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Abstract We hereby propose a non-expensive method
for the deposition of pure and Al-doped hematite
photoanodes in the configuration of thin films for the
application of dye-sensitized solar cells (DSSC). The
electrodes have been prepared from hematite nanoparti-
cles that were obtained by thermal degradation of a
chemical precursor. The particles have been used in
the preparation of a paste, suitable for both screen print-
ing and doctor blade deposition. The paste was then
spread on fluorine-doped tin oxide (FTO) to obtain
porous hematite electrodes. The electrodes have been
sensitized using N3 and D5 dyes and were characterized
through current/voltage curves under simulated sun
light (1 sun, AM 1.5) with a Pt counter electrode. Al-
doping of hematite showed interesting changes in the
physical and electrochemical characteristics of sensi-
tized photoanodes since we could notice the growth of
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AlFe,0, (hercynite) as a secondary crystal phase into
the oxides obtained by firing the mixtures of two chem-
ical precursors at different molar ratios. Pure and Al-
doped hematite electrodes have been used in a complete
n-type DSSCs. The kinetics of charge transfer through
the interface dye/electrolyte was studied and compared
to that of a typical p-type DSSC based on NiO photo-
cathodes sensitized with erythrosine B. The results sug-
gest a potential application of both Fe,O3 and Fe,05/
AlFe,0, as photoanodes of a tandem DSSC.

Keywords Hematite - Al-doped - Dye solar cell -
Hercynite - Tandem solar cell - Energy conversion

Introduction

Dye-sensitized solar cells (DSSCs) (O’regan and Grézel
1991) are photoelectrochemical cells which represent an
advanced technology of solar conversion with low costs
of fabrication and efficiencies up to 13% (Mathew et al.
2014). A typical DSSC configuration consists of a
mesoporous semiconductor deposited on a transparent
conductive oxide layer (TCO). An organic or organo-
metallic dye is anchored on the surface of the semicon-
ductor and is responsible for light harvesting through the
promotion of electrons from the HOMO to the LUMO
level of the dye sensitizer. Such an excitation generates
charge carriers (electron and hole) at the dye-
semiconductor interface thus generating a
photopotential. In a n-type DSSC, the promoted electron
of'the excited dye is injected into the conduction band of
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the mesoporous semiconductor (TiO, or ZnO). Succes-
sively, a redox mediator transfers an electron to regen-
erate the oxidized dye and is converted into its oxidized
form. Contrariwise, in a p-type solar cell, the excited
electrons of the dye are transferred directly to the redox
mediator while the hole is injected in the valence band
of the photocathode, namely NiO (Awais et al. 2011;
Bonomo; Dini 2016a; Congiu et al. 2016a). In both p-
and n-type DSSCs, the redox mediator is regenerated at
the counter-electrode (CE) which consists of a thin layer
of catalytic material. Usually, a thin layer of platinum
nanoparticles is used as CE for DSSCs (Fu et al. 2012;
Lan et al. 2010). However, Pt is an expensive and
scarcely available material and its employment in
DSSCs influences heavily the overall costs of such
devices. Cheaper and more abundant materials, such as
CosS, could be used to replace Pt CEs in DSSCs (Congiu
et al. 2015a, 2015b, 2016b). However in most applica-
tions, CE is not a photoelectroactive element and it
serves just as a catalyst for the electrolyte regeneration
(De Rossi et al. 2013; Wang and Hu 2012; Wang et al.
2009). A modern strategy to enhance the performance of
a DSSC is the adoption of the tandem cell configuration,
first proposed by He et al., which consists in the replace-
ment of the CE with a dye-sensitized p-type electrode
(He et al. 2000). In this configuration, the n-type
photoanode is coupled with a p-type photocathode in
order to improve the cells performance and enhance the
photovoltage (De Vos 1980). However, the efficiency of
the p-type side is still too low in comparison with the n-
side, and this leads to a non-cumulative efficiency in
tandem configuration (Awais et al. 2011; Bonomo and
Dini 2016b). Therefore, the use of a sensitized NiO
photocathode in tandem with a sensitized TiO,
photoanode, after all, results in a reduction of the per-
formance of the DSSC with the sole photoactive anode.
This is mainly due to the lower photocurrent generated
by the NiO chatode, which limits the value of the
maximum current of the device. In the tandem configu-
ration, the photoanode and the photocatode are in series,
and the maximum current obtainable is the value of
current produced by the less efficient electrode. In this
research context, the study of photoelectroactive anodes
based on cheap and earth-abundant semiconductors is of
great interest and is beneficial to the optimization of
DSSCs of the fandem type. As photoactive anode he-
matite represents an ideal candidate since it is a cheap
and widely available and displays interesting electrical
and optical properties, in fact, hematite possesses
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semiconducting properties with an optical band gap of
2.1 eV and n-type behavior in most applications (Kumar
et al. 2012; Tamirat et al. 2016). The concentration and
the nature of charge carriers (electrons) are determined
by the existence of oxide vacancies into the lattice
(Miller et al. 2004). In particular conditions, it is possi-
ble to obtain also hematite of p-type as reported by Lin
et al., who succeeded in the synthesis of p-type hematite
via atomic layer deposition and Mg-doping (Lin et al.
2012). In this work, we investigated the electrochemical
properties of porous layers of hematite (x-Fe,O5), ob-
tained by thermal decomposition of a chemical precur-
sor based on an acetylacetonate (Willis et al. 2007).
Through the use of a printing system and a large arca
deposition method, we could obtain nanostructured
layers of «-Fe,O; nanoparticles. In order to study a
possible strategy for the improvement of the
photoelectrochemical performance of hematite, the dop-
ing of iron oxide with different concentrations of alumi-
num (Al) was considered. Aluminum doping can in-
crease the optical band gap of hematite (Lin et al.
2011). Furthermore, there are several evidences on the
improvement of the hematite performance as anode of
photoelectrochemical cells induced by Al-doping (Lin
et al. 2011; Shinde et al. 2011). The generation of an
anodic current in photoelectrochemical cells for water-
splitting confirms the n-type nature of both pure and Al-
doped hematite (Kumar et al. 2012; Shinde et al. 2011).
The electrodes were sensitized with two different dyes:
one based on Ru (N3) and the organic D5. Complete n-
type DSSC cells have been fabricated and characterized
using sensitized hematite photoanodes. By means of
electrochemical impedance spectroscopy (EIS), the
charge transfer kinetics at the interface photoanode/
electrolyte has been studied. The results showed a re-
combination kinetics very close to that observed in a
typical p-DSSC based on a mesoporous NiO photocath-
ode which is sensitized by erythrosine B.

Materials and methods

Iron (IIT) chloride, potassium iodide (KI), iodine (I,),
absolute ethanol (EtOH), «-terpineol, ethyl cellulose
(EC), acetylacetone (acac), erythrosine B (ERY), cis-
Bis (isothiocyanato) bis(2,2'-bipyridyl-4,4'-
dicarboxylato ruthenium (II) (N3), and fluorine doped
tin oxide coated glass slides (FTO ~ 7§2/0) were pur-
chased from Sigma-Aldrich and were used as received.
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D5 dye (3-(5-(4-(diphenylamino) styryl) thiophen-2-yl)-
2-cyanoacrylic acid) was supplied by Dyenamo, Swe-
den. X-Ray diffraction patterns (XRD) were collected
on powder samples with a DMAX Ultima (Rigaku
International Corporation, Tokyo, Japan), operating at
40 kV and 2 mA. Scans were performed from 5° to 80°
with a step size of 0.02° at the scan speed of 2°/min.
Confocal optical microscopy measurements were per-
formed using a Leica DCM 3D Dual Core 3D Measur-
ing Microscope. Imaging with 3D topography allowed
the graphical evaluation of the mean square roughness
of the surface (RMS) of the hematite electrodes. The
surface of the electrodes was also characterized using an
atomic force microscopy (AFM) of the type Park Sys-
tems XE7. The measurements were performed in the
contact mode through the scanning of X, Y-directions to
avoid artifacts. The AFM tip was from PPP-CONSTCR
Nanosensors and had a force constant of 0.2 N/m and
radius < 10 nm. The AFM tip worked at the resonance
frequency of 23 kHz. EIS spectra were collected on
symmetric devices at 0 V with a sinusoidal modulation
of 10 mV from 100 mHz to 100 kHz. The EIS charac-
terization was performed with an Autolab PGStat 300,
which was equipped with a FRA32 impedance board.
Cyclic voltammetry (CV) was carried out utilizing the
same equipment of EIS determinations. Voltammo-
grams were recorded varying the applied potential from
—1.0 to 1.0 V at different scan rates. Current vs voltage
curves (JV) have been performed in order to calculate
the principal photovoltaic (PV) parameters: fill factor
(FF), short circuit current (Ji.), open circuit voltage
(Voo), and efficiency (). For further information about
PV parameter calculation, please see electronic supple-
mentary material (S.1.).

Preparation of «-Fe,O5 nanoparticle paste

Iron (IIT) acetylacetonate (Fe (acac);) has been synthe-
sized with the following procedure: 0.33 g of finely
ground FeCl;-6H,O were dissolved in 2.5 mL of dis-
tilled water. A fresh-prepared solution of 0.38 g of
acetylacetone in 10 mL of methanol was slowly dropped
into the main solution under stirring. A solution of
0.51 g of sodium acetate was slowly dropped under
stirring into the resulting solution. The mixture was then
heated to 80 °C on a hotplate for 15 min and cooled
down to room temperature through its immersion in an
ice bath. Red crystals were obtained and were separated
by suction filtration. The product was washed with cold

water and ethanol and finally dried under vacuum. Al
(acac); was prepared following the same procedure
described above, using Al, (SO,); instead of FeCls.
Al-doped nanoparticles were obtained by mixing Al
(acac); with Fe (acac); in different percentages (0, 1,
5, and 10% w/w) prior to thermal degradation. In order
to mix efficiently the precursors, the exact quantities
were dissolved in a minimum aliquot of acetone; then,
the solvent was slowly evaporated and the resulting
powder was finally grinded in a mortar. Spherical «-
Fe,03 and Al Fe, O3 nanoparticles (NPs) have been
obtained by firing the mixtures of the chemical precur-
sors in a ceramic crucible at 450 °C for 30 min. A
ceramic plate was placed under the crucible to avoid
any spills into the oven. The obtained products were
finely grinded using an agate mortar. In a plastic con-
tainer, 30 mg of grinded «-Fe,O5 or AlFe, ,O3 NPs
were dispersed in 300 pL of absolute ethanol, and then,
30 mg of EC were added to the slurry. The vessel was
transferred in an ultrasound bath and kept in it for
30 min. After the addition of 200 uL of deionized water,
the sonication step was repeated. Finally, 20 uL of'a 50/
50 mixture of acetyl acetone and x-terpineol was added
to the slurry. After the addition, the paste was sonicated
for more than 30 min. If aggregates are formed, a glass
rod should be used to mix the paste.

Deposition of hematite electrodes

FTO (2 x 2cm) square glass slides were thoroughly
cleaned using an ultrasonic bath with three different
solvents: distilled water, acetone, and isopropanol. Fi-
nally, the substrates were dried and used without other
treatments. A conventional adhesive tape was used to
delimitate a rectangular deposition area of 0.25 cm?. The
paste was then spread on each substrate using a glass
slide (doctor blade). The deposited films were dried for
20 min till the complete evaporation of ethanol. After
removing the tape mask, the electrodes were transferred
into a muffle and annealed at 450 °C for 30 min in order
to eliminate all organic components and effectuate the
sintering of the metal oxide nanoparticles.

Photoanode sensitization
After the thermal treatment, the oxide films were cooled
to 80 °C and rapidly immersed in a solution of D5 in

ethanol for 16 h. The sensitizing solution of D5 had a
mass concentration of 1 mg/mL. The sensitized
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photoanodes were washed several times with absolute
ethanol and dried under vacuum. Finally, the electrodes
were sealed with a Pt CE using a hot-melt spacer (35 y,
Bynel®). The iodine-based liquid electrolyte HSE-
BV12 (Dyers, Roma) was injected by vacuum back-
filling. The sealed cells were let to stabilize for 1 h in
dark conditions. The determination of the JV curves was
realized on the closed DSSCs.

Photometric determination of Fe** and AI**

The oxide samples were obtained as powders from the
procedures described in previous paragraphs. Ten milli-
grams of oxide was dissolved into 40 mL of concentrat-
ed HCI (37%) with the addition of 1 mL of hydrogen
peroxide (20%). The solution was diluted to a final
volume of 100 mL with Milli-Q water. The concentra-
tions of both Fe and Al were determined using the
photometer Alkafit Superfoto (SN. E008145).

Thiocyanate (SCN ) was used as colorimetric indi-
cator at fixed wavelengths for the determination of Fe**
(480 nm, blue filter), while eriochrome cyanine was the
indicator of A" (535 nm, green filter) (Dougan and
Wilson 1974; Shull and Guthan 1967). Molar concen-
trations of Fe and Al were calculated using calibration
curves.

Results and discussion

The powder obtained by thermal degradation of pure Fe
(acac); was characterized through X-ray diffraction
(XRD) spectroscopy in order to determinate the phase
and the average size of the Fe,Oj5 crystals. As shown in
Fig. 1, the powder presents just the hematite phase
without other phases of Fe (III) oxide. The pattern
shown by the powder is typical of hematite x-Fe,O3
(JCPDS 86-0550). Narrow peaks indicate the presence
of most nanosized material. When Al (acac); was added
into precursor mixture, the XRD patterns of the powders
obtained by thermal degradation indicated the existence
of a second crystal phase. Three new peaks at 30.4°,
43.5°, and 63.1° were assigned, respectively, to (220),
(400), and (440) planes of AlFe,0, (hercynite JCPDS
007-0068) (Fukushima et al. 2013; Jastrz¢bska et al.
2015). The peak at 57.5 can be assigned to both «-
Fe,O3 and AlFe,0,. It corresponds to planes (122) and
(422), respectively. Such a peak becomes more intense
and broader upon addition of increasing amounts of Al.
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The XRD peaks associated to AlFe,0,4 are broader in
comparison with those of «-Fe,Os. This suggests that
the average crystal size of AlFe,0, is lower than that of
-Fe,05. Sherrer equation has been used to calculate the
average crystal size of both hercynite and hematite. Full
widths at half maximum (FWHM) of the peaks were
calculated by fitting each of them with a Gaussian
function. The resulted average crystal sizes calculated
for «-Fe,03 were 32.6 nm for pure hematite and 27.4,
27.7, and 28.6 nm for the powders obtained by firing the
mixtures containing 1, 5, and 10% (w/w) of Al (acac)s,
respectively. From the peaks at 30.4° and 43.5° (Fig. 1b,
¢, d), we calculated the average size of AlFe,0, crystals:
10.8 nm. The latter signals are assigned to hercynite
phase.

As a result, the presence AlFe,0O, leads to a reduction
of the average crystal size of «-Fe,O3 into the mixed
oxide phase. From the hematite peaks of the planes (104)
and (110) at 33.2 and 35.6°, respectively (Fig. la), one
can notice an Al-dependent variation of their relative
intensities. In fact, in pure hematite, the peak at 33.2° is
the more intense signal of the pattern. The addition of Al
leads to a systematic reduction of peak intensity at 33.2°
and to the increase of that at 35.6°. Looking at the pattern
of Fig. 1d, the peak at 35.6 becomes the more intense
signal. This suggests that Al influences the preferred
orientation of «-Fe,O3 crystals when Al(acac); weight
ratio is higher than 5% (w/w).

Quantification of aluminum

The percentage in weight ratio (w/w) of aluminum in
oxide samples was obtained by photometric measure-
ments. The chemical analysis results are resumed in
Table 1 and compared with the predicted (theoretical)
compositions. The latter are calculated through the mass
ratios of chemical precursors in the mixture. Notice that
aluminum and iron acetylacetonates have different mo-
lecular weights: 324.31 and 353.17 g mol ',
respectively.

As shown in Table 1, mixtures B, C, and D led to the
production of oxides with different Al-content. The Al/
Fe mass ratio, determined through photometry measure-
ments, showed values close to those calculated consid-
ering the composition of mixtures A, B, C, and D. Since
XRD patterns have shown the presence of AlFe,O,
(hercynite), it is important to consider that in this phase,
iron is present as both Fe** and Fe’* (Fukushima et al.
Takizawa 2013; Jastrzebska et al. 2015). Thus, the
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Fig. 1 X-ray diffraction pattern 3.0
of the powders obtained by firing
the mixtures of the chemical
precursors at 400 °C during

30 min. a The XRD diffraction
pattern obtained when no
Al(acac); was present displays the
characteristic peaks of hematite
(white diamond) (JCPDS 86-
0550). The Miller indexes of the
diffraction planes (h k 1) for pure
hematite are on going from left to
right in the spectrum: (012),
(104), (110), (113), (024), (116),
(122), (214), and (300).
Diffraction peaks (black star) of
AlFe,04 (hercynite JCPDS 007-
0068) begin to appear in the

patterns when Al(acac); was
mixed with Fe(acac)s at different
percentages (w/w %): 1% (a), 5%
(b), and 10% (c)

Intensity (arb. u.)

Table 1 Summary of precursor mixture compositions

Precursor Composition  Theoretical Experimental
mixture Al(acac);: composition composition
Fe(acac); Al/Fe Al/Fe
(wiw) %°* (Wiw %)° wiw £ & %)°
A 0 0 n.d.
B 1 0.53 0.65+0.5
C 5 2.76 2.78+£0.3
D 10 5.84 5.61 £0.6

#Precursor mixtures were obtained by mixing Al(acac); and
Fe(acac); in different mass ratios (0, 1, 5, and 10%)

°The theoretical Al/Fe mass ratio was calculated considering
Al(acac)s/Fe(acac); mass ratio

¢ Spectrophotometry was employed to determine the Al/Fe mass
ratio into the final product (oxide)

n.d. not detected

0 (deg.)

addition of concentrated H,O, became compulsory in
order to precisely quantify the real amount of iron in the
samples, as the photometric method is specific solely for
Fe’*. As a matter of fact, a good match between the
theoretical and the real Al-content in the oxide should
depend just on the purity of the starting reagents provid-
ed that external contamination sources are minimized.
Porous hematite layers showed a rough surface
(Fig. 2a) without any crack or hole. The roughness
(RMS) was calculated by confocal microscopy and was
in the range 960-850 nm. The film thickness was also
determined through confocal topographical analysis
(Fig. 2b). The average thickness of porous layers was
42 £+ 0.5 um (n = 3). Such morphology was obtained
after firing the paste since all organic components are
burned out leaving empty spaces between sintered nano-
particles. From microscopy images, we also can notice a
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Fig. 2 Confocal microscopy images of the surface of Fe,O;
photoanodes: a true color micrograph of the surface with 20x
magnification (a), the size of the white bar was 2 pm; 3D topog-
raphy of a border region of the electrode (b), the FTO substrate

macroporous’ structure of surface. Notice that a porous
surface is preferred in DSSC due to the higher surface
area, higher dye loading, and the easier penetration and
diffusion of the electrolyte (during the operation of the
device). In addition to that, the presence of macropores
offers the possibility to explore other redox mediators
with larger structure such as cobalt (IV/III) bipyridine
shuttles. In fact, redox mediators consisting of big organ-
ometallic complexes possess low diffusion coefficient
and large pores generally facilitate their diffusion through
the cells (Heo et al. 2012; Trang pham et al. 2014). As
shown in Fig. 2¢, a higher magnification of the surface,
presents pores with a size in the range 10-30 pum.

Atomic force microscopy has been performed on
solid film samples in order to obtain morphological
information such as nanoparticle shape and size. Fig-
ure 3 represents two different nanoparticle films, obtain-
ed by firing different precursor mixtures.

! Pores had a linear size larger than 50 nm.
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appears as a flat region; 3D topography of a central region of the
porous film using 100x magnification (c¢), the pores appear as
black holes on the surface

As shown in Fig. 3a, the step of thermal degradation
of pure Fe (acac); (mixture A) leads to the formation of
round hematite nanoparticles with an average radius of
54 + 16 nm (the average is determined from 100 sam-
ples). Equation 1 describes the degradation (combustion)
reaction between the precursor and oxygen.

4 Fe(C5H702)3 (s) + 72 0, (g)—>2 F€203(s)

+ 42 HyO(g) + 60 CO; () (1)

As confirmed by XRD (Fig. 1a), the oxide obtained
by firing mixture A has shown just the hematite (ox-
Fe,03) crystal phase. Thermal treatment of the paste
containing Al leads to the formation of Al-doped nano-
particles. As shown in Fig. 3b, the morphology of the
film obtained using mixture D presented smaller nano-
particles (25 + 5 nm). Al-containing nanoparticles ap-
pear to be more compact and form relatively large
blocks with some cracks.
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Fig.3 AFM image of the surface a
of a thin layer of Fe,0; nm
nanoparticles, obtained by ]
thermal degradation of pure ‘ ‘
Fe(acac); on FTO (a). The image
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Sensitized electrodes were characterized as 1.5, 1 sun) using platinized FTO as CE. In Fig. 4, the
photoanodes of DSSCs under simulated sun light (AM current/voltage responses of three different hematite-
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based DSSCs are represented. The first cell setup (A)
consists of a porous layer of hematite, obtained with the
method described in the previous section. In order to
determine the photovoltaic efficiency of the sole hema-
tite, in one configuration, no sensitization was consid-
ered. The second and third configurations consist of,
respectively, a porous hematite film sensitized with N3
(B) and D5 (C): in these configurations, electrodes were
dipped into the dye solution for 8 h.

Under simulated sun light, all photoanodes have
produced expectedly anodic photocurrents. In absence
of sensitization, pure hematite produced low photocur-
rent and a photovoltage. As expected, the efficiency of
the cell with no dye was the lowest of the sample set.
The absorption of organometallic dye N3 on the hema-
tite anodes surface leads to a significant increase of the
PV performance. However, better performance has been
obtained with D5 dye which has shown the largest PV
parameters within this set of samples. In order to im-
prove the cell efficiency, the dyeing time was extended
to 16 h, and the measurements were performed in the
same experimental conditions (Fig. 4). All results are
summarized in Table 2. By prolonging the dipping time,
we noticed a significant increase in the photocurrent
densities of both D5- and N3-sensitized hematite
photoanodes. The gain in photocurrent density was
about 20% of the values obtained from the films dipped
for 8 h in the dyeing solution. This is probably due to a
similar diffusion coefficient of the dyes inside the po-
rous Fe,O3 layer. A longer dyeing time increases the

quantity of absorbed dye in the active sites of the meso-
porous oxide. Thus, a higher quantity of electrons is
injected into the conduction band of hematite generating
a higher photocurrent. As shown in Table 2, for D5, we
noticed an improvement of the FF and the efficiency of
the cell sensitized for 16 h. Probably, the higher quantity
of absorbed dye influences the overall electron injection
efficiency at the photoanode surface. This is also con-
firmed by a significant improvement of the cell efficien-
cy (about 30% higher). Also, with N3 dye sensitizer, we
have observed an enhancement of the PV characteristics
of DSSCs upon prolongation of the dyeing time. In fact,
the cell efficiency showed an increase of about 20%.

The measurements were performed under simulated
sunlight AM 1.5 (1 sun)

Doping with different percentages of Al

The isovalent substitution of Fe** with AI’* was con-
sidered in order to increase both band gap and charge
carrier concentration of the semiconductor. The replace-
ment of Fe’* with AI** ions in the mixed oxide was
performed by using different mixtures of acetylaceto-
nate complexes of the two metals. The changes in opti-
cal absorption were registered on samples made of thin
layers of nanoparticles deposited onto FTO with per-
centages of Al(acac); varying from 0 to 10%. The UV-
Vis absorption spectra of the various samples are repre-
sented in Fig. 5.

Fig. 4 Current vs voltage 1.5
response of hematite-based dye
solar cells. A pure layer of porous
hematite (black triangle) with no
absorbed dye was used for com-
parison. Porous hematite layers
were sensitized with N3 for 8
(black star) and 16 h (white star).
Also, the dyeing with the organic
D5 was considered for 8 (white
square) and 16 h (white circle).
The measurements were per-
formed on sealed cells using HSE
bv12 iodine-based electrolyte un-
der the light of a sun simulator 0.3 -
(AM 1.5; 1 sun)

0.9 +

0.6 T—%

Current density / mAcm

0.0

—O—D5-16h
—&—D5-8h
—%—N3-16h
—%—N3-8h
O —A—no dye

@ Springer

T — ——
100 150 200 250 300 350 400 450 500
E/mV



J Nanopart Res (2017) 19: 7

Page 9 of 14 7

Table 2 Summary of the PV parameters of different solar cells based on two different photoelectrodes: hematite photoanodes (n-type) and,
for comparison, NiO (p-type) sensitized with erythrosine (EryB) and P1

Material DSSC type (n/p) Dye Dipping time (h) Jsc (mAcm %) Voc (V) FF (%) Eff(%) Reference

TiO, n D5 16 11.040 0.619 580 3.99 (DESSI et al., 2014)

TiO, n N3 16 19.220 0.720 674 9.33 (ADACHTI et al., 2004)

Hematite n D5 16 1.280 0370 41.8 0.198  this work

Hematite n N3 16 0.692 0418 422 0.122  this work

Hematite n D5 1.060 0370 374 0.147  this work

Hematite n N3 0.604 0.380 42.7 0.098  this work

Hematite n - - 0.265 0240 35.0 0.022  this work

Hematite n Ruthenizer 12 0.250 0420 38.0 0.04 (Rashid; Kishi;
535-bisTBA Soga, 2016)

NiO EryB 24 -0.412 -0.125 358 0.022  (Novelli et al., 2015)

NiO SQ2 7 —0.693 -0.132 376 0.041 (Novelli et al., 2015)

NiO p P1 16 —2.84 -0.125 337 0.121 (Gibson et al., 2013)

The determination of the direct band gap (E,) of the
films was accomplished through Tauc plots utilizing the
UV-Vis spectra of the films. Pure «-Fe,O5 thin films
exhibited an £, of 2.1 eV, a value characteristic of
hematite (Shinde et al. 2011; Tamirat et al. 2016). Films
obtained by firing mixture B (1% Al(acac);) had shown
a slight decrease of £, (2.05 eV). Also, mixture C,
which contains 5% of Al(acac);, led to the formation
of films with a lower £, (1.86 ¢V). Mixture D (10% of
Al(acac)s) gave a film presenting a sharp increase of £,
(2.45 eV). Such an effect is also accompanied by the

blue shift of the main absorption band in the respective
UV-Vis spectrum (Fig. 5). For further information about
E, data and measurements, please refer to S.I. In Fig. 6,
one can see that mixture D formed films with a lower
absorbance in the region 340-600 nm. Contrariwise,
films obtained using mixture C presented a broad peak
in the region 575-700 nm.

With the same method reported in the experimental
section, Al-doped nanoparticles have been obtained and
used to prepare dense and spreadable pastes. Al-doped
hematite photoanodes have been deposited and sintered

Fig. 5 Absorbance spectra of 1.5
thin layers of Al-doped Fe,O5 on
FTO. Different concentration ra-
tios (w/w) of Al(acac); were used
in precursor mixtures A, B, C, and
D: 0 (black triangle), 1 (black
star), 5 (white circle), and 10%
(white star). In order to obtain a
quasi-transparent film, only

10 mg of the precursor mixtures
were dissolved in 1 mL water/
ethanol (50/50 v/v) and were de-
posited on clean FTO at the dos-
age 100 pL cm 2, and then fired
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following the same procedure used for pure hematite.
The obtained photoanodes have been characterized
using only D5 as sensitizer, due to its higher perfor-
mance with hematite (Fig. 4, vide supra). The PV pa-
rameters of the sensitized photoanodes are listed in
Table 3, which reports also the compositions of the
respective precursor mixtures.

From Table 3, it resulted in the increase of J, as a
function of Al-content in the precursor mixture (Tables 1
and 3, second column). This effect can be explained
considering the effect of Al-doping, on hematite’s elec-
tronic properties. In fact, it was reported by Kleiman-
Shwarsctein et al. in 2010 that the charge carrier density
was in the range of 4-7 x 10°" cm™ for pure electrode-
posited hematite and 1.3 x 10> cm ™ for the Al-doped
sample (Kleiman-Shwarsctein et al. 2010). In their exper-
iments, Kleiman-Shwarsctein used a percentage of Al of
10%. This effect on the charge carrier density was also
reported by Shinde et al. in 2011, in sputtered Al-doped
hematite films (SHINDE et al. 2011). In the experiment
described in this work, the increase of the Al/Fe mass ratio
(from 0 to 5.61%) leads to sensible reduction of V. and of
FF. As a result, lower efficiencies were obtained when
mixtures B, C, and D were used to prepare Al-doped
nanoparticles (Fig. 6 and Table 3). As confirmed from
EIS spectra (Fig. 7), Al-doped hematite showed a lower
charge transfer resistance. This renders the recombination
of the injected electron with the electrolyte more favorable
instead of its diffusion to the external contact. The higher
recombination rate of electrons at the electrolyte/
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photoanode interface influences negatively the fill factor
of the cell. In fact, as shown by JV plots (Fig. 6), the
higher the Al content the higher the slope of the curve and
the lower the FF. Using photoanodes prepared with the
mixture D, the corresponding cell gave
Joe = 1.720 mAcm 2, i.e., 25% higher than that obtained
using pure hematite (mixture A, Table 3). Photoanodes
prepared with the mixture C gave cells that produced an
increase of about 18% in efficiency with respect to
undoped photoanodes. With mixture B, the corresponding
photoanode produced a cell with the highest value of open
circuit photovoltage within this set of n-DSSCs
(Voe = 410 mV). Mixture A (pure hematite) showed a
good value of J.. Moreover, the shape of the curve was
characterized by a higher FF (41.8%) and a higher effi-
ciency (0.198%). Despite the lower performance obtained
with mixture D, there was a significant gain in the device
transparency. In fact, from the transmittance values of the
photoanodes, one can notice that the semi-transparency of
the electrode is obtained using just 10% Al(acac); in the
precursor mixture (Table 4). The lower absorbance of the
photoanode, in a tandem DSSC illuminated from both
sides, results in a higher quantity of solar radiation
reaching the photocathode.

As aresult of the JV characterization, the doping with
Al led to a poorer PV performance in all values of
concentrations here considered. In order to understand
the effect of AlFe,O4 on the photoanode’s electrochem-
istry, EIS measurements (Fig. 7) have been performed
on the devices. The spectra were registered in forward
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Table 3 PV parameters of different solar cells based on hematite photoanodes prepared using different weight percentages (w/w) of Al

(acac); in the precursor mixture

Mixture® Al(acac)z Al:Fe (w:w %) Dye Jsc (mAem 2) Voc (V) FF (%) 7 (%) Tsoob (%)
D 10% 5.61+£0.6 D5 1.720 0.310 23.6 0.126 70

C 5% 2.78+0.3 D5 1.560 0.260 28.0 0.113 3

B 1% 0.65+0.5 D5 0.613 0.410 27.9 0.105

A 0 nd D5 1280 0.370 41.8 0.198

bias (n-type), applying V,. (negative voltages) as exter-
nal bias. Notice that, in the EIS setup, the photoanode is
the working electrode and Pt is both the counter and the
reference electrode. So, all of the applied voltages are
considered vs Pt. The negative voltages are required for
the forward bias configuration, because hematite is an n-
type semiconductor. For further information about the n-
type behavior of Al-doped hematite photoanodes, please
see S.I. (Mott-Schottky plots). EIS spectra have been
fitted in order to extract the key parameters involved in
the charge-transfer process. Notice that the charge trans-
fer at the interface dye/electrolyte is an adverse reaction
in the whole functioning of the device. In fact, the
charge transferred back to the electrolyte does not con-
tribute to the photocurrent nor to the photovoltage. The
sole charges which generate the current in the external
circuit are those which are conducted from the surface of
the semiconductor to the FTO. In a typical DSSC, one
can distinguish two separate sides where recombination
takes place: the CE and the photoanode (PA) or

300

photocathode (PC). In this respect, DSSC can be con-
sidered as an electronic circuit (equivalent circuit) in
which each element (resistor, capacitor, etc.) is associ-
ated to a specific process. The inset in Fig. 7 represents
the equivalent circuit used for the analysis of both p-
DSSC and n-DSSC (BONOMO et al. 2016). The circuit
consists of the following: (i) a series resistance, which
takes account to the charge transport through the exter-
nal circuit (Ry); (i) the resistance term Rcg in parallel
with the capacitive term CPE, e.g., the constant phase
element, representative of the recombination at the CE/
electrolyte interface; (iii) a transmission line element
modeling the behavior of the porous oxide films (e.g.,
NiO and Al-doped hematite) at the interface with the
electrolyte, which also considers the internal charge
transport through the nanoparticles.

Some key parameters related to the charge trans-
port properties of the oxide films can be directly
obtained by fitting: the most important ones are the
charge transport resistance (R;) through the

Fig. 7 Nyquist plot of two
complete n-type DSSCs using D5
as photosensitizer, absorbed on
porous hematite layers of
nanoparticles obtained by mixture
A (black square) and mixture D
(circle with upper half black). The
analysis was performed in the
dark applying the respective V.
as forward bias. The forward bias
polarization forces the electrons
to recombine with the electrolyte
simulating the recombination in
operational conditions. The inset
shows the equivalent circuit
(transmission line) used to fit the
experimental data and extract the
key parameters fundamental for
the comparative analysis
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Table 4 Key transport parameter, calculated by fitting the experimental data with the equivalent circuit represented in Fig. 7

Photoelectrode Type Dye R/Qem? Rpee (Qcm?) C/uF
NiO p ERY 27.5+0.5 521.8+2.5 439+ 3
Pure hematite (mixture A) n D5 504 +3.7 817.6 £49.5 693 + 14
Hercynite/hematite (mixture D) n D5 13.7+04 449.0+5.9 803 + 11

nanoparticles of the oxide films and the charge trans-
fer resistance (R.) through PA (or PC) and electro-
lyte. Furthermore, the chemical capacitance C,, in-
cluded in the transmission line (Fig. 7) can be
deducted by means of the fitted value of CPE through
the relationship C,, = (Cepp*Rree) /R ree Where Cepg:
and n are used as fitting parameters (Fabregat-
Santiago et al. 2011; Hirschorn et al. 2010). Other
important parameters directly correlated to the terms
presented above are (i) the hole (or electron) diffusion
time 74 (=R=C\,,), which represents the time spent by
the photoinjected charge carrier to cross the semicon-
ducting layer, and (ii) the recombination time T,
(=Rec+Cy), e.g., the lifetime of the photoinjected
charge before it undergoes recombination. As far as
the CE of the DSSC is concemed, its characterization
and performance evaluation rely on the determination
of the term Rcg, e.g., the charge transfer resistance at
the CE/electrolyte interface, and of the term CPE
describing the capacitance of the double layer gener-
ated at the same interface.

The values represent the charge transfer kinetic at the
interface photoelectrode/electrolyte. In the transmission
line model, the term R, takes in account the internal
resistance of the porous oxide films. The charge recom-
bination at the interface with the electrolyte is represent-
ed by two values: the recombination resistance (Riec)
and the double layer capacitance C,,

As shown in Table 4, Al doping modifies the charge
transport properties of the porous oxide film. In fact, one
can see a significant reduction of the term R, which
changes from 50.4 + 3.7 to 13.7 = 0.4 Qcm? upon
addition of 10% Al(acac); to the precursor mixture. This
effect can be explained with the increase of conductivity
from 3.58 x 1072 for pure hematite to 3.70 x 10°
(Qm) ' for 10% Al-doped films, as observed also by
Shinde et al. (2011). Notice that 10% of Al(acac); does
not mean 10% of Al in the final product (Table 1).
Another effect of the presence of Al into the hematite
films is the reduction of the R,.. which makes the
recombination more favorable. For this reason, when
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an Al-doped electrode was used as photoanode, the
respective JV curves show a higher slope in comparison
with those obtained using pure hematite. This effect
affects directly the FF of the cell and thus the overall
efficiency. However, when Al(acac); is mixed at 10%
(w/w) with Fe(acac)s, a transparent electrode was ob-
tained (mixture D, Fig. 5). So, this concentration could
be considered in order to produce an optically
performing photoactive “counter electrode” for a tan-
dem p-DSSC. In fact, as shown in Table 3, this
photoanode, sensitized with D5, produces photocurrents
compliant with that of a typical p-DSSC based on NiO
sensitized with ERY.

Conclusions

A print-compatible method, based on non-expensive
chemical precursors, was here proposed for the deposi-
tion of n-type nanoparticles of pure hematite and its Al-
doped versions on conductive FTO. The proposed meth-
od consists of the thermal degradation of a precursor
mixture, which allows the easy and non-expensive fabri-
cation of sintered photoanodes. The inclusion of alumi-
num into the precursor mixture leads to a mixed phase
hematite/hercynite with different optical and electro-
chemical characteristics. The as-deposited layers were
dyed with N3 and D5 sensitizers, two dyes commonly
employed in DSSCs based on TiO, mesoporous
photoanodes. In working conditions, the photoanodes
sensitized with D5 (organic) resulted more efficient than
those sensitized with N3 (organometallic). For this rea-
son, D5 was further considered for a more in-depth
electrochemical characterization in order to understand
the effect of the presence of AI** on the cell’s perfor-
mance. As a result, pure hematite showed higher PV
performance in comparison with Al-doped photoanodes.
A significant enhancement in the photocurrent was ob-
tained using the photoanode with 5.61% Al/Fe (w/w). In
addition to that, this concentration makes the electrode
semi-transparent (7 % = 70% at 500 nm). With 0.65%



J Nanopart Res (2017) 19: 7

Page 13 of 14 7

Al/Fe (w/w), the cell showed a gain in photovoltage,
although the drop in the fill factor leads to a lower
efficiency in comparison to that of pure hematite. One
of the most important findings of this work is the evi-
dence of a similar recombination kinetics concerning the
charge transfers at NiO/ERY/electrolyte and hematite/
D5/electrolyte interfaces. Moreover, the photocurrent
value compliance makes this electrode particularly inter-
esting in a tandem cell configuration using ERY-
sensitized NiO photocathodes. For example, a sandwich
of hematite layers doped with increasing concentrations
of Al, deposited on pure hematite, could be exploited for
combining all advantages in terms of transparency,
photovoltage, and photocurrent. The Al/Fe ratio should
be studied in the range 0-1% in order to optimize the
photovoltage in a future study on complete tandem
devices.
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