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NiO electrodes are widely applied in p-type dye-sensitized solar cells (DSSCs) and photoelectrochemical
cells, but due to excessive charge recombination, the efficiencies of these devices are still too low for
commercial applications. To understand which factors induce charge recombination, we studied electrodes
with a varying number of NiO layers in benchmark P1 p-DSSCs. We obtained the most efficient DSSCs with
four layers of NiO (0.134%), and further insights into this optimum were obtained via dye loading studies
and in operando photoelectrochemical immittance spectroscopy. These results revealed that more NiO
layers led to an increasing light harvesting efficiency (7). but a decreasing hole collection efficiency (ncc),
giving rise to the maximum efficiency at four NiO layers. The decreasing ncc with more NiO layers is
caused by longer hole collection times, which ultimately limits the overall efficiency. Notably, the
recombination rates were independent of the number of NiO layers, and similar to those observed in the
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DOI: 10.1039/d4ya00271g more efficient n-type DSSC analogues, but hole collection was an order of magnitude slower. Therefore,

with more NiO layers, the beneficial increase in i can no longer counteract the decrease in ncc due to
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Introduction

NiO is commonly used as a p-type semiconducting photocathode
in solar-energy harvesting devices, such as dye-sensitized solar
cells (DSSCs) and dye-sensitized photoelectrochemical cells.' The
efficiencies of p-type and tandem DSSCs (4.1%") are still limited,
especially compared to that of n-type DSSCs, which recently
reached over 15%.” Excessive charge recombination at the photo-
cathode is the main reason for the poor performance of tandem
and p-type devices. To prevent this recombination, efforts have
been put into rationally designing the molecular components of
these devices. For instance, the push-pull character of a photo-
sensitizer supports spatial separation of electrons and holes,
thereby reducing charge recombination to some extent.®® Photo-
sensitizers equipped with binding motifs to pre-organize the
electrolyte via pseudo-rotaxane formation also result in spatial
separation of charges, similarly reducing charge recombination
and thus improving the overall efficiency.” Furthermore, alterna-
tive p-type semiconductor materials have been investigated,
including CuCrO,'®" or indium-doped tin oxide (ITO).*>*
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slow hole collection, resulting in the overall efficiency of the solar cells to maximize at four NiO layers.

Although these materials are very promising in terms of trans-
parency and hole mobility, they are still outperformed by NiO,
which possesses a combination of characteristics that are
crucial for an efficient photocathode, such as a good transpar-
ency and surface area, and high stability in various solvent
systems.”

Several groups have thus focused on the optimization of NiO
photocathodes, where efforts have been put into designing the
optimal preparation route for the NiO electrode, which can
greatly impact the DSSC efficiency.'* " To facilitate compar-
ison between different NiO electrodes in p-type DSSCs, a
benchmark system has been developed, in which NiO has been
sensitized with the P1 dye.'*'” The working principle of the
overall p-DSSC based on P1 is schematically shown in Fig. 1(a),
where the photocathode is typically combined with a Pt counter

anode'®"'® and an iodide/triiodide redox couple in a sandwich
a)
FTO | NiO | P1 Pt| FTO
Fig. 1 (a) Schematic overview of the P1 p-DSSC benchmark system; (b)

the sandwich DSSC, left: top view; right: side view.
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cell, as depicted in Fig. 1(b). Although these solar cells do not lead
to record efficiencies, this benchmark system is valuable in
understanding the influence of the NiO preparation route on
the performance of the photocathode. Previous benchmark stu-
dies concluded that doctor-blading of a NiCl, sol-gel precursor
solution leads to the most efficient P1-based p-DSSCs." "'

In general, during doctor-blading, a NiCl, precursor solution
is applied on a conduction substrate (FTO) using a tape mask,
after which the resulting sol-gel is sintered, and this process is
repeated as often as desired. However, the exact experimental
details of the optimal preparation still seem to be under debate.
For instance, several reports suggest that two layers of the
nickel sol-gel solution should be applied,*® whereas others
apply one,”” three,”®° or ‘multiple’®>* layers. Furthermore,
even when the reported preparation method is exactly the
same, the efficiencies of the resulting solar cells tend to vary
significantly."***" It is also known that the quality of NiO can
vary significantly when prepared by different researchers while
using the same procedure.®*®

We therefore revisit the preparation of NiO electrodes via
doctor-blading. In this context, we optimized the method by
studying how the number of NiO layers influences the perfor-
mance of the photocathode in the benchmark P1 p-DSSC. To
obtain deeper insights into the efficiency-limiting factors, the
charge transfer dynamics were investigated with photoelectro-
chemical impedance spectroscopy (PEIS), and intensity-modu-
lated photocurrent and photovoltage spectroscopy (IMPS and
IMVS). These in operando methods have been combined often
for n-type DSSCs, to obtain a better understanding of the charge
dynamics on the solar cell efficiency.”” " On the other hand, the
hole kinetics of the benchmark P1 p-DSSC has exclusively been
characterized in operando with PEIS,”> whereas IMPS and IMVS
can be valuable complementary methods. We thus investigated the
kinetics of the photogenerated holes by combining these three
methods, from which we obtained important insights on how the
charge dynamics influence the performance of the solar cell. To
the best of our knowledge, this is the first study that addresses the
influence of the NiO doctor-blading method on the in operando
charge dynamics and overall efficiency of p-DSSCs.

Results and discussion

P1-sensitized NiO electrodes with one to five layers of NiO were
synthesized and characterized, and their performance was
subsequently evaluated in the benchmark P1 p-DSSCs. We
tested their performance by measuring the J-V curves of the
solar cells, and we also determined the thickness and dye
loading of the electrodes. Finally, the charge dynamics were
investigated with IMPS and PEIS.

Somewhat unconventional, we classified the NiO electrodes
according to the number of doctor-blade cycles instead of their
thickness, where the latter is more common in the literature.
Although the film thickness is a very relevant property, it can be
an impractical point of reference, since there appears to be no
general consensus on the optimal value.>***"** More importantly,
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we found that a reproduced film thickness does not automati-
cally result in a similarly performing electrode (vide infra). On
the other hand, classifying the electrodes by the number of NiO
layers lies close to practice, and is a more straightforward target
to aim for than for a certain film thickness. Furthermore, this
categorization still directly relates to the film thickness, but
includes additional relevant parameters,”® such as the film
porosity and density.

Synthesis, characterization and assembly of the P1-sensitized
p-DSSCs

Since the exact preparation route is very relevant for reproduc-
tion of the results below, we have provided a detailed experi-
mental description on our electrode preparation procedure in
the ESL.{ The first step of the NiO electrode preparation is the
electrodeposition of a thin layer (<100 nm) of NiO on fluorine
doped tin oxide (FTO).>* The surface roughness of this thin NiO
layer enhances the connection between the porous NiO film
and the FTO substrate, allowing for efficient charge transfer,
essential for the performance of the DSSC. Subsequently, the
mesoporous NiO film was applied via doctor-blading according
to the method of Sun et al,*® but instead of two layers, one to
five layers were applied (in quadruple). Each set was named
after the number of doctor-bladed NiO layers; the samples
consisting of one layer of NiO is referred to as the NiO1 set.
The electrodes were characterized with scanning electron
microscopy (Fig. SI-4 and SI-5, ESIt). The thickness was deter-
mined with a profilometer (see the ESI,f Section 2.1). As
expected, the average NiO film thickness increases with the
number of layers (Table 1). The P1 dye was then grafted on the
NiO surface by dipping the electrode in a P1 dye solution in
acetonitrile for 16 hours.”® Visual inspection of the electrodes
showed that these turned from light grey into bright red
(see Table SI-1, ESIY).

The P1 dye loading generally increases with the NiO layers,
as was determined by dye leaching studies under mild condi-
tions (Table 1).>*° The P1 dye loadings on the electrodes
reported herein are well within the range of earlier reported
values (see Table SI-4, ESIt).>’®' Remarkably, comparison of
NiO5 and NiO4 shows that the dye loading did not increase,
while the NiO5 film is thicker. A possible explanation can be
found by closely inspecting the SEM images in Fig. SI-5 (ESIT).
When carrying out multiple rounds of doctor blading, the
bottom NiO layers are exposed to high temperatures repeatedly.
The particles in these bottom layers will continue to sinter and
grow. After four layers, larger pores seem to form in the bottom

Table 1 Average thickness and P1 dye loading of the electrodes with
varying numbers of doctor-bladed NiO layers

Sample group Film thickness (um) P1 loading (nmol cm™?)

NiO1 0.63 £ 0.06 75.31 +£ 20.11
NiO2 0.93 £ 0.23 74.91 £ 12.31
NiO3 1.30 £+ 0.34 111.28 + 34.19
NiO4 1.58 £ 0.32 143.37 + 25.74
NiO5 2.16 £ 0.14 130.39 + 15.74

© 2024 The Author(s). Published by the Royal Society of Chemistry
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layers, which will negatively influence the available surface area
and thus dye loading. The inferior dye loading observed for
sample NiO5 compared to NiO4 is thus likely the result of this
reduced available surface area, which is not compensated for by
the increase in the film thickness. These results also illustrate
the relevance of the number of doctor blade cycles on the
porosity and film density, and why we thus prefer to assort the
NiO electrodes accordingly.

Efficiency of benchmark p-DSSCs

The P1-sensitized electrodes were assembled in sandwich cells
(Fig. 1(b)) and their performance was assessed by measuring
the J-V curve while illuminated with 100 mW c¢m ™2 white LED
light (emission spectrum in Fig. SI-11, ESIT). The open-circuit
potential (Voc), short-circuit current density (Jsc), fill factor
(FF), and power conversion efficiency (1) were extracted from
the J-V data (eqn (SI-2) and (SI-3), ESIT). We also investigated
the performance of solar cells with a similar NiO thickness
(within 0.05 pm difference), to see if a reproduced film thick-
ness leads to a reproduced photocathode performance, but the
results were rather divergent (Tables SI-12, ESIT). The results
categorized on the number of NiO layers are shown in Table 2.
The values have been averaged for the various sample groups,
with the values of the most efficient solar cell of the corres-
ponding set in parentheses. Details of the individual solar cells
can be found in the ESIL.{

Notably, the average solar cell efficiencies (1) vary signifi-
cantly, showing an upward trend from 0.087% observed for
NiO1 up to the maximum of 0.134% (NiO4), followed by a
slight drop to 0.121% for NiO5. To find out which factors
dictate this efficiency, we examined the correlation bet-
ween 1 and Vo, FF and Jsc (see Fig. SI-13, ESIt). Voc
varies considerably between the different sample groups
(101-119 mV), but no clear correlation with # could be found.
Similarly, the fill factor varies between 0.277-0.318, but also
did not show a clear link to . On the other hand, we observed
a linear dependency of 5 on Jg¢ (Fig. SI-13, ESIt). On
average, an increase in photocurrent was observed from
—2.19 mA cm > for NiO1, to —4.49 mA cm > for NiO4,
followed by a slight decrease for NiO5 to —4.15 mA cm 2,
which is a similar trend to that observed for 5. Clearly, the
solar cell efficiency strongly depends on the short-circuit
photocurrent, and therefore we decided to investigate the
fundamental elements of the photocurrent in more detail.

View Article Online
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The measured photocurrent is a result of multiple light-
harvesting and charge separation processes in the p-DSSC, as
described by eqn (1):°%¢

J=q s breg nccjzow o (A)da (1)

where g is the elementary charge, #;,; is the hole injection
efficiency from the excited dye into NiO, ¢, is the dye
regeneration yield, ncc is the charge collection efficiency, I, is
the photon flux, and 7,y is the light harvesting efficiency. Since
the same dye, semiconductor, redox mediator and light source
are used in all solar cells, we assume that g, #inj, Preg and I, are
similar or identical in all cases.®® However, 5. and #¢c strongly
depend on the dye loading and film thickness, respectively,
which vary significantly for the different NiO sets (Table 1).
Ny is related to the dye loading according to eqn (2):**

mu(A) =1 — 1077 (2)

where I' represents the dye loading (in moles per em® of
illuminated surface area) of the film, and ¢(2) is the absorption
cross-section in units of cm?® mol~?, obtained from the decadic
extinction coefficient (¢ in M™' em™") by multiplication with
10° em® L. The #.y spectra (Fig. SI-9, ESIT) show that most
light is harvested by the NiO4 electrodes, as determined by
integration of the #y (1) response (see Table SI-5, ESIT).
Interestingly, due to the very high & of P1 between 330
and 530 nm, this part of the n.y (1) spectrum reaches a
light harvesting efficiency of 1 when the dye loading is
>111.28 nmol cm 2. At wavelengths longer than 530 nm, the
light harvesting efficiency is the highest for NiO4, resulting in
the maximum overall 5y (4).

Probing the charge collection efficiency with
photoelectrochemical immittance spectroscopy

After light harvesting (i.e., photoexcitation of the dye and hole
injection into NiO), the hole needs to travel through the
nanoporous NiO network to the conducting FTO substrate.
The success of this process is described as the charge collection
efficiency (ncc). The average time it takes for a photogenerated
hole to travel to the FTO electrode is given by the hole collection
time (7.), as is schematically shown by the green path in Fig. 2.
Ideally, this time is short, because fast hole transport can
manifest on the macroscale as a high photocurrent. Alterna-
tively, the photogenerated hole can recombine with electrons
from species in the electrolyte or at the surface of the NiO

Table 2 Averaged performance of the P1 p-DSSCs with a varying number of NiO layers, as derived from the J-V curves. The values for the individual
solar cells can be found in the ESI, as well as how the values were extracted from the J-V data. The values in parentheses represent the data of the solar

cell with the highest performance in that data set

Sample group n (%)

Jsc (mA cm™?)

Voc (mV) FF

NiO1 0.075 + 0.029 (0.096) —~2.19 + 0.82
NiO2 0.093 + 0.020 (0.114) —2.59 + 0.95
NiO3 0.087 + 0.046 (0.133) —-2.94 + 1.36
NiO4 0.134 + 0.049 (0.190) —4.49 + 1.45
NiO5 0.121 + 0.031 (0.143) —4.15 + 0.81

© 2024 The Author(s). Published by the Royal Society of Chemistry

(—2.948) 106 + 9 (107) 0.318 =+ 0.010 (0.307)
(—3.196) 119 + 20 (117) 0.316 =+ 0.037 (0.303)
(—4.254) 101 + 7 (106) 0.288 + 0.028 (0.295)
(—6.154) 107 + 1 (107) 0.277 + 0.017 (0.289)
(—4.724) 105 + 2 (106) 0.278 £ 0.013 (0.295)
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FTO

Fig. 2 Schematic overview of the hole collection pathway (green) and the
hole recombination pathway (orange) in the dye-sensitized photocathode.
The dye-sensitized NiO nanoparticles are represented by the red circles
filled with grey, and the photogenerated hole is shown as the empty circle.
The competition between these two processes is described by the charge
collection efficiency (ncc).

particle. The electron-hole pair generated by light absorption is
then lost at the expense of the solar cell efficiency. The average
time it takes for a photogenerated hole to recombine with an
electron is given by the hole lifetime (7,,).°> A long 7, with
respect to 7. is beneficial, since it means that most of the holes
will be collected before recombination occurs. This competi-
tion between the charge collection and recombination is

expressed by the charge collection efficiency (eqn (3)).°*¢”
Tc
—1-X
fce . 3)

The time constants 7. and 7, in DSSCs can be measured in
operando with (combinations of) the three complementary
photoelectrochemical immittance techniques: intensity modu-
lated photocurrent and photovoltage spectroscopy (IMPS and
IMVS, respectively) and photoelectrochemical impedance
spectroscopy (PEIS).>*®® To understand how #5cc changes in

0.9-
0.8+
=
0.7
0.6+
1 2 3 4 &
NiO layers

average 1, (s)
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DSSCs based on different NiO layers, we have determined both
7. and 7, (Fig. 3) under short circuit conditions (at 0 V, where
the photocurrent is at its maximum).®® The values for 7. were
determined using IMPS analysis,”® and those for t,, by PEIS
(see Sections 3.2 and 3.3 in the ESIt for detailed procedures).
Subsequently, the average 7 for the different sets of solar cells
was calculated, and the results are plotted in the left panel of
Fig. 3.

For NiO1, a reasonable ncc of 0.91 was observed, but #¢c
decreases linearly with the number of layers, and ends up at a
value of 0.65 for NiO5. The samples with the highest photo-
current (NiO4) show an average 5cc of 0.70. The underlying
reason for this decline in #cc with more NiO layers is given by
the trends in 7. and t,,, which are plotted in Fig. 3 (right). The
hole collection times 7. are depicted in navy and the hole
recombination times 7, in orange. Interestingly, t,, was only
marginally affected by the number of NiO layers: for NiO1 the
average time was 101.3 £ 13.7 ms, and for NiO5 this value
decreased to 87.7 + 6.8 ms. For NiO4, the hole recombination
time was approximately 93.5 + 33.7 ms. On the other hand, a
clear trend in 7. was observed as the number of NiO layers
increased. In the NiO1 devices, it took the average hole
9.0 £+ 3.0 ms to travel from the surface of the NiO particles to
the FTO. For devices with thicker NiO films, this average t.
increases: for NiO4, 1. is as large as 28.2 &+ 0.0 ms, and for NiO5
the collection time has increased to 30.3 £ 14.6 ms. The 7. thus
increases as more NiO layers are applied, but t, remains
relatively constant. The overall result is a decline in the charge
collection efficiency with more NiO layers.

These time constants and charge collection efficiencies are
in line with earlier reports on the charge dynamics of similar
p-DSSCs.2%31:32:52:67.71°75 However, the results stand in strong
contrast with the 5cc observed for n-type DSSCs, which is
typically close to 1, even when relatively thick films (8 pm) of
semiconductor material are used.”® This excellent charge

19 1

01 o 4 ¢ $ o f01 2

¢ ¢ ¢

0.01{ $ T -0.01 2
0.001 +4—————+—————10.001

1 2 3 4 5
NiO layers

Fig. 3 Left: The charge collection efficiency ncc versus the number of NiO layers; right: variation of the hole collection time 7. (navy) and hole
recombination time 7, (orange) as a function of the number of applied NiO layers.
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collection efficiency in n-type DSSCs arises from a favourable
T,/7. ratio, which frequently lies above 10”. Interestingly, we
found that 7, in our p-DSSCs is close to those in n-type solar
cells (0.1 vs. 0.2 s, respectively). 1., however, is an order of
magnitude faster in the n-type DSSCs (10 s). In n-type DSSCs,
the photogenerated charges are thus collected up to thirtyfold
faster, even though the film thickness is at least fourfold
higher. The recombination times are thus comparable to those
in n-type DSSCs, whereas the 7. values are remarkably slow.
This slow 7. causes more holes to recombine, limits #cc, and
causes the photocurrent to be more than a factor two lower, at
—4.49 mA cm ™ for NiO4, compared to typical n-type DSSCs.”®

The limiting factors of the p-DSSC efficiency

In summary, the solar cell efficiency, which strongly depends
on the short-circuit current, showed an optimum at NiO4. With
an increase in the number of NiO layers, the dye loading rises,
resulting in an increased light harvesting efficiency (1ry). The
dye loading was the highest for NiO4, which could explain the
high photocurrents observed for this sample group. Besides
the dye loading, other factors regarding the homogeneity of the
film might influence the performance of the electrode, such as
the changing porosity of the bottom layers during multiple
doctor blading and sintering cycles. For instance, Fig. SI-5
(ESIT) shows that the cracks in the NiO films of NiO1 and
NiO2 disappear after three or more doctor-blading cycles.
Furthermore, upon examination of the connection between the
NiO film and the FTO surface, gaps could be observed for NiO1,
NiO2 and NiO3. After four doctor-blade cycles or more, these gaps
were absent. The good homogeneity of the NiO4 films, combined
with appropriate connection to the FTO surface, could thus also
positively influence the electrode performance.

Meanwhile, the charge collection efficiency (1cc) steadily
dropped as the NiO film thickness increased, due to the longer
hole diffusion length. The relatively long hole diffusion time of
NiO caused more holes to recombine as the hole diffusion
length increased. Therefore, the low 7¢c, caused by slow hole
collection and an unfavourable hole diffusion-recombination
ratio, currently limits the photocurrent of the NiO photo-
cathode in this benchmark P1-sensitized p-DSSC.

Furthermore, the efficiency of our DSSCs is also limited by the
low Voc, which is determined by the difference in energy between
the NiO valence band and the I" /I;~ redox potential. With the NiO
electrode preparation optimized, further improvement in the
efficiency should be achieved by (1) shortening the hole collection
time by increasing the hole diffusion rate constant, (2) using dyes
that absorb a broader part of the solar spectrum, (3) increasing
the Voc by adjusting the potential of the redox mediator,”” and (4)
implementing strategies that lead to active charge separation in
these devices, as also described in the introduction.®™

Conclusions and outlook

To find out how NiO photocathodes are limiting the efficiency
of dye-sensitized solar cells (DSSCs), we have thoroughly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characterized the properties of the benchmark P1 p-DSSCs,
while varying the number of doctor-bladed NiO layers. Analysis
of the J-V curves showed that the most efficient solar cells were
obtained with four layers of NiO (NiO4) on FTO. The DSSC
efficiency showed a linear relation with the short-circuit current
density; the higher the Jgc, the higher the efficiency. Partially in
line with the trend observed for the Jsc, the light harvesting
efficiency (17pyn) increased with the NiO film thickness, and
reached a maximum at NiO4. The trend in Jsc could be further
explained by the charge collection efficiency (ncc), which
decreased as more layers of NiO were applied in the device.
Thicker NiO films resulted in impeded hole diffusion, while the
hole recombination time remained unaffected. Therefore, the
optimum in solar cell efficiency at NiO4 is the result of an
increasing 1y as more NiO layers are applied, but a decreasing
cc, Which limits the average solar cell efficiency of this bench-
mark system to a maximum of 0.134 £+ 0.049%.

Future efforts could focus on improving the #c¢c by increas-
ing the hole lifetime or by decreasing the hole collection time.
Several strategies have been reported to lower charge recom-
bination,”?®3*”8 including rational design of the dye and redox
mediator to impose electronic repulsion between the reduced
electrolyte and the dye. Furthermore, the hole transfer time
could be decreased by the incorporation of conductive
materials,”®®° such as Ni-NiO core-shell structures. This latter
concept is currently under investigation in our groups.
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