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Spinel Co304 nanomaterials for efficient and

stable large area carbon-based printed perovskite solar cells

Amna Bashir,®¢ Sudhanshu Shukla,? Jia Haur Lew,? Shashwat Shukla,?

Annalisa Bruno,? Disha Gupta,” Tom Baikie,? Rahul Patidar,*® Zareen Akhter,°
Anish Priyadarshi, *2Nripan Mathews #°and Subodh G. Mhaisalkar **P

Carbon based perovskite solar cells (PSCs) are fabricated through easily scalable screen printing techniques, using
abundant and cheap carbon to replace the hole transport material (HTM) and the gold electrode further reduces
costs, and carbon acts as a moisture repellent that helps in maintaining the stability of the underlying perovskite
active layer. An inorganic interlayer of spinel cobaltite oxides (Co3O4) can greatly enhance the carbon based PSC
performance by suppressing charge recombination and extracting holes efficiently. The main focus of this
research work is to investigate the effectiveness of CosO. spinel oxide as the hole transporting interlayer for carbon
based perovskite solar cells (PSCs). In these types of PSCs, the power conversion efficiency (PCE) is restricted
by the charge carrier transport and recombination processes at the carbon—perovskite interface. The spinel Co304
nanoparticles are synthesized using the chemical precipitation method, and characterized by X-ray diffraction
(XRD), X-ray absorption spectroscopy (XAS), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM) and UV-Vis spectroscopy. A screen printed thin layer of p-type
inorganic spinel CozO4in carbon PSCs provides a better-energy level matching, superior efficiency, and stability.
Compared to standard carbon PSCs (PCE of 11.25%) an improved PCE of 13.27% with long-term stability, up to
2500 hours under ambient conditions, is achieved. Finally, the fabrication of a monolithic perovskite module is
demonstrated, having an active area of 70 cm?and showing a power conversion efficiency of >11% with virtually
no hysteresis. This indicates that CoszO4 is a promising interlayer for efficient and stable large area carbon PSCs

Introduction

Hybrid organic—inorganic lead halide
perovskites (CH3NHsPbX3; X =1, Br and Cl)
(methylammonium lead halide) have emerged
as a promising material for a wide range of

carrier mobilities up to 100 cm?V s tand a
high optical absorption coefficient of ~10°
cm15° This has led to unprecedented
progress in the perovskite solar cell

optoelectronic applications such as solar cells,
light emitting devices and laser cooling due to
their excellent semiconducting properties.’
These materials can be easily synthesized
through facile solution processing routes due
to their  propensity towards rapid
crystallization which yields nearly defect-free
and highly crystalline films with exceptional
carrier diffusion lengths and theoretical

efficiencies in recent years, since the initial
reports of 3% to the current lab scale record
efficiency of 22.1%.1%!! Pathways pursued to
enhance the efficiency include crystal quality
improvement via solvent engineering,?
improved device architecture,’® increasing
grain size,**® compositional variation® and
optimizing electron (ETL) and hole



transporting layers (HTL) and with
additives.}°
Recently, printable carbon-based

electrodes have shown to play a promising
role for scale up and stable perovskite solar
cells using printing technology.?2° These
devices are remarkably stable for >3 months
under ambient conditions (25 °C and 60% RH)
without encapsulating it but the efficiency of
the standard carbon-based PSC is still below
15%.%122 Favourable band energetics of the
perovskite valence band position with carbon,
together with its ambipolar nature, facilitates
hole transfer through a carbon layer.?® In
addition, the carbon layer also acts as a
moisture barrier and prevents the hydration of
the perovskite absorber, therefore
substantially  reducing the degradation
kinetics. Despite such advantages, the
performance of carbon based perovskite solar
cells is limited by the interface charge transfer.
Moreover, charge carrier extraction by the
carbon electrode alone is not as efficient as in
the case of conventional HTL based PSCs.?
Strategies to improve the carbon-perovskite
interface with a thin inorganic HTL film could
be an efficient way of improving the charge
transport to achieve higher efficiencies.
Nickel oxide (NiOx), as an inorganic hole
conductor layer, was printed before carbon to
improve the hole extraction in the hole-
conductor free perovskite solar cells.?”° This
improves the carrier extraction from the
perovskite and passivates the interfacial
defect/trap states. Despite the beneficial
advantages of using a NiO layer, the
conductivity still remains low which results in
a poor fill factor (FF) and low current density

(Jsc). Alternatives to NiO are p-type oxide
spinels, that are promising hole transporting
materials due to their excellent hole
conductivity and

mobility.3032

In this paper, we report the use of p-type
cobalt oxide, Cos0O4 for enhancing the hole
transport in carbon based perovskite solar
cells for the first time. Cobalt oxide (C0304)
belongs to the Fd3m space group and has a
conventional cubic spinel crystal structure
with high-spin Co?* ions in the tetrahedral
sites and low-spin Co®" ions in the octahedral
sites of the cubic close-packed lattice of
oxygen anions. The valence band position of
C0304 (5.3 eV) matches better with a low
lying valence band of the perovskite (~—5.4
eV), favouring efficient hole extraction from
the perovskite layer.®*

Co0304 nanoparticles were synthesized by
chemical precipitation and characterized by
X-ray diffraction (XRD), transmission
electron microscopy (TEM) and XAS (X-ray
absorption spectroscopy). A thin Coz04 layer
was deposited using a scalable screen printing
process to enhance the hole extraction in
carbon based PSCs. The charge extraction
properties of the printed spinel Coz04 layer
were investigated using photoluminescence
(PL) quenching and Time Resolved PL
(TRPL) experiments. The performance of the
perovskite solar cell was evaluated using a
solar  simulator, and electrochemical
impedance spectroscopy (EIS).



Synthesis and structural
characterization of Co304
nanoparticles and paste

Various nanostructures of CozO4 including
nanowires,®® nanoflakes,®® nanotubes® and
hollow spheres® have been synthesized
successfully, but there are still several
challenges observed in these synthetic routes,
such as the tendency of Coz04 to grow into
large and irregular particles. To control
particle growth, and to prevent these
undesirable processes, organic surfactants are
often used.>**° However, the use of organic
surfactants increases the cost and is not
environmentally ~ friendly.*  The other
challenge is the control over the phase purity
of the final product during the low
temperature synthesis of Coz04. Hence, from
a practical and a green chemistry point of
view, there is a need to develop a simple and
reliable synthetic route to single phase Co304
nanomaterials without the use of organic
surfactants.

In this work we have synthesized C0304
nanoparticles, using a chemical precipitation
method similar to that reported by Deng et
al.*? This method does not involve the use of
surfactants or templates, which makes it more
environmentally  friendly and  reduces
impurities in the final product.

Co(NO3)2-6H20 (12.885 g) was dissolved
in 100 mL of deionized water under magnetic
stirring for two hours to make a homogeneous
precursor solution. This aqueous solution of
Co (NOz3)2-6H20 was treated with an alkali
(10 M NaOH) under continuous stirring, to
precipitate cobalt hydroxide. Following this,
the precipitate was centrifuged, and washed

five times with deionized water and ethanol to
ensure there were no residual impurities. The
obtained precipitate was further dried at 80 °C
overnight followed by manual grinding
(mortar and pestle for five minutes) and then
transformed to the desired CosO4 phase by
thermal decomposition at 450 °C. The
resultant Coz04 nanoparticles were collected
and characterized using the techniques
described below.

Fig. 1(a) shows the XRD pattern of the
Co0304 nanoparticles. It can be observed that
all the reflections from the sample can be
indexed to a normal cubic spinel Co304 phase
which are in good accordance with the
standard cards of database ICDD PDF4+;
reference no. — 01-080-1545. The diffraction
peaks at 19.16°, 31.31°, 36.81°, 38.52°,
44.93°, 55.74°, 59.72° and 65.27° can be
correspondingly denoted as (111), (220),
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Fig. 1 (a) XRD pattern of CosO4nanoparticles, (b) XANES of
Co0304 (red) and CoSOx4 (black); (c) spinel structure of Coz0a.
The green atoms correspond to the Co?* tetrahedral sites while
the blue ones are the Co3* octahedral sites.
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(311), (222), (400), (422), (511), and (440)
reflection. The diffraction peaks confirm the
presence of a pure nano-Co304 phase without
Co(OH)2 or other impurities.  The
experimental pattern along with the calculated
pattern obtained from Rietveld refinement is
shown in Fig. S1.f The difference curves
show that the experimental pattern and
calculated pattern are in good agreement.
Rietveld refinement of the experimental
diffractogram suggested a crystalline size of
349(9) nm and a lattice parameter of
8.0852(7), which closely matches with the
cell constants documented in the ICDD
PDF4+ database (reference no. — 01-080-
1545). Fig. 1(a) also shows a nearly horizontal
difference curve indicating a high-quality fit,
which is further substantiated by a low value
of Bragg’s factor (Re=0.1).

X-ray absorption spectroscopy (XAS)
measurements at the Co K edge (7709 eV)
were carried out at the XAFCA?*® beamline of
the Singapore Synchrotron Light Source
(SSLS). Fig. 1(b) shows the Co K-edge

XANES for Coz0Osand CoSOa4 (as a reference).

CoSOg4 has cobalt present in the oxidation
state Co?*, whereas for Co3O4 we see a shift of
almost 4.5 eV towards a higher energy which
denotes that the oxidation state of cobalt in
Co304 is higher than Co?*. This is expected
since the structure of CozOx4 is similar to the
spinel structure of FesO4. Co304 has Co?* ions
occupying the tetrahedral sites surrounded by
four oxygen atoms, while Co®' ions are
present in the octahedral sites with six oxygen
atoms surrounding it.** The crystallographic
file for CosO4used as a reference® in our XAS
studies shows a similar structure as shown in

Fig. 1(c). The pre-edge features in C0304
around 7707 eV correspond to the 1s-3d
transitions which are prominent only for
tetrahedrally coordinated metal atoms but
forbidden for octahedral sites as they have a
centre of inversion.*** CoSO, has Co**
octahedrally bonded to 6 surrounding oxygen
atoms hence the pre-edge feature is missing in
CoSOg4. Therefore, the peak in Coz04 arises
because of the Co?* atoms present in the
tetrahedral sites. Again, the sharp main peak
intensity of CoSO4around 7723 eV is typical
of the Co?* complex due to which it is more
obvious in CoSO4than Co30s.

A more quantitative investigation was
carried out with the first shell analysis of the
EXAFS data to determine the correlation
between the atomic distances of Co with its
nearest neighbour (Fig. 2a and b). Table 1
shows the EXAFS results for the Co0304
powder. Since there are two different cobalt
sites, the analysis was conducted twice, once
for each site. The tetrahedral bond length
obtained was around 1.914 A, and the
octahedral bond length was 1.899 A. The
similarity of these values could suggest that
the individual interactions from each valence
state cannot be extracted from the data and the
analysis yields an average Co-O bond length
from the Co?" and Co®' two different sites.
Indeed, the refined value is consistent with an
average of the expected values from Co?" and
Co** bonded to oxygen in one tetrahedral and
two octahedral sites respectively (cf. Co?*Os~
1.956 A & Co3*0p= 1.903 A).%? Although the
refined individual tetrahedral bond length is
expected to be longer than the octahedral bond



since the oxidation state on the tetrahedral site
is lower than the octahedral site.

Further insight into the morphology and
microstructure of CozO4 nanoparticles was
gained by TEM and HRTEM. Fig. 2(c) and (d)
show the bright-field and high-resolution
TEM micrographs of Co3O4 synthesized
nanoparticles respectively. Consistent with
XRD, TEM results indicate that the
microstructure comprises of spherical Coz04
nanoparticles with the d spacing = 4.117 A,

along the (002) plane in this case.
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Fig. 2 EXAFS Fourier transform analysis for the (a)
octahedral and (b) tetrahedral cobalt sites; (c) TEM
image of the Cos04 nanoparticles; (d) lattice fringes
observed from the HRTEM image of Co3O0s4; (e) top-
view SEM image of the screen printed CozO4 film.

Following the synthesis and characterization
of the Co304 nanoparticles, these particles
were mixed with terpineol and ethyl cellulose
to prepare a paste for screen printing on the
glass substrate (as detailed in the
Experimental section). The CosO4 film was
characterized using SEM and XRD techniques
to understand any changes in the morphology
and structural features during the process of
thermal annealing to form the film. Fig. 2(e)
shows the top-view SEM micrograph of the
screen-printed film on the glass substrate. As

preferred for perovskite solar cell fabrication,
the film morphology appears to be
mesoporous with agglomerated spherical
nanoparticles of CosO4. The XRD pattern of
the screen-printed film (Fig. S2t) revealed
that the crystal structure remains unchanged
for the printed CosO4 film. The diffraction
patterns of nanoparticles and the screen-
printed film are in perfect agreement
including the peak position and intensity.

Fig. S3(a)t shows the optical absorption
spectra of the screen printed Co3O4 film on
glass. The data were recorded in the
wavelength range of 300-900 nm. The first
band (I) (A = 413 nm) was attributed to the
ligand to the metal charge transfer process in
0% — Co?*, while the band (I1) at a higher
wavelength (A = 719 nm) is due to the charge
transfer process between O?~ — Co3*.* These
two absorption bands additionally confirm the
presence of Co?* and Co®* in the sample. The
absorption band gap energy can be determined
from the absorption spectra using the equation
given below

(ahv)" = B'(hv-EQ)

Here hv is the photon energy in eV, B’ is the
constant relative to the material, Eg is the band
gap, o is the absorption coefficient and
exponent n has different values depending on
the electronic transitions in the material (2 for
the direct allowed transitions, 1/2 for indirect
allowed transitions and 2/3 for direct
forbidden transitions). Fig. S3(b)T shows the
variation of (ahv)2 versus (hv) for the screen
printed Co304 film. Two band gaps for the



Table 1 Bond length data obtained from the analyses of XAS parameters based on the Co K-edge for Coz0,

C030, Bond CN SO, 2 (A% E° (eV) Delr (A) Regr (A) R(A)
Co-tetrahedral site Co-01 4 0.915 0.002 —-1.417 —0.042 1.956 1.914
Co-octahedral site Co-01 6 0.915 0.006 —5.206 —0.004 1.903 1.899

CN co-ordination number, SO, amplitude factor, o EXAFS Debye-Waller factor or disorder factor, R - bond distance.

Co304 sample suggest the direct allowed
transitions (1.49 eV and 2.1 eV), which can be
understood by keeping the band structure of
Co0304 in view. The valence band of Co304
has strong O 2p character, while Coq 3d
orbitals are the main contributors to the
conduction band. The Coqiy in Co304 gives
rise to the sub-band located inside the energy
gap. So Eg1 (2.1 eV) represents the band gap
corresponding to the 0>~ — Co®" transitions,
while Eg2 (1.49 eV) is the “true” band gap due
to the inter-band transitions (valence

to conduction band transitions).*°

The electrical properties of the screen printed
C0304 film were determined using a four-
point probe station and the result from this is
summarized in Table S1. The conductivity of
the screen-printed film is lower compared
with the previous reports on Co30s4, which
might be due to the mesoporous nature of the
screen printed film.* Fig. 3a and b show the
energy band offsets of different layers and the
schematic of the solar cell for carbon based
perovskite solar cells with a thin layer of
spinel cobalt oxide, respectively. The valence
band position of Co304 (~—5.3 eV) is higher
than that of carbon (~-5.1 eV), and quite
close to the valence band of the perovskite
(~—5.4 eV).** Thus, cobalt oxide has a VBM
compatible with the perovskite, which can
facilitate efficient hole charge transfer. We
conducted photoluminescence (PL)
measurements to investigate whether Co304
along with carbon efficiently extracts photo-

generated carriers from the perovskite
absorber. Photoluminescence quenching from
the MAPDI3/C0304/C layer on glass is shown
in Fig. 3(c).
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Fig. 3 (a) Energy band diagram, (b) schematic
illustration of the device architecture, (c)
photoluminescence (PL) spectra of pristine MAPblIs,
MAPDI3/C and MAPDbI3/Co304/C on glass, (d) transient
PL (TrPL) of MAPDbIs/ZrO; and MAPbI3/ZrO,/C and
MAPDI3/ZrO,/Co304/C on glass.

In the absence of any hole transporting layer,
the MAPbIs film alone gave a characteristic
PL spectrum with a broad peak centred around
760 nm corresponding to its bandgap. For the
MAPDI3/C0304/C film, PL emission was
strongly suppressed, indicating the more
efficient extraction of holes from the
perovskite compared with the MAPbI3/C. In
order to evaluate the interfacial carrier
dynamics, we further resorted to time resolved
PL measurements of the same film i.e. a



MAPbI; film on glass and a film with
glass/MAPDI3/C0304 (Fig. S41). The decay
curve is fitted with a bi-exponential decay
function to obtain the relaxation lifetimes. An
average decay time of 5.5 ns and 4.7 ns is
obtained  for  the  perovskite  and
MAPbI3/Co304 film respectively. A shorter
characteristic  decay time for the
MAPbI3/Co304 film indicates efficient charge
transfer from the perovskite to Co30a.

In order to gain quantitative information on
the yield of light induced charge separation in
the device architecture (Fig. 3b) a PL decay
study was carried out on MAPDI3/ZrO,
MAPDI3/ZrO2/C and MAPbI3/ZrO2/Co304/C
films on the glass substrate with MAPbDI3
infiltrated from the top. The ZrO; acts as a
reference because its conduction band is not
suitable for hole injection. Fig. 3(d) shows the
PL decay curve for the above-mentioned films
on the glass. The decay curve is fitted with a
bi-exponential decay function to obtain the
relaxation lifetimes. The PL decay of MAPbI3
contained in the ZrO; film exhibits a time
constant of 84 ns, whereas for
MAPbDI3/ZrO2/C and MAPbI3/ZrO,/Co304/C
it is 5.4 and 2.8 ns respectively. A shorter
characteristic decay time for the film
containing Co0s30s4 indicates that a more
efficient charge transfer is possible for carbon
based perovskite devices by adding an
ultrathin layer of CosO4 before carbon. Thus,
both steady-state and time resolved PL
quenching manifests an improved charge
transfer for carbon due to the thin CozOa4 layer.

Perovskite solar cell fabrication and
photovoltaic performance

We printed a thin layer of spinel cobaltite
oxide in the carbonbased perovskite solar cell
before the carbon electrode printing to
understand its impact on the photovoltaic
performance of the device. The solar cell
architecture for the current study (Fig. 3b) is
similar to that of our previous report on
carbon based perovskite solar cells.®® The
perovskite solar cell comprises a thin compact
layer of TiO2>which serves as a blocking layer,
followed by a mesoporous TiO2 layer of
(around 500 nm), ZrO> (1.3 pm), Co304 (less
than 150 nm) and carbon (10-12 micron)
layers. The perovskite solution was infiltrated
through the carbon layer by manually
dripping the solution by using a micropipette.
The infiltrated perovskite solution seeps
through the stack of carbon and mesoporous
layers of Co304, ZrO; and TiO.. Distinct
layers are clearly visible from the cross-
section SEM micrograph of the solar cell, as
shown in Fig. 4a and b.

Device performance was optimized by
varying the thickness of C0304and ZrO> for
the PSCs. The thickness of Co3z04and ZrO: is
varied by diluting the original Co304 paste
(which gives an ~530 nm thick layer) and
ZrO, paste (~1.4 upm) with the terpineol
solvent. The cross-sectional SEM
micrographs for different dilutions of Co3O4
are shown in Fig. S5.f The photovoltaic
performances of the PSC for different
thicknesses of C0304 and ZrO- are presented
in Tables S2 and S3.f The best solar
performance was achieved with a thin Coz0a
layer (with 1 : 5 dilution) and a thicker layer
of ZrO, (1.3 um). This optimized thickness of



cobalt oxide and ZrO: is considered for all
perovskite solar cell fabrication in this paper.

The device performance of the perovskite—
carbon solar cells with and without the
(standard) CosO4 layer is evaluated by
analysing current density versus voltage (J-V)
characteristics under 1 sun (100 mW cm™)
light illumination, as shown in Fig. 4(c). With
a Co304 thin layer, a Vo of 0.88 V, a Jsc of
23.43 mA cm2and a FF of 0.64 leading to an
overall efficiency of 13.27% (device area =
0.09 cm? after masking) were achieved. The
corresponding solar cell parameters are
tabulated in Table 2. Fig. S6(a)+ shows the J—-
V curve for both the types of devices without
any masking (an active area of 0.8 cm?) and
the corresponding cell parameters are
tabulated in Fig. S6(b).+

25

8
ce
s

20 hﬁ_“'\ =

%,
%,
%
>
%
K
o
»
=
=
~

ok
o

-
o

» Forward Scan in light
@ Reverse Scan in light
o Dark Scan

@ Carbon/ Forward Scan

@ Carbon/ Reverse Scan

» Co304/ Forward Scan

o Co304/ Reverse Scan o 3
A °

Current Density mA/Cm?2
& »
Current Density 1mAIcm2)

o

h o o

“
.
1

2
0.8 2 8 0

o
°

0.2

0.4 0.6 4 6
Voltage (V) Voltage (V)

Fig. 4 (a) Low magnification and (b) high magnification
cross-section SEM micrographs of the
perovskite/carbon solar cell with a cobalt oxide layer,
(c) J-V characteristics of the standard carbon cell
without and with the Co304 (C0304/C) layer with an
aperture area of 0.09 cm?under 1 sun (100 mW cm™2)
light illumination, (d) J-V characteristics of the
standard carbon cell with the Co30. (Co304/C) layer
with an active area of 70 cm?under 1 sun (100 mW cm2)
light illumination.

Table 2 Solar cell parameters for the standard carbon
cell without and with the Cos04 layer with an active
area of 0.09 cm?under 1 sun

(100 mW cm™?) light illumination

Without Co30,4 With Coz0,4

Parameters Reverse Forward Reverse Forward

Vo (V) 8.87
Jse (MA em™2) 21.28
FF 0.51
PCE (%) 9.75

8.20
19.50
0.54
8.75

9.15
22.10
0.57
11.39

9.01
20.85
0.59
11.06

Perovskite solar cells with CozO4 exhibit more
than a 2% increment in the efficiency
compared to the standard perovskite solar cell
with carbon alone. The better performance
could stem from the fact that the deep lying
VB of Co304 (-5.3 eV) forms a better ohmic
contact with the perovskite layer, resulting in
a large potential difference between the hole
and electron transport layers. This suggests
that the Co304 layer increases the hole
collection at the carbon electrode.

Moreover, the Co030s cell showed
negligible hysteresis in the forward and
backward sweep of the J-V curve. There are
reports on the critical role of the perovskite-
contact interface in device hysteresis in
perovskite solar cells. It is correlated to the
combined effect of ion migration and
recombination from the interfacial trap states.
Thus, a better contact ultimately helps in
mitigating the trap density, leading to less
interfacial recombination and consequently
reduces hysteresis.*®° To confirm the
reproducibility of the PSC performance with
C0304, fourteen devices with the CoszO04 layer
were tested with an active area of 0.8 cm?. The
corresponding histogram is shown in Fig. S7,}
whereas the average values for the device
parameters are demonstrated in Table S4.7



The devices with the CosOs4 layer give
significantly higher reproducibility with an
average PCE value of 10.55 + 0.69%.

We fabricated solar cells with an active area
of 70 cm?to assure the scalability of the spinel
cobaltite oxide method. These modules were
fabricated using a semi-automated screen
printing process which can be tuned according
to the industrial needs. The current—density—
voltage (J-V) characteristics of the perovskite
solar module (PSM) of 70 cm? are shown in
Fig. 4(d) and summarized in Table 3. All
measurements were performed under standard
reporting conditions (AM 1.5G) without any
masking. The champion module delivers an
efficiency of 11.39%, with an improved Vo of
9.15 V as compared to carbon only (8.87 V),
a Jsc 0f 22.10 mA cm2and a FF of 56.70%.
Clearly a better performance is observed for
devices containing the spinel CosO4interlayer
because of better hole collection in these
perovskite solar cells.

Table 3 Solar cell parameters for standard carbon cell
with CosO4 layer with an active area of 70 cm? under 1
sun (100 mW cm™) light illumination

Without Co;0, With Co;0,
Parameters Reverse Forward Reverse Forward
Voe (V) 8.87 8.20 9.15 9.01
Jeo (MA em™?) 21.28 19.50 22.10 20.85
FF 0.51 0.54 0.57 0.59
PCE (%) 9.75 8.75 11.39 11.06

Analysis of the device performance

Impedance spectroscopy (IS) is a useful
technique to characterize the charge transfer
processes across the  semiconducting
interfaces and is widely adopted to study the
carrier  transport and  recombination
mechanisms in perovskite solar cells.

Impedance spectra of the cells both with and
without Co0304 in the dark showed similar
spectral features (Fig. S8(a)f) with a
semicircle arc at a high frequency. Typical
carrier transport and dynamics in a carbon-
based perovskite cell comprises charge
transfer ~ processes at the cathode
(TiO2/perovskite interface), and at the anode
(carbon/perovskite interface) and
recombination within the active layer.
However, a single distinct semicircle
(corresponding to the single RC element) is
obtained in the Nyquist plot and it is generally
attributed to the charge transfer at the
carbon/perovskite interface (hole injection or
extraction). This is because the charge
transfer resistance at the TiO2/perovskite
interface should be too small to be detected
due to the fast electron injection, significantly
large contact area and better interface
contact.®~% A smaller semicircle is obtained
for the cell with the CosO4 layer indicating a
lower charge transfer resistance from the
perovskite to the CosO4 interface which is
responsible for the improved fill factor of the
device.

By fitting the IS results using the equivalent
circuit as shown in Fig. S8(a)t to extract the
charge transfer resistance (Rc).>* Furthermore,
the impedance measurements were performed
at different operating voltages and plotted the
corresponding values of R extracted by
fitting the individual Nyquist plots, as shown
in Fig. 5a. R¢t values remain smaller for the
C0304/C cell throughout the operational
voltage window. This indicates the better
charge carrier rate and improved interfacial
recombination by the inclusion of the C0304



layer. Furthermore, EIS measurements were
also conducted under 1 sun illumination under
the frequency range from 1 MHz to 1 Hz at
different applied biases (0.1 V to 1 V) to study
the recombination resistance in devices both
with and without Co30a. Fig. S8(b)t presents
the EIS Nyquist plots for devices both with
and without Coz04. The Nyquist plots showed
two distinct semicircles. The first arc at a high
frequency is related to the hole transport
process between the perovskite and carbon
counter electrode, corresponding to the charge
transfer resistance (Rct). The second arc in the
middle frequency region is attributed to the
recombination resistance (Rrec). Similarly, by
fitting the individual Nyquist plots at different
applied biases using the equivalent circuit
shown in Fig. S8(b),T we obtain Rrec and Ret
(Fig. 5(b and c)). This indicates the better
charge carrier rate and improved interface by
the inclusion of the Co304 layer. This was
attributed to an increasing FF.>® On the
contrary, the largest Rrec in the Co0304/C
device could explain the increase in the Voc by

C/ perovskite heterojunction engineering (Fig.

5c).%% Re values remain smaller for the
Co0304/C cell at all values of applied potential
(Fig. 5b).
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Fig. 5 (a) Charge transfer resistance (Rc) Vvs. potential
measurement of the carbon/perovskite solar cell with
(C0304/C) and without Co304 (carbon) with an active
area of 0.8 cm?in the dark, (b) charge transfer resistance
(Re) vs. potential  measurement of the
carbon/perovskite solar cell with (Co304/C) and
without Coz04 (carbon) with an active area of 0.8 cm?
under 1 sun illumination, (c) charge transfer resistance
(Rrec) vs.  potential  measurement of the
carbon/perovskite solar cell with (CosO4 C) and
without Co3O4 (carbon) with an active area of 0.8 cm?
underl sun illumination.

Stability of the devices

Carbon has proven to be a good encapsulation
for perovskite solar cells which reduces the
degradation caused by a humid environment
and improves the stability. We have analysed
the performance and stability of carbon PSCs
after the inclusion of the Cos304 layer to
enhance the hole extraction. Solar cells were
exposed to an open environment (humidity
levels of ~70% RH and room temperature
25 °C) for several weeks without any
encapsulation and  subsequently their
performance was measured every week. Fig.
6a shows the normalized PCE of perovskite
solar cells with and without Co304 (with an
active area of 32 cm? measured under
standard AM 1.5 illumination. From Fig. 6a,
the device efficiency for perovskite cells with
the Co0sOs4 layer remained unchanged
remarkably for more than 100 days and the



devices showed no sign of degradation. The
device efficiency for perovskite solar cells
with carbon alone suffered a decrement of
about 9% compared to Co30s-based
perovskite solar cells. The Co3Oa4 layer resists
the moisture and provides an extra stability
layer against the moisture along with the
carbon.

To further confirm the reliability of PSCs, we
measured the output current density of
continuously illuminated Co304based
perovskite solar cells (with an active area of
0.8 cm?) by maximum power point tracking
(MPPT) at a constant applied bias of 0.63 V
(close to the maximum power point of the
device). The J-V curve of the perovskite solar
cell was measured under 1 sun before doing
MPPT, which is plotted in Fig. S9.1 This
measurement was done by holding the solar
cell at Vmp and monitoring the photocurrent
until it stabilizes.®” Pmppt Of the perovskite
solar cell is obtained using the following
formula and plotted in Fig. 6b:

Pmppt = Jmppt X Vmp/Pin
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Fig. 6 (a) Normalized PCE for the standard perovskite
solar cell containing carbon and a Co'O,HTL measured
under ambient environment conditions, and under
standard AM 1 sun illumination. (b) Current density
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during the MPPT measurement of the CozOa/carbon
solar cell at VV = 0.63 V measured under standard AM 1
sun illumination.

As shown in Fig. 6b the photocurrent
density and the corresponding PCE rises
quickly to a maximum value, and then
stabilized within a few minutes. A slight
increase in the current density was observed
during the MPPT measurement. This is
commonly attributed to the interaction of the
perovskite layer with ambient humidity.*®
From the steady state photocurrent density
(20.7 mA cm™?), the stabilized PCE at 0.63 V
is estimated to be 11.32%, which correlates
well with the small hysteresis and matches the
PCE value from the J-V curve. Perovskite
modules show a degradation of less than 10%
for continuous light soaking for 140 h. Thus,
the carbon based perovskite solar cell with the
Co030s4 interlayer shows high performance
steadiness under ambient and light soaking
conditions as well.

Conclusion

A chemical precipitation method without any
surfactant was used to prepare spinel cobaltite
oxide nanomaterials. The XRD and XAS
observations demonstrate the presence of
Co2+ and Co3+ states in the Co304
nanoparticles. The devices realized with the
screen printed Co304 interlayer exhibited 18%
more power conversion efficiency (PCE) of
13.27% as compared to standard carbon
devices. The improvement in the overall



performance is attributed to the lower hole
charge transfer resistance and reduced
recombination at the interface, as proven by
steady state and transient photoluminescence
spectroscopy, and impedance measurements.
We have scaled up the size of the PSCs from
0.09 cm2 to 70 cm2 with Co304 with a PCE
of >11%. Hysteresis in the current—voltage
characteristics was negligible; the PSCs
remain stable after 2500 hours under ambient
conditions. The enhanced device photovoltaic
performance and stability are thoroughly
discussed in this paper to show that cubic
spinel Co304is a very promising interlayer for
fabricating efficient and stable carbon-based
perovskite solar cells.

Experimental section

Materials

All chemicals were used as received without
any purification.

Formation of Co30, paste

The paste for screen printing was formed by
mixing 1 g of CosO4 nanoparticles in a 100
mL mortar pot with 26 g ZrO beads (0.3 mm
diameter), 0.33 mL ethanol, 0.16 mL acetic
acid and 0.16 mL deionized water. The
resulting slush was subjected to ball milling at
450 rpm for 6 h. After grinding, the resulting
slush was poured into 66.6 mL ethanol and
stirred for 20 min. Then, the stirring was
stopped and the suspension began to separate.
After 10 min, the supernatant colloidal
solution was separated and mixed with 10 g
ethyl cellulose and 8 g terpineol. Finally, the

whole colloidal solution was concentrated by
rotary evaporation to obtain a CozO4 paste for
screen printing, containing 10% nanoparticles,
10% ethyl cellulose and 80% terpineol. The
thickness of the original paste was 530 nm,
which was further diluted with terpineol in
different ratios (1 : 7,1 : 5, 1 : 3) to obtain
different thicknesses.

Solar cell device fabrication

Fluorine doped tin oxide (FTO, ~14 ohm per
square, 2.2 mm thick) substrates were first
etched with a CO; laser to form the desired
pattern. Prior to deposition, the substrates
were cleaned by ultrasonication in decon soap
solution, followed by deionized water (DI
water) and finally ethanol. The step was
repeated twice. Each sonication process is
held at 40 °C for 30 min. These substrates
were then immersed in 50 mM of TiCls
solution (Wako Pure Chemical Industries, Ltd)
for 30 min at 70 °C, followed by rinsing with
DI water. The substrates were held at 500 °C
for 30 min to allow the formation of TiO>
crystals to serve as the seed layer. Using a
screenprinter (MicroTec MT320TV), a layer
of compact TiO; paste (Dyesol BL-1) was
printed onto the substrate using a screen mask.
The printed film was allowed to relax for 20
min before being calcined at 500 °C for 30
min. These substrates were finally immersed
in 100 mM of TiCls solution (Wako Pure
Chemical Industries, Ltd) for 30 min at 70 °C
to fill up the defective “pin-holes”, followed
by rinsing with DI water. A final heat
treatment of 500 °C completes the formation
of the blocking layer. A 500 nm thick layer of
a mesoporous TiO> film was printed onto the



substrate with a TiO> paste (Dyesol NRD-30,
diluted with terpineol (Sigma, FG) in a weight
ratio 1 : 1.4). Subsequently, the substrates
were sintered for 30 min at 500 °C to improve
the crystallinity. Then, a ZrO; (Solaronix, Zr-
Nanoxide ZT/SP) spacer layer was printed on
top of the meso-TiOz layer and heated to 500°
C for 30 min to remove the binders (ethyl
cellulose). On top of ZrO», a very thin layer
(70 nm) of Co304 was applied as an HTL, and
the film was sintered at 500 °C for 30 min.
Finally, carbon paste (Dyesol) was printed on
top of ZrO, to complete the triple layer device
stack. The substrates were heated at 400 °C
for 30 min. A perovskite solution was
obtained by mixing an equimolar ratio of Pbl>
and CH3HNzI (Tokyo Chemical Limited) in y-
butyrolactone (Sigma, >99%). 5 AVA-I
prepared by reacting 5-aminovaleric acid
(Sigma) with hydroiodic acid (Sigma) in an
equimolar ratio, followed by filtering and
purification. 5 AVA-I was added to the
perovskite solutions in a molar ratio of 1 : 20
(AVA-I to MAI). The solutions are kept
stirring overnight on a 50 °C hotplate for
complete dissolution of the precursors. The
perovskite solution was dropped on the
carbon layer using a micropipette. For small
devices with an active area of 0.8 cm?, we
used 4.0 pL of perovskite solution, while for
modules we used approximately 21-24 uL per
strip.

Characterization

Thin film X-ray diffraction data were
collected by using a Bruker D8 Advance
diffractometer using Cu Ka radiation. The
thickness of the printed film is measured by

using a surface profiler (NanoMap-500LS,
AEP technology). X-ray absorption fine
structure (XAFS) characterization at the Co K
edge (7709 eV) was carried out at the XAFCA
beamline of the Singapore Synchrotron Light
Source (SSLS). The X-ray energy was
calibrated at the inflection point of the
absorption edge of cobalt foil. Data analysis
was carried out with Athena and Artemis
included in the Demeter package. The powder
sample was prepared in a pellet using a
pelletizer of diameter 12 mm and mounted on
the sample holder for XAS measurement.
Usually around 7 mg of sample was mixed
with 50 mg of BN to make the pellet. The
XANES analysis shows the oxidation state
and the white line intensity difference
between the sample and the reference
compound used to analyze the sample. In this
case, CoSO4 was used as the reference
standard for the Co3O4 sample. The FE-SEM
images were acquired using a Jeol JSM-
7600F field emission scanning electron
microscope. HRTEM analysis was performed
using JEOL TEM 2010 and 2100F. To study
the TRPL decay, the micro-PL setup used a
fiber coupled microscope system, with a VIS-
NIR microscope objective (10%, NA = 0.65).
The samples were excited by a picosecond-
pulse light emitting diode at 405 nm
(Picoquant P-C-405B) with a 5 MHz
repetition rate. The beam spot size was ~10
mm. The TRPL decays were collected with an
Acton mono-chromator (SpectraPro 2300),
fiber coupled to the microscope, and detected
by using a Micro Photon Devices single
photon avalanche photodiode. The signal was
then received by a time-correlated single



photon counting card. The temporal
resolution is ~5 picoseconds. To measure
MPPT, an Autolab machine (PGSTAT302N,
Software version-NOVA 1.11) was used to
apply the voltage and measure the current,
while the samples were illuminated with a
white LED light source. -V characteristics of
the devices were determined using the solar
simulator (San-El  Electric, XEC-301S)
quipped with a 450 W xenon lamp connected
to a Keithley 2612A source meter. The power
of the simulated light was calibrated using a
Si reference cell (Fraunhofer) and monitored
using a power meter throughout the testing.
Impedance spectroscopy was performed using
an Autolab potentiostat (PGSTAT 302). A
voltage perturbation of 20 mV was applied
from 400 kHz to 1 Hz at different bias
voltages.
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