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Dye-sensitized solar cells (DSSCs) and perovskite solar cells (PSCs) are photovoltaic (PV) technologies
that originally utilized precious metals like gold, silver, and platinum as counter-electrodes. Carbon
materials are a low-cost alternative to traditional metal counter-electrodes in monolithic-DSSCs
(M-DSSCs) and PSCs. However, the drawback of carbon-based counter-electrodes is that they often
show a low electronic conductivity, which hinders the scale-up of these PV technologies. This study
proposes using decal Ni-mesh produced through simple and scalable photolithography-assisted
electroplating. The Ni-mesh is incorporated into the carbon layer to improve the counter-electrode
conductivity in large-area M-DSSCs and PSCs. Carbon-counter electrodes embedded with Ni-mesh
enhance the performance of M-DSSCs and PSCs by 132% and 41%,
spectroscopy study shows that the embedded Ni-mesh effectively reduces the series resistance of the

respectively. Impedance

rsc.li/energy-advances

1. Introduction

Dye-sensitized solar cells (DSSCs) and perovskite solar cells
(PSCs) are photovoltaic (PV) technologies with great potential
for commercialization due to simple and versatile fabrication
and good power conversion efficiency (PCE)."”” These devices
possess good aesthetics, can be semitransparent, and display
high power output under diffuse and artificial light.> Recent
research has been focused on developing efficient semitran-
sparent and bifacial devices,** using strategies such as tandem
configuration,™® and employing DSSCs and PSCs as indoor PVs
for powering Internet-of-Things (I0T) low-power devices.””® The
prospect of reaching commercialization and the need of scaling
up production from lab-scale to large-area devices raise aware-
ness for sustainable materials and production methods.'®"*
One of the concerns is related to the counter-electrode; DSSCs
and PSCs were initially developed with counter-electrodes made
of noble metals such as gold, silver, and platinum due to the
alignment of the electron work function, high conductivity, and

@ LEPABE - Laboratory for Process, Environment, Biotechnology and Energy, Depart-
ment of Chemical Engineering, Faculty of Engineering of University of Porto, Rua
Dr. Roberto Frias s/n 4200-465, Porto, Portugal. E-mail: ivanou@fe.up.pt,
mendes@fe.up.pt

b ALICE - Associate Laboratory in Chemical Engineering, Faculty of Engineering of
University of Porto, Rua Dr. Roberto Frias s/n 4200-465, Porto, Portugal

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ya00476g

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

devices by half, leading to an enhancement in their overall performance.

high catalytic activity (Pt).">"® These metals are expensive, and
for application in PSCs, vacuum deposition methods are often
used. Furthermore, they can present poor chemical stability in
contact with some components of a cell (e.g., Ag and Au corrosion
in DSSC electrolyte) or can induce degradation in long-term device
operation (e.g;, Au and Ag migration in PSCs)."*""” Several carbon-
based materials have emerged for the counter-electrode to provide
a stable and cost-effective alternative.'®'® Graphite,***' carbon
black (CB),*>?* graphene,**** carbon paper,”® and carbon nano-
tubes (CNTs),>”*® to name a few, have been studied as back
contacts in DSSCs and PSCs. In particular, carbon black and
graphite mixtures have been the reference carbon electrode for
DSSCs and PSCs.”*?*%

Carbon materials are inexpensive and abundant, typically do
not require sophisticated deposition techniques, and exhibit
excellent chemical stability.*'** Nevertheless, the limitation in
electrical conductivity of carbon electrodes is a significant
concern.'**?* This limitation becomes evident in the perfor-
mance of large-area devices, where ohmic losses in both the
carbon counter-electrode and the front-electrode, typically a
transparent conductive oxide (TCO) layer, result in a substantial
reduction in power conversion efficiency. In devices with
an area of 36 cm?, the efficiency is reduced by an order of
magnitude compared to laboratory-scale counterparts.®>>’ The
low conductivity of carbon electrodes is a significant challenge
when it comes to scaling up and manufacturing modules with
high output power.
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A simple and easy way to improve the conductivity of low-
conductive materials is to use them with a metallic mesh.**"*%3°
Embedding a metallic mesh on TCO-coated glass substrates®**5
and flexible electrodes*** improves charge collection and leads to
higher device performance.

Among various metals for preparing this conductive mesh,
nickel emerges as a promising choice. It offers several advan-
tages: it is more cost-effective and abundant than noble metals,**
and its conductivity surpasses most carbon counter-electrodes.
Nickel demonstrates chemical stability when exposed to iodide
and cobalt-based electrolytes and is inert to perovskite precur-
sors, while conventionally used metals like aluminum and copper
tend to corrode.*®** Moreover, Ni-mesh preparation through
electroplating is straightforward, removing the need for sophis-
ticated and energy-intensive vacuum processes such as thermal
evaporation or sputtering.*>**

In this study, a Ni-mesh was electrodeposited on fluorine-
doped tin oxide (FTO)-coated glass, where the desired pattern
of the mesh was created by photolithography. FTO-coated
glasses were used as substrates because of their weak adhesion
to the electrodeposited Ni;** the deposited mesh easily peels-off
from the substrates. Photolithography-assisted electrodeposi-
tion allows whichever mesh design and easy application of the
decal mesh to the carbon layers. The materials for this carbon-
Ni composite counter-electrode are prepared individually and
applied together during the fabrication of the devices. Compo-
site carbon counter-electrodes are formulated by combining
several materials before the fabrication process by dispersing
other materials in a carbon matrix or integrating carbon-based
materials in the matrix of other materials.®™*®

The composite carbon-Ni significantly increased the charge
collection, improving the fill factor and decreasing the ohmic
losses in large-area DSSCs and PSCs. The PCE of large-area
devices of 5 cm” was notably enhanced by 132% and 41% in a
DSSC and a PSC, respectively, compared to conventional coun-
terparts with unmodified carbon electrode layers.

2. Experimental
2.1 Fabrication of Ni mesh

Decal nickel mesh was prepared by photolithography-assisted
electrochemical deposition. FTO-coated glasses (TEC-7; GreatCell
Solar) served as substrates for Ni deposition; the photolithogra-
phically processed photoresist layer provided the desired pattern
for the mesh. Fig. 1 sketches the steps of forming the nickel
mesh. Briefly, the positive photoresist (AZ 4562; Microchemicals)
was deposited onto FTO-glass substrates by spin coating (2000
rpm, 35 s) followed by soft-baking at 100 °C for 10 min (Fig. 1a).
FTO glasses with a photoresist layer were exposed to UV light
using an attached contrast black/white mask with a grid design
(Fig. 1e). After UV exposure, the samples were treated in 1:4 (v/v)
AZ 400 K (Microchemicals) developer diluted with water, opening
in the photoresist layer the design of the desired mesh (Fig. 1b).
The nickel was then electrodeposited using a simple setup with a
two-electrode arrangement in a 250 ml glass beaker (Fig. 1c).
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Fig. 1 Sketch of the Ni mesh fabrication process.

Watts electrolyte®® was used for the nickel electrodeposition
(pH 4, (50 £ 2) °C, stirring); the composition in g L™" of the
electrolyte, after dilution in distilled water, was: NiSO,-6H,O
(300), NiCl,-6H,0 (35), and H3;BO; (45). The FTO-coated glass/
photoresist and the platinum counter-electrode mesh were
inserted in the electrolyte solution, parallel and at a distance
from each other of 5 cm. An electrochemical station (Autolab
PGSTAT302N) was then used to drive a constant cathodic
current of 36.5 mA cm > for 10 min. The thickness of the
deposited Ni layer estimated by SEM analysis (Fig. S1, ESIt) was
(7.0 £ 0.1) pm.

2.2 Preparation of DSSCs

FTO-coated glass (2.2 mm, TEC7, GreatCell Solar) and bare soda-
lime glass (3 mm, SGG PLANICLEAR, Saint-Gobain) were used as
photoanode substrates and covers, respectively. A laser (355 nm
nanosecond pulsed) was used to remove a section of the FTO layer
(scribing) in the photoanode substrates and to drill the electrolyte
injection holes in the cover glass. The substrates were ultrasoni-
cally washed with detergent and distilled water. After drying, the
substrates were treated for 10 min in air plasma (Diener Electro-
nics). A compact layer of TiO, was deposited on the photoanode
substrates by spray pyrolysis at 450 °C, using a precursor solution
of titanium diisopropoxide bis(acetylacetonate) in anhydrous 2-
propanol, followed by a 45 min sintering step. Afterwards, a ca. 7
pm transparent mesoporous TiO, layer (Greatcell Solar 30 NR-D)
was deposited and sintered at 500 °C for 1 h. DSSC devices of two
sizes were prepared using square-shaped photoanodes: the smaller
with a TiO, area of 0.25 cm” (denoted as S) and the larger with a
TiO, area of 6.25 cm” (denoted as L). The substrates with the TiO,
layer were treated with a 40 mM TiCl, aqueous solution at 70 °C for
30 min and sintered at 500 °C for 1 h. Afterward, a ca. 7 pym
reflector/spacer TiO, layer (WER2-O, Greatcell Solar) and a carbon
layer (Elcocarb B/SP, Solaronix) were sequentially deposited and
sintered at 500 °C and 400 °C, respectively for 1 h. The thickness
of the carbon layer was varied by depositing several carbon paste
layers; SEM was used to determine the carbon layer thickness
(Fig. S2, ESI¥).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The substrates with the monolithic arrangement of DSSCs
were immersed in a solution of 0.1 mM of the Y123 dye
(Dyenamo) in tert-butanol/acetonitrile (1:1) %(v/v) for 48 h
for the sensitization. Afterwards, the substrates were covered
with bare glass and sealed with a 60 um thick thermoplastic
sealant (Meltonix 1170-60, Solaronix) in a hotpress at 160 °C.
The devices were filled with cobalt electrolyte containing
0.165 M of Co(bpy)s;(B(CN),), (Eversolar Co-200), 0.045 M of
Co(bpy)3(B(CN),); (Eversolar Co-300), 1.2 M tert-butyl pyridine
(TBP) and 0.1 M LiClO, (Sigma Aldrich) in acetonitrile. The
injection holes were sealed with Surlyn® and a circular-shaped
microscope glass slide.

2.3 Preparation of perovskite solar cells

The PSCs were prepared on FTO-glass substrates (2.2 mm, TEC7,
GreatCell Solar). The substrates were scribed and washed, as
described in Section 2.2. Then, a TiO, compact layer was deposited
using the same method as for DSSCs. Afterward, mesoporous
layers of TiO, (T165/SP, Solaronix), ZrO, (ZT-SP, Solaronix), and
carbon (Elcocarb B/SP, Solaronix) were deposited by screen print-
ing. After deposition, TiO, and ZrO, layers were sintered at 500 °C
for 1 h and the carbon layer at 400 °C for 1 h. The perovskite
precursor consisting of (5-AVA)g o5(MA)y o5Pbl; in y-butyrolactone
(GBL) solution (Solaronix) was dropped on top of the mesoporous
layers and crystalized at 70 °C for 30 min in a hot plate.

2.4 Application of the Ni mesh in/on the carbon counter-
electrode

DSSCs. Two approaches were used to apply the metal mesh
in DSSCs: (i) embedded in the carbon layer and (ii) atop the
carbon layer (Fig. S3, ESIT). In the first approach, a carbon layer
was screen-printed, followed by the Ni-mesh applied over the wet
carbon, and dried at 120 °C for 15 min. Then, another carbon
layer was screen-printed atop and sintered at 400 °C for 1 h; nickel
mesh was sandwiched between the carbon layers. In the second
approach, the metallic mesh was applied atop the carbon layer
after the sensitization step. The Ni-mesh was mechanically
pressed onto the device by the cover glass to achieve electrical
contact. Fig. 2 shows a large-area DSSC device with the Ni-mesh.

PSCs. The preparation steps of the PSCs with incorporated
Ni mesh are sketched in Fig. S4 (ESIt). The mesh was applied
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Fig. 2 Photograph of a large-area DSSC with applied Ni-mesh on the
carbon-counter electrode; view from the side of the cover glass (a) and
FTO-glass (b).
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atop the perovskite infiltrated mesoporous layers, and then low
sintering temperature carbon paste (DN-CP01, Dyenamo) was
deposited on top of the Ni mesh by screen printing; the carbon
paste was dried at 100 °C for 15 min.

2.5 Characterization

The photocurrent-potential (J-V) curves were obtained under
simulated solar light AM 1.5G, 100 mW cm? from an Oriel class
ABA LED solar simulator (MiniSol LSH 732; Newport). An
electrochemical workstation (Zahner; Zennium) was employed
to record the current vs. potential curves at 50 mV s ' and
10 mV s * for DSSCs and PSCs, respectively. The PV devices
were measured with a mask of 0.16 cm” (small devices) and
5.29 cm” (large devices). A batch of 4 devices was used for each
test condition. The average values and the standard deviation
for each batch are indicated in the tables. Characteristic J-V
curves are presented for the device with the closest performance
to the average value in a batch. Scanning electron microscopy
(SEM) was characterized using a desktop SEM Phenom XL. The
sheet resistance was measured using the Van der Pauw method
with a Keithley 2425-C SourceMeter. The electrochemical impe-
dance spectra (EIS) were collected in the dark in the frequency
range of 1 MHz-0.1 Hz applying a sinusoidal perturbation with
an amplitude of 10 mV at —0.85 V (DSSCs) and —0.80 V (PSCs).
The EIS spectra were analyzed and fitted in ZView® software.

3. Results and discussion

3.1 Characterization and effect of carbon counter-electrode
thickness on the performance of the PV devices

DSSCs. The reference carbon counter-electrode used in
monolithic DSSCs (M-DSSCs) and hole conductor-free PSCs
(HTM-free PSCs) is formed by a carbon black and graphite mixture
applied by screen-printing. The carbon-electrode presents high
electric resistivities between 5 Q sq~* and 12 Q sq~ ' (Fig. 3a and
Table S1, ESIT), similar to the resistivity of the FTO-layer front
contact, which usually ranges from 5 Q sq™" to 15 Q sq~'.>*>*

A simple approach to improve the carbon-counter electrode
conductivity is to increase its thickness (Fig. 3a). However, this
approach has limited applicability since thick counter-electrodes
can hinder the performance of devices, even in small-area devices,
as indicated by the photovoltaic response (Fig. 3b) and metrics
(Table S2, ESIT) of DSSCs with different carbon layer thicknesses.

The devices with 13 um and 32 pm carbon films show
similar photovoltaic responses with a power conversion effi-
ciency (PCE) of ca. 7.3%. The cells generate an open-circuit
potential (V,.) of ca. 0.87 V, a short circuit current density (Jsc)
of ca. 11.2 mA cm 2, and a fill factor (qpp) of ca. 0.77. The
devices with a thicker 44 pm carbon layer displayed a much
lower PCE of 4.5% due to a noticeably low J,. of 7.0 mA cm 2.
The low performance of devices with a thick carbon layer was
assigned to the deficient sensitization of the mesoporous TiO,
layer; the photoanodes are unevenly stained and have areas
with poor dye loading - Fig. S5 (ESIT). The thick carbon layer

Energy Adv.,, 2024, 3, 307-315 | 309
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Fig. 3 Measured Rgneet VS. thickness of screen-printed carbon layers (a),
and J-V curves of small area (S) DSSCs with carbon counter electrodes of
different thicknesses (b).

hinders the dye infiltration to the TiO, layer, leading to
deficient sensitization and underperforming devices.

PSCs. The photovoltaic response of HTM-free PSCs with differ-
ent carbon electrode thicknesses has already been studied.** Most
studies conclude that HTM-free PSCs display the highest PCE with
an optimum carbon layer thickness in the range of 10 to 15 pm;>>”
% in the present study, the thickness of the carbon layer was
chosen to be 13 um.

3.2 Large-area PV devices with embedded Ni mesh

DSSCs. The Ni-mesh was applied to large-area DSSCs (L) with
carbon layers of 13 pm and 32 pum. The -V curves of the cells are
plotted in Fig. 4 and Table 1 summarizes their photovoltaic metrics.
Devices with pristine carbon electrodes have a low fill factor due to
the ohmic losses at the carbon-counter electrode and at the FTO
layer in the front electrode.*® The DSSCs with 13 um and 32 pum
carbon layers delivered PCEs of 1.9% and 2.9%, respectively. The
higher PCE is related to the higher photocurrent. Nevertheless, the
J-V response of both devices is a straight line, which indicates that
high series resistances are hindering the photocurrent response.

Implementing the Ni-mesh on the counter-electrodes improves
the performance of the devices, enhancing the photocurrent and
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Fig. 4 J-V curves of large-area DSSCs (L) with 13 pm (a) and 32 um (b)
carbon layers without and with Ni-mesh applied on top (t) or embedded (e)
in the carbon layer; curves (S) represent the photovoltaic response of
devices with a small area photoanode.

the fill factor (Fig. 4 and Table 1). When Ni-mesh is applied on top
of the 13 um thick carbon layer, the #gr and J. rise from 0.28 and
7.5 mA cm 2 to 0.46 and 10.7 mA cm™ 2, respectively; the PCE
increased from 1.9% to 4.4%, translating to an impressive 132%
improvement.

In the devices with a 32 pm carbon layer, the Ni-mesh was
applied on top (t) or embedded (e) in the carbon layer. In both
cases, the metallic mesh improved the photovoltaic response.
The PCE of the cells was increased from 2.9% to 3.7% (t) and
3.8% (e). Applying the metallic mesh on the top of the carbon
layer (L-Ni(t)) increased the fill factor by 20%; the J,. had a
minor improvement of 5%, and the V,. did not vary. When the
mesh was embedded in the carbon layer (L-Ni(e)), the fill factor
increased by 37%, while the j. and V,. decreased slightly by
3.7% and 3.3%, respectively. Overall, Ni-mesh, either on top or
embedded in the carbon layer, improved the performance of
DSSCs by ca. 29%.

The internal resistances were obtained by EIS analysis for
the devices with and without the Ni-mesh on the counter-
electrode. The Nyquist plots of the L, L-Ni, and S devices are
shown in Fig. 5. The series resistance (Ry), charge transfer
resistance at the counter electrode (Rcg), and the electron
recombination resistance at the photoanode (Ry) were obtained
by fitting the spectra to the equivalent circuit model (Fig. 5c)
to the EIS data and are presented in Table 2. Qcpg cg and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Average and standard deviation photovoltaic metrics of large-area DSSCs (L) with 13 pm and 32 pm carbon films without and with Ni-mesh and

small-area device (S) metrics

Carbon

thickness/pm Device Vool V Jsc/mA ecm™? . PCE/%

13 S 0.86 £ 0.01 11.1 £ 0.1 0.75 £+ 0.01 7.2+ 0.1
L 0.89 £ 0.00 7.5 £ 0.2 0.28 £ 0.00 1.9 £ 0.1
L-Ni(t) 0.90 + 0.01 10.7 + 0.6 0.46 + 0.05 44402

32 S 0.88 £+ 0.00 11.3 £ 0.2 0.78 £+ 0.00 7.4 £ 0.1
L 0.90 £ 0.01 10.8 £ 0.2 0.30 & 0.01 2.9 £ 0.1
L—Ni(t) 0.90 £ 0.01 11.3 £ 0.5 0.36 = 0.01 3.7 0.2
L—Ni(e) 0.87 £ 0.02 10.4 £+ 0.6 0.41 £ 0.01 3.8 £ 0.0

Qcpe k are constant phase elements associated with the
counter-electrode/electrolyte and photoanode/electrolyte inter-
faces, respectively.
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Fig. 5 Nyquist diagrams of DSSCs with 13 um (a) and 32 pm (b) carbon
layer back contacts, for (S) small area devices, (L) large area devices without
Ni-mesh applied, (L-Ni(t)) large area devices with Ni-mesh applied on top,
and (L-Ni(e)) large area devices with Ni-mesh embedded in the counter-
electrode layer; (c) equivalent circuit model used to fit the spectra.

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

The small area devices show a lower R; value when the
carbon counter-electrode is thicker; this correlates with the sheet
resistance of the carbon layers previously presented (Fig. 3a and
Table S1, ESIf). R, decreased from 17.0 to 8.4 Q cm” (Table 2)
when the carbon counter-electrode thickness increased from 13
pm to 32 um, and the sheet resistance of the carbon layers
decreased from 11.5 to 6.0 Q sq " for 13 um and 32 pm layers,
respectively (Table S1, ESIf).

Large-area devices without Ni-mesh show high Ry values,
above 100 Q cm? (Table 2); the photovoltaic performance of
L-cells is then greatly affected by the ohmic losses of the carbon-
counter electrode. The poor conductivity of the carbon layer
reduces the charge collection at the counter-electrode and limits
the charge transfer process at the counter-electrode/electrolyte
interface. L-cells with 13 um and 32 pm carbon layers display an
Rcg of 100 Q@ ecm® and 40 Q cm?, respectively, considerably
higher than for the small devices (S) with an Rcg of only
20 Q cm?. The higher Rcg and R of the L devices with a 13 pm
counter-electrode determined the inferior device performance
compared with cells with a 32 um carbon layer (Table 1). A
minor difference in photovoltaic response was observed in
small-area DSSCs with 13 pm and 32 pm carbon layers. These
results confirm that the conductivity of the carbon layer is only
relevant for the large-area cells.

The application of the Ni-mesh reduced the R; of the L devices
from above 100 Q cm? to ca. 53 Q cm?®. However, the R, values are
still higher compared to those of the small cells (<17 Q em?). The
reason for that is the resistance of the FTO-coated glass when the
device is scaled up.”® The prepared large-area cells with an
embedded Ni-mesh at the counter-electrode display similar Rcg
values 37-39 Q cm’. This shows that when used together with the

Table 2 Resistances of the devices obtained by fitting the equivalent
circuit model (Fig. 5¢) to the Nyquist diagrams

Carbon thickness/um  Device Rg/Q cm®>  Rcp/Q ecm® R /Q cm?
13 S 17.0 22.2 245.6
L 120.6 98.8 251.2
LNi(t)  54.7 38.9 172.3
32 S 8.4 17.4 201.2
L 100.5 39.8 180.6
L-Ni(t)  53.9 37.9 137.3
L-Nie)  52.1 37.2 119.4

Energy Adv.,, 2024, 3, 307-315 | 311
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metallic mesh, the thickness of the carbon layer has no effect on the
charge transfer process at the counter electrode/electrolyte interface.

The conductivity of the counter-electrode is one of the decisive
factors for obtaining high photocurrents and fill factors; it
becomes especially critical for high irradiances (Fig. 6 and 7).
Fig. 6 and Table S3 (ESIt) show the J-V curves and photovoltaic
parameters of a DSSC device incorporating a 13 pm carbon layer
counter-electrode with an embedded Ni-mesh for light irradiances
ranging from 0.1 up to 2 suns; for this device, the current density
continuously increases with the light irradiance. On the other
hand, the photocurrent of a cell incorporating a simple 13 um
carbon layer counter-electrode (Fig. 6a) is similar for light irra-
diances above 1 sun since the conductivity of the counter-electrode
limits the photogenerated current. Applying the Ni-mesh consider-
ably increases the photocurrent at light irradiances above 1 sun
(Fig. 6b). Moreover, the devices with Ni-mesh show higher 7 for
all light irradiances due to the improved conductivity of the
counter-electrode.

Similar to the devices incorporating a 13 pm carbon layer,
embedding a Ni-mesh in a 32 um carbon layer improves the #gg
of the devices at all light intensities (Fig. 7 and Table S4, ESIT),
and its effect on the photocurrent of devices increases with the
light intensity (Fig. 7b and c).

Even the current density of the large DSSC device, incorpor-
ating a counter-electrode thickness of 32 um, is hindered by the
ohmic losses at the carbon layer for light irradiances above 1
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g 16 4 —0—1.5Sun
< 1 Sun
S 124 —v— 0.5 Sun
> 0.3 Sun
D —+—0.1 Sun
c 8-

[0

©

5

© 0 T T T T T T v
e b) 13-L-Ni (t) —=—23un
S 164 —o— 1.5 Sun
< 1 Sun
E 12 —v— 0.5 Sun
> 0.3 Sun
‘@

c

0]

©

c

o

5

o

8 .
4 4
'««««««w‘
0 T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0
Potential / V

Fig. 6 Incident light-dependent current-density vs. potential curves of
large-area DSSCs with 13 pm carbon film (13-L) without (a) and with (b) Ni-
mesh applied on top (t) of the carbon layer.
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Table 3 Average and standard deviation photovoltaic parameters of
large-area PSCs (L) without and with Ni mesh along small-area devices (S)

Device Voo/V Jse/mA cm ™2 Neel% PCE/%

S 0.82 +£0.01  24.8 +0.3 0.58 + 0.01 11.9 + 0.5
L 0.83 £0.01  12.9 £ 1.1 0.27 + 0.00 2.9 + 0.3
L-Ni 0.81 + 0.01 16.3 + 0.5 0.31 + 0.02 41404

sun (Fig. 7a). This fact highlights that strategies for improving
carbon-counter electrode conductivity are relevant and neces-
sary for developing high-power output commercial devices.

PSCs. Similar to DSSCs, the low conductivity of the carbon
back contact negatively affects the performance of large-area PSCs,
since they rely on this carbon layer for charge collection. The
characteristic /~V curves and photovoltaic parameters of large
HTM-free PSCs without and with a Ni-mesh are presented in
Fig. 8 and Table 3. Embedding the Ni-mesh on the carbon layer
increases the Ji. and #gp of the large area PSCs by ca. 26% and 15%,
respectively. The Ni-mesh enhances the performance of the cells by
41%, improving the PCE from 2.9% to 4.1%. The PCE increases
because the series resistance decreases (Fig. S6 and Table S5, ESIt).

The application of a Ni-mesh reduced the R, of large-area devices
from 73.5 Q cm® to 36.5 © cm”. Small area devices (S) show R; values
of 18.9 Q em?, inferior to the L cells and similar to the DSSCs with
the same carbon layer thickness. The higher R, of large area PSCs
with embedded Ni-mesh, compared to the small cells, implies
that the photovoltaic performance of the devices is limited by
the ohmic losses at the carbon layer but also at the TCO layer.
Several strategies to improve the TCO layer conductivity are
proposed in the literature®>*® and can be implemented and
assessed in further research in combination with the Ni-mesh in
the back-contact.

4. Conclusions

The poor conductivity of carbon-counter electrodes is a major
obstacle to obtaining efficient scaled-up M-DSSCs and PSCs.
Improving the conductivity of carbon electrodes by just increasing
the carbon layer thickness has relevant drawbacks, namely related
to the sensitization of the photoanode with the dye, in the case of
the DSSC devices, and the perovskite absorber infiltration and
crystallization, in the case of PSCs.

This work addresses the low electric conduction of the
carbon-based counter-electrodes by incorporating decal Ni-
mesh on the carbon layer. The decal Ni-mesh was prepared by
Ni electroplating on FTO-coated glasses; and photolithography
was used to create the desired mesh pattern. The performance
of the large-area M-DSSCs with 13 um and 32 pm carbon layers
and embedded Ni-mesh improved from 1.9% and 2.9% to 4.4%
and 3.8%, respectively, mainly due to an improved #gr and J,
showing that the best-performing counter-electrode was made
of a 13 pm carbon layer with an embedded Ni-mesh. Moreover,
for high incident light irradiances above 1 sun, the DSSC devices
with a simple carbon layer as a counter-electrode showed a
saturated current density. However, when a Ni-mesh was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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incorporated, the current density considerably increased with
the irradiance above 1 sun.

An equivalent behavior was observed for the PSCs. When the
Ni-mesh was applied to a large-area PSC, the power conversion
efficiency increased from 2.9% to 4.1%. The improved perfor-
mance when incorporating the Ni-mesh was assigned to a
reduction to half of the series resistance, which decreased the
ohmic losses of the carbon-based counter-electrode.

Electroplating Ni is a simple, low cost and widely used
industrial process for various applications. The fabrication of
the Ni-mesh by this method and the integration of a composite
carbon-Ni counter-electrode into DSSC and PSC devices is
advantageous for the upscaling of these technologies. A
stand-alone Ni-mesh can easily be produced in different shapes
and sizes and incorporated into other materials to improve
their conductivity.
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