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ability and efficiency of carbon-
based perovskite solar cell performance with ZrO2-
decorated rGO nanosheets in a mesoporous TiO2

electron-transport layer†

Anjan Kumar, a M. I. Sayyed,bc Anmar Ghanim Taki,*d Vanessa Valverdee

and Eduardo Hernándeze

Improving the role of electron-transport layers (ETLs) in carbon-based perovskite solar cells (CPSCs) is

a promising method to increase their photovoltaic efficiency. Herein, we employed rGO sheets

decorated with ZrO2 nanoparticles to increase the electron transport capability of mesoporous TiO2

ETLs. We found that the rGO/ZrO2 dopant enhanced the conductivity of the ETL, reducing the charge-

transfer resistance at the ETL/perovskite interface and reducing charge recombination in the

corresponding CPSCs. Notably, this dopant did not effectively change the transparency of ETLs, while

increasing the light-harvesting ability of their own top perovskite layer by improving the crystallinity of

the perovskite layer. The rGO/ZrO2-containing ETLs produced a champion efficiency of 15.21%, while

devices with a net ETL recorded a maximum efficiency of 11.88%. In addition, the modified devices

showed a higher stability behavior against ambient air than the net devices, which was linked to the

passivated grain boundaries of the modified perovskite layers along with the improved hydrophobicity.
Introduction

Perovskite materials with the general formula ABC3 are widely
employed in solar cell applications due to their excellent optical
properties as a light-harvesting layer.1,2 In earlier studies, the
efficiency of perovskite-based solar cells was around 3–4%,3

which with massive efforts has been raised to 25.8% in recent
state-of-the-art studies.4 In addition to the favorable efficiency
reported for perovskite solar cells, the price of these devices is
too high for their large-scale production, mainly due to the costs
of the hole-transport materials and metal electrodes. Besides,
their environmental stability is not sufficient for their
commercialization.5–8 Perovskite solar cells without a hole-
transport layer and carbon electrodes (HTL-free CPSCs) offer
the potential for solar cells with reasonable prices and good
environmental stability.9–11 In HTL-free CPSCs, carbon
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electrodes have two roles: as a back electrode and blocking
electron carriers. Compared with state-of-the-art perovskite-
based solar cells, HTL-free CPSCs have lower efficiency, and
further attempts are thus needed to increase their efficiency.12

Ku et al. for the rst time used carbon-based electrodes in HTL-
free devices with an architecture of FTO/c-TiO2/m-TiO2/ZrO2/
MAPbI3/carbon and recorded an efficiency of 6.64%.13 Rong
et al. synthesized (100)-TiO2 nanosheets and used these as an
ETL in HTL-free CPSCs. They raised the efficiency of HTL-free
CPSCs to 10.64%.14

The modication of ETL and/or engineering the interface of
ETL/perovskite in CPCSs are two eligible routes to increase the
performance of CPSCs.15–18 Qiang et al. doped the SnO2 ETL with
lithium ions to increase the photoelectrons' lifetime and solar
cell current density. The lithium-doped ETL brought them an
efficiency of 10.01% for HTL-free CPSCs.19 Li et al. tailored both
interfaces of ETL/perovskite and perovskite/carbon in HTL-free
CPSCs. They used FAI/IPA solution for the treatment of the SnO2

ETL and also carbon electrodes. This dual interface engineering
improved the light-harvesting ability of as-fabricated devices
and suppressed nonradiative recombination in the HTL-free
CPSCs.20 Kumar et al. treated SnO2 ETLs with yttrium uoride
material to increase the photovoltaic performance of HTL-free
CPSCs. They showed that yttrium uoride hindered the
residual PbI2 in the perovskite layer, reduced the charge traps,
and facilitated the charge-transfer mechanisms in a solar cell
system.21 Wu et al. developed a new urea–TiCl4 solution for post-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
treatment of a TiO2 ETL. They showed that urea could control
the TiCl4 pH, which induced the formation of the anatase TiO2

phase in the ETL. Indeed, the urea–TiCl4 treatment increased
the electrical conductivity of the TiO2 ETL and shied its
conduction band energy level up to better align with the
perovskite energy level, resulting in a higher electron extraction
rate in the CPSCs.22 Liu et al. developed Mg-doped TiO2 to
increase the efficiency of CPSCs. They found that the Mg dopant
increased the electrical conductivity of the TiO2 ETL and shor-
ted the carriers' decay time. A Mg-doped ETL was reported that
induced electron extraction and reduced the charge recombi-
nation rate within CPSCs, recording an efficiency of 15.73%.23

He et al. introduced S2− ions into SnO2 ETLs using thiourea
material. They showed that the S2− ions captured Pb2+ ions at
the ETL/perovskite interface and reduced the trap density in the
perovskite layer, resulting in an improvement in the photovol-
taic properties of HTL-free CPSCs.24

Due to their good conductivity, electron affinity, and trans-
parency, reduced graphene oxide (rGO) and its derivatives can
be considered desirable candidates for improving the roles of
TiO2 ETLs in HTL-free CPSCs.25–28 Nouri et al. used rGO mate-
rials to enhance the electron lifetime and charge recombination
resistance in solar cells, which boosted the photovoltaic effi-
ciency in PSCs.29 Recently, Kadhim et al. introduced rGO/Bi2O3

into the mesoporous TiO2 layer for tailoring ETLs. They showed
that the modied ETLs had a higher charge extraction at the
ETl/perovskite interface, which increased the solar cells' effi-
ciency to 17.21%.30 Bagha et al. used rGO nanosheets for
modifying ZnO ETLs. They found out that the rGO materials
reduced interfacial resistance at the ZnO/perovskite interface
and increased the PCE of PSCs.31

In the current study, for the rst time, we developed a rGO/
ZrO2 nanocomposite additive for a mesoporous TiO2 (mp-TiO2)
precursor to increase the photovoltaic performance of HTL-free
CPSCs. The rGO/ZrO2-containing mp-TiO2 layers showed higher
electrical conductivity than the net mp-TiO2. In addition, the
incorporation of rGO/ZrO2 in to mp-TiO2 reduced its surface
roughness, resulting in an improved perovskite layer
morphology and reduced surface defects. It was found that the
charge interfacial resistance in as-fabricated rGO/ZrO2-con-
taining devices was lower than that of the net devices, which
facilitated charge transfer in the corresponding solar cells. The
efficiency of the HTL-free CPSCs could be increased from
11.88% to 15.21% using this ETL modication. Notably, the
improved perovskite crystallinity caused by rGO/ZrO2 modi-
cation increased the ambient air stability of the HTL-free
CPSCs.

Experiments
Synthesis of rGO nanosheets

First, 500 mg graphite powder (99%, Alfa Aesar) and 1.5 g
permanganate (99%, Merck) were added to a beaker and
25 mL sulfuric acid (98%, Merck) was poured into this while
stirring in an ice bath for 6 h. The solution temperature was
kept 10 °C. Then, the graphite solution was stirred at RT for
45 min. Next, 200 mL distilled water (DW) was poured into the
© 2024 The Author(s). Published by the Royal Society of Chemistry
beaker and sonicated for 2 h at RT. By the addition of sodium
hydroxide (98%, Merck) solution (1 M), the pH of the
suspension was controlled at 6, followed by sonication for 1 h.
Aer that, 5 g L-ascorbic acid (99%, Merck) was poured in
50 mL DW and dropped into the graphite oxide solution at RT.
This solution was stirred at 95 °C for 120 min for reduction of
the graphite oxide. The obtained precipitates were ltered and
washed with DW and a 1 M hydrochloric acid solution (37%,
Merck) to reduce the pH to neutral. Finally, the washed
precipitates were dried at 50 °C for 24 h to obtain the rGO
nanosheets.

Synthesis of rGO/ZrO2 nanocomposites

The rGO/ZrO2 nanocomposite was synthesized by hydrothermal
method. Here, 70 mg of rGO sheets was ultrasonically dispersed
in 50 mL of DW for 2 h. Aer that, rGO dispersion was added to
a beaker containing 30 mL of 0.03 M ZrOCl2$8H2O and stirred
for 30 min at RT. The nal dispersion was sonicated for 2 h, and
1 mL of hydrazine hydrate was then added to it. The obtained
solution was transferred into a stainless steel Teon-lined
autoclave at 185 °C for 24 h. The dark-colored material was
centrifuged. The obtained material was washed with distilled
water and subsequently by ethanol, followed by drying at 60 °C
overnight.

Device preparation

The hole-blocking titanium dioxide (h-TiO2) pre-solution was
prepared by mixing 5 mL ethanol (EtOH, 99.8%, Merck) and 350
mL titanium(IV) tetra isopropoxide (TTIP, 98%, EXIR) in the
presence of 35 mL hydrochloride acid (2 M) (HCl, Merck). Next,
50 mL of h-TiO2 solution was spread on the FTO substrate and
spin-coated at 4000 rpm for 30 s, followed by baking at 450 °C
for 30 min. Then, 500 mg of mesoporous titanium dioxide (mp-
TiO2) paste (Dyesol, 25 NR paste) was poured in 4.250 mg of
EtOH and stirred for 24 h at RT to prepare the mp-TiO2

precursor. To prepare the doped ETLs, 5 mg of rGO/ZrO2 or rGO
materials was dispersed into 1 mL EtOH by sonication for
45 min at RT. Then, different amounts of them in varied volume
ratios were added to mp-TiO2 precursors and stirred for 24 h at
RT. Next, 75 mL of net or doped mp-TiO2 solutions were spin-
coated on the h-TiO2 layer at a speed of 3500 rpm for 25 s, fol-
lowed by baking at 500 °C for 60 min. Here FAPbI3 was used as
a light-harvesting layer, and its pre-solution was prepared by
dissolving 0.461 g of lead iodide (PbI2, 99.9%, Lumtec) in 769 mL
of solvents of dimethyl sulfoxide (DMSO, 99.9%, Merck) and
dimethylformamide (DMF, 99.8%, Merck) in a volume ratio of
1 : 9, followed by stirring at 80 °C for 45 min. Then, 0.171 g of
FAI (99.8%, Lumtec) and 0.27 g of MACl (99.8%, Merck) were
mixed with the PbI2 precursor and sonicated for 10 min at RT.
The perovskite layer was formed by spin-coating 75 mL of FAPbI3
solution over the ETLs at 5000 rpm for 30 s. Then, they were
annealed at 150 °C for 15 min. During the spin-coating process,
500 mL of toluene (99.8%, Merck) was swily poured on to the
perovskite to promote perovskite growth. Dyenamo, a DN-CP01
carbon paste, was bladed on the FAPbI3 lms to fabricate
carbon electrodes, followed by annealing at 70 °C for 30 min.
Nanoscale Adv., 2024, 6, 548–558 | 549
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Characterization

A TEM Philips EM 208S instrument and Mira3 TESCAN eld
emission SEM instrument were employed to record the TEM
and FESEM images of the samples, respectively. An AFM Vecco
device was used to measure the surface roughness of the mp-
TiO2 layers. An XRD Philips PW1730 X-ray diffractometer
collected the XRD patterns of the rGO, ZrO2, rGO/ZrO2, and
perovskite layers. A UV-VIS Thermo Biomate5 spectrophotom-
eter was used to investigate the absorbance of the perovskite
lms and also the transmittance of the mp-TiO2 layers. A PL
CARY ECLIPSE device recorded the photoluminescence (PL)
response of the perovskite layers coated on different ETLs. To
measure the PL, the samples were excited at a wavelength of
450 nm. A Keithley 2401 instrument under calibrated AM 1.5
light irradiance was used to measure the current density–
voltage curves of the carbon-based HTL-free PSCs to calculate
the photovoltaic performance and stability behavior of the as-
fabricated devices. A contact angle CAG-20 instrument was
used to calculate the contact angle of water droplets on the
perovskite layers. Raman spectra of the NPs were recorded
using a Raman Takram P50C0R10 device.
Results

As explained in the experimental section, we synthesized the
rGO/ZrO2 nanocomposite to use as a dopant for the mp-TiO2
Fig. 1 Schematic of the fabrication process of the HTL-free CPSCs use

550 | Nanoscale Adv., 2024, 6, 548–558
precursor. Further discussion on the successful formation of
this nanocomposite is provided in Notes 1 and 2, ESI.†

As shown in Fig. 1, we fabricated perovskite solar cells with
the normal structure of FTO/h-TiO2/mp-TiO2/FAPbI3/carbon. We
doped the mp-TiO2 layer with the rGO/ZrO2 material to increase
its potential as an ETL in HTL-free CPSCs. Indeed, different
amounts of rGO/ZrO2 solution (5 mg mL−1 in EtOH) in varied
volume ratios were added to the mp-TiO2 pre-solutions to obtain
0–6% rGO/ZrO2 doped ETL precursors. Employing different
ETLs, we assembled HTL-free CPSCs and measured their J–V
characteristics (Fig. S3†). Their calculated photovoltaic parame-
ters are listed in Table S1.† As can be seen in Table S1,† by
increasing the doping level of mp-TiO2 with rGO/ZrO2 up to 4%,
the efficiency of the solar cells increased. When further
increasing the dopant in the ETL, the photovoltaic efficiency of
the devices was reduced. In the optimal doping level, a champion
efficiency of 15.21% with a VOC of 0.930 V, JSC of 23.11 mA cm−2,
and FF of 70.76% was recorded for HTL-free CPSCs. Meanwhile,
a champion PCE of 11.88% with a VOC of 0.85 V, JSC of 22.79 mA
cm−2, and FF of 61.32% was recorded for HTL-free CPSCs with
net ETLs. Fig. S4† shows the IPCE spectra of the net and rGO/
ZrO2-basedHTL-free CPSCs to investigate the JSC calibration. The
integrated JSC obtained for the net and rGO/ZrO2-based HTL-free
CPSCs were 22.49 and 22.61 mA cm−2, respectively. The IPCE
nding are in line with J–V measurements.

To show the novelty of the current study, we established
a comparison between rGO and rGO/ZrO2. For this reason, we
d in this study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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also doped mp-TiO2 ETLs with 4% rGO material, and based on
these ETLs, we fabricated HTL-free CPSCs. For better insights,
the statistical distributions of the VOC, JSC, FF, and PCE related
to the net, rGO/ZrO2, and rGO-based devices are depicted in
Fig. 2 (a–d) Photovoltaic parameters distributions of HTL-free CPSCs ba
and rGO-based ETL devices. (f) HI behaviors of the net- and rGO/ZrO2-

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 2a–d. The corresponding photovoltaic parameters are listed
in Table 1. Both the rGO- and rGO/ZrO2-doped devices recorded
higher efficiencies. Notably, the rGO/ZrO2-doped devices dis-
played higher photovoltaic performances compared with the
sed on different ETLs. (e) J–V curves of the champion net-, rGO/ZrO2-,
based devices.

Nanoscale Adv., 2024, 6, 548–558 | 551
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Table 1 Photovoltaic parameters calculated from the J–V response of
the net, rGO/ZrO2, and rGO-ETLs HTL-free CPSCs

Device name VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Net Average 0.816 22.61 58.96 10.88
Best 0.850 22.79 61.32 11.88

rGO/ZrO2 Average 0.900 22.74 70.31 14.39
Best 0.930 23.11 70.76 15.21

rGO Average 0.894 22.62 69.09 13.97
Best 0.930 22.83 69.01 14.65
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rGO-doped devices. In addition, Fig. 2e shows the J–V responses
of the best-performing devices for these three kinds of ETLs. As
listed in Table 1, the rGO-doped devices had a champion effi-
ciency of 14.70%, lower than the recorded value for the rGO/
ZrO2-doped devices. This comparison shows that rGO/ZrO2 is
a better candidate than the pure rGO for ETL modication in
PSCs.

Fig. 2e shows the J–V characteristics of HTL-free CPSCs based
on net and rGO/ZrO2-doped ETLs in the reverse and forward sweep
directions to study the effects of ETL modication on the hyster-
esis phenomenon. Calculating the PCE of devices in both direc-

tions and using the formula of HI ¼ ðPCErev � PCEforÞ
PCErev

� 100%

can obtain the HI value of the devices.32,33 The HI value of the net
device was 11.22%, which was higher than the obtained HI value
for the rGO/ZrO2-doped ETL (5.960%). As the literature reports,
hysteresis in HTL-free CPSCs mainly relates to charge accumula-
tion at perovskite interfaces with the ETL and carbon electrodes.34

Because rGO/ZrO2 affects the ETL/perovskite interface, it can be
concluded that ETL modication reduces charge accumulation in
the corresponding HTL-free CPSCs.

Fig. 3a shows the transmittance spectra of different mp-TiO2

ETLs. By adding 4% of rGO/ZrO2 or rGO to the mp-TiO2 layer,
the transparency of ETL was slightly reduced. As shown in
Fig. S5,† by increasing the doping level of rGO/ZrO2 to 6%, the
transparency of the ETL was signicantly reduced, which may
Fig. 3 (a) Transmittance of different ETLs. (b) Absorbance of perovskites

552 | Nanoscale Adv., 2024, 6, 548–558
be due to the reduced irradiance received by the perovskite layer
and consequently the reduced current density in the solar cells.
Fig. 3b shows the absorbance spectra of perovskite layers with
net, 4% rGO/ZrO2-doped, and 4% rGO-doped ETLs. As can be
seen, all the perovskite layers showed the same absorbance
ability and the same absorbance edge position of 816 nm.35,36

Fig. S6† shows the PL spectra of different perovskite layers
fabricated on ETLs doped with 0–6% rGO/ZrO2 material. The
results show that 4% rGO/ZrO2 increased the suppression of
charge recombination in the perovskite layer, leading to effi-
ciency improvements in the corresponding HTL-free CPSCs (see
Table S1†). In addition, the PL spectra of perovskite layers with
net, rGO/ZrO2, and rGO ETLs were measured (Fig. 4a). The
incorporation of rGO or rGO/ZrO2 material to mp-TiO2 ETL
suppressed the intensity of the PL peaks of the corresponding
perovskites compared with net perovskite layer, indicating the
reduced charge recombination in the ETLs-doped devices.
Suppressing charge recombination in a solar cell increase its
VOC parameter.37,38 Notably, the suppression of charge recom-
bination in the rGO/ZrO2-doped ETL was higher than in the
rGO-doped ETL, which concords with the results listed in Table
1. The reason behind the PL quenching in rGO/ZrO2 is the
faster-transferring path for the photogenerated carriers from
the FAPbI3 to the FTO, which decreases the recombination rates
in the device.39 To prove this conclusion, the electrical
conductivity of ETLs was measured by recording their dark I–V
(Fig. 4b). As reported, the slope of the I–V curves is directly
correlated with electrical conductivity, which means that
a higher I–V slope indicates a higher conductivity. As depicted
in Fig. 4b, the rGO/ZrO2-doped ETL had a higher electrical
conductivity, even above that of the rGO-doped ETL, indicating
a more facilitated charge transfer and improved FF parameter
in this device.25,40

Fig. 5 shows the XRD pattern of FAPbI3 perovskite layers on
the net, rGO/ZrO2-, and rGO-doped ETLs. All the perovskite
layers showed the same a-phase crystal structure without any
non-perovskite d-phase, revealing the successful formation of
fabricated on different ETLs of net, rGO/ZrO2, and rGO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) PL of ETLs/perovskites. (b) Conductivity of different ETLs.
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perovskite layers using the anti-solvent assistedmethod.41,42 The
ratios of the PbI2 phase to the (001) plane of FAPbI3 (Pb/(001))
were 0.381, 0.254, and 0.290 for the net, rGO/ZrO2-doped, and
rGO-doped FAPbI3 layers, respectively. The reduced Pb/(001) in
the doped ETLs compared with the net ETL indicated a partial
suppression of the residual PbI2 in the perovskite layer, which
weakened the reaction of unbonded PbI2 materials with
humidity to accelerate perovskite degradation. As concluded by
Gao et al.,43 too much lead iodide can jeopardize the perfor-
mance of perovskite devices, while a moderate PbI2 excess is
useful for the performance of PSCs. This dual nature of PbI2
excess has also been practically observed in research.44 In our
case, we believe that the presence of 38% residual PbI2 can be
considered too much PbI2 and needs to be reduced to lower
levels. In addition, the intensied XRD peaks in the rGO/ZrO2-
doped material suggest a better formation of FAPbI3 perovskite
Fig. 5 XRD patterns of different FAPbI3 layers. (a) Net ETL, (b) rGO/ZrO2

© 2024 The Author(s). Published by the Royal Society of Chemistry
than the others, which can contribute to the improved photo-
voltaic performance of HTL-free CPSCs.

As shown in Fig. 6, the fabricated perovskite layer on the net
ETL had obvious surface defects and pinholes (Fig. 6a). In
contrast, the rGO/ZrO2- and rGO-doped ETLs were better
substrates for perovskite formation, leading to lower defects
and compact perovskite layers (Fig. 6b and c). The surface
defects in the net perovskite layer act as charge traps and
increase charge recombination in related HTL-free CPSCs,
which reduces photovoltaic performance in solar cells. In
addition, these defects increase the humidity adsorption in the
perovskite surface, reducing the stability behavior of devices. To
nd a reason for the improved crystallinity and morphology of
the FAPbI3 layer on the rGO/ZrO2-doped ETL, AFM tests were
employed. The RMS roughness (Sq) of the net and rGO/ZrO2-
doped ETL were obtained at 21.23 and 14.35 nm, indicating that
-doped ETL, and (c) rGO-doped ETL.

Nanoscale Adv., 2024, 6, 548–558 | 553
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Fig. 6 FESEM images of different perovskite layers fabricated on: (a) Net, (b) rGO/ZrO2-, and (c) rGO-doped ETLs. AFM images of (d) Net and (e)
rGO/ZrO2-doped ETLs.
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the rGO/ZrO2 could reduce the surface roughness of mp-TiO2

layers. We believe a smoother ETL enables an easier spreading
of the FAPbI3 precursor during the spin-coating process, which
can guarantee the formation of the FAPbI3 phase during pour-
ing the anti-solvent.
Fig. 7 Electron only and EIS curves of (a) electron-only devices and (b)

554 | Nanoscale Adv., 2024, 6, 548–558
To investigate the trap state density of the perovskite layers
fabricated on different ETLs, electron-only devices were fabri-
cated, and their dark J–V characteristics were recorded (Fig. 7a).
As shown, the device with the rGO/ZrO2-doped ETL had a trap-
lled limit voltage (VTFL) of 0.31 V, and the device with rGO-
HTL-free CPSCs based on net, rGO/ZrO2, and rGO ETLs.

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00757j


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 5

/3
/2

02
6 

1:
02

:0
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
doped ETL had a higher VTFL of 0.41 V. The net ETL had the
highest VTFL of 0.68 V. Having the value of VTFL, and using the
following relation, the trap state density (Nt) can be calculated.45

Nt ¼ 2VTFL330

qL2
(1)
Fig. 8 Stability tests of devices in dark conditions in (a) ambient air with
with a relative humidity level of 25–30% at temperature of 50 °C. Contact
net, (d) rGO-, and (e) rGO/ZrO2-doped ETLs. (f) Light stability of devices i
100 mW cm−2 at a temperature of 30 °C. (g) Thermal stability of device
a relative humidity of 25–30%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
where q is the electron charge, L is the perovskite thickness, 30 is
the vacuum permittivity, and 3 is the perovskite dielectric
constant.Nt was estimated for the net, rGO/ZrO2-, and rGO-doped
ETLs as 2.09 × 1016, 0.95 × 1016, and 1.26 × 1016, respectively. It
could be concluded that the rGO/ZrO2 dopant decreased the trap
states in the perovskite lm, higher than the pure rGO dopant
a relative humidity of 25–30% at room temperature and (b) ambient air
angles of water droplets on the perovskite layers fabricated over the (c)
n an inert N2 environment under simulated sunlight with an intensity of
s at a temperature of 50 °C in dark conditions in an environment with

Nanoscale Adv., 2024, 6, 548–558 | 555
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and suppressed interface or bulk charge recombination,
increasing the VOC and the efficiency of solar cell devices.46,47 By
tting J0.5–V curve with the Mott–Gurney law in the SCLC region,
the electron mobility (m) can be calculated (Fig. S7†).

JD
0:5 ¼ 3V

ffiffiffiffiffiffiffiffiffiffi

303rm
p
ffiffiffiffiffiffiffiffi

8L3
p (2)

The computed m values for net, rGO/ZrO2-, and rGO-doped
ETLs were 9.18 × 10−6, 3.09 × 10−3, and 1.45 × 10−3 cm2 V−1

s−1, respectively. The improved mobility was well consistent
with the improved FF in the corresponding HTL-free CPSCs47–49

and supported the PL ndings.
Deeper investigations into the charge transfer mechanism

were carried out by measuring electrochemical impedance
spectroscopy (EIS) of HTL-free CPSCs around the open-circuit
voltage in dark conditions (Fig. 7b). By tting Nyquist plots
with equivalent circuit (inset of Fig. 7b), the transfer resistance
(Rtr) and charge-recombination resistance (Rrec) could be found.
As reported, the rst semicircle is related to Rtr mainly at the
perovskite interfaces. The second semicircle is related to Rrec at
the bulk or perovskite interfaces. The Rtr values for the net, rGO/
ZrO2-, and rGO-doped ETLs were obtained as 64.2, 24.7, and
37.2 U cm2, respectively. The reduced Rtr in the rGO/ZrO2-based
devices indicated the faster charge recombination at the ETL/
perovskite interface.50,51 The Rrec values for the net, rGO/ZrO2-,
and rGO-doped ETLs were obtained as 184.6, 342.7, and 414.3 U
cm2, respectively. The raised Rrec reveals the effectively reduced
charge recombination.

Overall, as discussed in Note 1, ESI,† the incorporation of ZrO2

into the rGO sheets increased the electrical conductivity of the
rGOmaterials. Therefore, doping the ETL with rGO/ZrO2material
increased the conductivity of the ETL, even higher than the net
rGO dopant. The faster charge transfer at the ETL/perovskite
interface caused by rGO/ZrO2 doping of the ETL reduced the
charge accumulation at this interface and hindered charge
recombination losses within the solar cells. These phenomena
increase the photovoltaic performance of HTL-free CPSCs.

To monitor the stability of HTL-free CPSCs, different unen-
capsulated devices were kept in ambient air at room temperature
(Fig. 8a) and in ambient air at a temperature of 50 °C (Fig. 8b),
and their J–V responses were recorded during the aging time. As
shown in Fig. 8, the rGO/ZrO2-based solar cells had more stable
behavior than the net and rGO-based solar cells. The improved
stability of the rGO/ZrO2-based devices was correlated to the
boosted perovskite crystallinity and reduced surface defects.52 In
addition, the contact angles of water droplets on the net, rGO/
ZrO2, and rGO-based perovskite layers were measured (Fig. 8c–e).
The contact angle of the water droplet on the rGO/ZrO2-based
layer was 83.19°, higher than the 79.13° for rGO-based layer and
72.16° for the net layer. This indicated the rGO/ZrO2-based
perovskite layer hadmore humidity resistance compared with the
other layers, leading to its higher ambient air stability.49 For
a deeper study on the improved thermal stability of rGO/ZrO2-
based devices, XRD patterns of the net and rGO/ZrO2-based
perovskite layers were investigated aer 340 h aging time at
ambient air at a temperature of 50 °C (Fig. S8†). It was found that
556 | Nanoscale Adv., 2024, 6, 548–558
the net perovskite layer during thermal stability degraded to
organic components, leading to an intensied PbI2 phase in the
layer, and also a weak non-perovskite FAPbI3 phase (d-phase) was
formed. In contrast, the degradation of the rGO/ZrO2-based
perovskite layer during thermal stability was slight and was not
observed in any d-phase in its XRD pattern. Importantly, the light
stability of unencapsulated HTL-free CPSCs was investigated
under simulated sunlight irradiance in an inert N2 environment
at a temperature of 30 °C (Fig. 8f). It was found that under irra-
diation, the rGO/ZrO2-basedHTL-free CPSCs cell kept 95.1% of its
pristine performance aer 1056 h aging time, higher than the
70.6% remaining for the net HTL-free CPSCs. This was attributed
to the improved crystalline properties of the rGO/ZrO2-based,
which can avoid perovskite degradation under irradiance. Fig. 8g
shows the thermal stability of HTL-free CPSCs at a temperature of
85 °C in an environment with a relative humidity of 25–30%. In
the initial times of the stability test at the temperature of 85 °C, all
the CPSC devices began to degrade faster than at the temperature
of 50 °C, but eventually, the perovskites degradation rate
decreased. It was found that the rGO/ZrO2-based HTL-free CPSCs
cell kept 84%% of its initial PCE aer 408 h aging time, higher
than the 70% and 80% remaining for the net and rGO-based
HTL-free CPSCs, respectively.
Conclusion

Herein, we developed rGO/ZrO2 nanocomposites to dope mp-
TiO2 ETLs in HTL-free CPSCs. The results showed the rGO/ZrO2

dopant increased the electrical conductivity of the ETL, leading
to reduced charge accumulation at the ETL/perovskite interface.
In addition, it was observed that the rGO/ZrO2 dopant reduced
the charge-transfer resistance in devices, suggesting a faster-
transferring path for photogenerated carriers from the FAPbI3
to the FTO, which decreases the recombination rates in HTL-
free CPSCs. Eventually, the modication of mp-TiO2 increased
the efficiency of HTL-free CPSCs from 11.88% to 15.21%.
Notably, our ndings showed that the rGO/ZrO2 dopant
compared with pure rGO is a better candidate for ETL modi-
cation. In addition, the rGO/ZrO2-based solar cells device
showed improved stability against ambient air, heating and
irradiance than the net HTL-free CPSCs.
Data availability

Data will be available based on reasonable request.
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