [, — intensity of this line in accord-
ance with JCPDS card; N — total number
of X-ray reflections.

The values of angles @ between texture
axis and surface normal have been calcu-
lated for all reflection planes and P; values
according to relation [6]:

cosQ =
2 4

1
hhy + Ry + 5(hk; + hik) + 3 5l

- 37 3a7
VK2 + k2 + bk + mﬂ\/h? + k2 + bk, + ml?

A shape of function P; = f(¢) allowed [6]
to distinguish degree of texture perfection:
the texture is perfect if P; has large value
and decreases rapidly with ¢. Average crys-
talline sizes ¢t (i. e. X-ray domains defined
as volumes that diffract coherently) and lat-
tice strains Ad/d of the electrodeposited
ZnO arrays were determined by Williamson-
Hall formula for adherent deposits [7]. ZnO
lattice characteristics a and ¢ were calcu-
lated using the formula [6]:
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Fig. 1. XRD patterns of ZnO arrays (hexago-
nal structure of wurtzite ZnO) electrodepo-
sited onto transparent conducting oxide
coated glass substrates (* — FTO).

1 _4(®+hk+ k) 12 (5)
a2 3 a? %

The transmittance spectra of ZnO layers
and dye-sensitized ZnO arrays were meas-
ured by double beam spectrophotometer SF-
46 in the spectral range 350—-700 nm, when
the patterns ZnO/FTO/glass or
ZnO+dye/FTO/glass were put into a work-
ing canal and FTO/glass one was placed in a
reference canal.

3. Results and discussion

Investigation of structure of zinc oxide
arrays electrodeposited in electrolytes and
under regimes presented in Table 1 has
shown (Fig. 1) that all diffraction peaks
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Fig. 2. AFM images of ZnO arrays: a — P14;
b — D15; ¢ — P16; d — P23.

match the hexagonal structure of wurtzite
ZnO (with the exception of reflections as-
signed to FTO-glass substrates). Compara-
tive analysis of XRD patterns of the elec-
trodeposited ZnO layers has revealed that
the intensity of ZnO diffraction peaks is in
direct proportionality to concentration of
NO;-ions in the electrolyte that allows us
to conclude that thicknesses of ZnO layers
grow when amounts of nitrates increase.
Table 2 shows structure characteristics of
Zn0O layers. We can see that all electrodepo-
sited ZnO arrays are nanostructured and
characterized by little compressive stress or
tension. Lattice constants a are near value
for single crystal ZnO of hexagonal modifi-
cation, but the electrodeposited ZnO grains
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Fig. 8. Transparencies (a); [(~InT)-Av]% vs. hv
(b) and In[-InT] vs. Av (c) dependences for
Zn0O arrays.

were elongated along ¢ axis (according to
JCPDS 36-1451, a = 8.250 A, ¢ = 5.207 A).
Comparison of preferable orientations has
revealed that ZnO layer which had been
pulse plated in the electrolyte with low con-
centration of nitrates (pattern P14) has
crystallites with minor preferable orienta-
tion along axis <001>. There seems to be
main reason for such structure that the
polar (002) crystal plane of the ZnO is
capped by Cl=-ions (from the KCI| supporting
electrolyte), which [8-9] redirects the
growth of ZnO. Pattern D15 plated at direct
current in NOjs -enriched electrolyte has
light preferable orientation along axis
<103>, probably because of influence of
cathode reaction of hydrogen evolution on
the growing (002) plane that was noted ear-
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lier [5]. Only patterns electrodeposited in
electrolyte, which contains large concentra-
tion of NO5;-ions at pulse plating conditions
(P16, P23 and P26) have strong (002) pref-
erable growth with orientation in the c-axis
direction. AFM images (Fig. 2) demonstrate
correlation between texture and shape of
ZnO arrays: the pulse plated especially in
nitrate enriched solution ecrystals with
stronger texture <001> are elongated in the
direction perpendicular to the substrate
plane, so such patterns represent one di-
mensional zinc oxide nanostructures.

According to transmittance data
(Fig. 3a), transparencies of ZnO arrays in
the visible region are of 10-40 % and
largely depends not on their thickness and
the electric charge expended in the elec-
trodeposition process, but to a much greater
extent due to their diffuse scattering. As
can be seen in Fig. 3a, the most highly dif-
fuse scattering distorted the transmission
spectrum of ZnO array P14 produced in a
pulsed mode in the electrolyte with a low
concentration of nitrates. Note, that since
in the DSSC construction the light to the
photosensitive dye goes through the glass
with FTO and ZnO layers, to improve the
efficiency of such solar cell it is desirable to
have the greatest possible transparency of
the zinc oxide array. Assuming ZnQO to be
typical direct band gap semiconductor the
corresponding optical band gap has been es-
timated by zero-crossing of the rising edge
of [(-InT)-hv]? vs. hv curve in accordance
with [9] (Fig. 3b). All obtained band gap
values E, were near 3.2-3.3 eV, so they
correspond to ZnO [2, 3, 9]. Research of de-
pendencies [(—InT)-hv]? vs. hv has shown
that the absorption edge is not sharp and
increases exponentially with photon energy
according to Urbach rule [10]. As far as
Urbach energy E, is a measure of disorder
of the semiconductor structure, E, values
obtained in accordance with [11] by the
graph In[-InT] vs. hv from slope of the
curve near E, (Fig. 3c) have revealed that
the most disordered layer was D15 except of
the array P14. On the contrary, ZnO array
P26 has the highest ordering.

Absorption curves A = —1g(T) vs. wave-
length for bare ZnQO arrays and for sensi-
tized by freshly prepared blackcurrant juice
ZnO layers are presented in Fig. 4. We can
see that P14 pattern (Fig. 4a) was destroyed
during sensitization due to chemical inter-
action ZnO with the dye, either because of
poor adhesion to the substrate. Electrodepo-
sited in potentiostatic mode pattern D15
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Fig. 4. Absorption vs. wavelength curves for
bare ZnO arrays (I) and for sensitized by
freshly prepared black currant juice ZnQO lay-
ers (2): a — P14; b — D15; ¢ — P26.

was characterized by weak absorption in the
visible range (Fig. 4b). At the same time the
most transparent and well-ordered pulse
plated in the electrolyte with high concen-
tration of nitrates zinc oxide array P26
(which was characterized by perfect texture
<001>) has demonstrated after its dye-sen-
sitization the best absorption of the visible
light (Fig. 4c). That was commensurate or
even greater than the data in the literature
for obtained by different methods ZnO ar-
rays with dyes based on ruthenium com-
plexes [3, 12,13].

3. Conclusion

Thus, the studies of structure, surface
morphology and optical properties have
demonstrated the promise of ZnO arrays
electrochemically grown in the rectangular
pulse mode for creation of natural-dye sen-
sitized solar cells.
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ExexTpoocamkeHi HAHOCTPYKTYPH OKCHUIY ITMHKY
3 aacop0OBaHUM HATYPAJbHUM OAPBHUKOM
IJI1 BUKOPHCTAHHA B (POTOBOJbTAIIi

H.Il.Knouko, I''C.X punynoé, 10.0.Mazuenko,
€.€.Menvnuuyx, B.P.Konau, K.C.Knenirxoesa,
B.M.JIw606, A.B.Konau

IToBimoMasieThecs PO eKOHOMIUHO e(eKTUBHUII aNbTEPHATUBHUI METOJ CUHTE3Y OKCHUILY
IUHKY [IJd ceHcubiIizoBaHMX HATypalbHUMU OapBHUKaMU COHAUHMX ejeMeHTiE (DSSC).
Macueu ZnQO BUTOTOBJEHO Yy TPHOXEJIEKTPOAHIN KoMipili mMeTogoMm ejeKTpoximiumoro ocaj-
JKeHHS Ha BKPUTHUX NTPO3OPUM €JeKTPOTPOBITHUM JIETOBAHUM (GTOPOM MTiOKCHUIOM OJIOBA
CKRJISHUX TiZKJaIKaX fAK Yy MOTEHIIOCTATUYHOMY PeKUMi, TaK 1 B iMOYJIbCHMUX peKUMax 3
NPAMOKYTHVMH IMIIyJbCaMy KaTogHmxX noreHnjauais. Ilicaa mporo mapm ZnO cencubimizosa-
HO 0APBHMKOM i3 IOMHO BUIOTOBJIEHOI'O YOPHOCMOPOJUHOBOIO COKY. JOCHilKeHHA CTPYKTY-
Pu MeToAOM pPeHTreHiBcbKOl mudpaxrTomerpii, mopdosorii moBepxHi 3a JOIOMOI0OI0 ATOMHOI'O
CHJIOBOTO MIKPOCKOIIA T4 ONTUYHUX BJIACTUBOCTEN CIEKTPOMOTOMETPUUYHHM METOLOM IpoJe-
MOHCTPYBAJIX IIE€PCIEKTUBHICTD €JeKTPOXiMIiUHO OCaIKeHNX V IPAMOKYTHO-IMIOYJIbCHOMY pe-
xxumi macusis ZnO paa creopenra DSSC Ha HaTypaiapHuX 0apBHHKAX.
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