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The application of chemically modified carbon nanotubes (CNTs) and nanohorns (CNHSs) for perovskite
solar cells (PSCs) has been almost limited to their use as electrodes, underutilizing their potential as
charge-selective transporting materials. In this work, a comprehensive study of the implementation of
carbon nanomaterials (CNMs) as additives for spiro-OMeTAD is presented. A detailed chemical
characterization of the hybrid carbon nanostructures is performed, including optoelectronic and thermal
properties, showing the potential of the modified CNMs to be implemented in photovoltaic devices. The
incorporation of CNMs into spiro-OMeTAD induces an energy shift of the spiro-OMeTAD energy levels,
optimizing the energy band alignment with the perovskite when spiro-OMeTAD is combined with
porphyrin-functionalized single-wall CNTs (SWCNTs). CNM-doped spiro-OMeTAD resulted in improved
power conversion efficiencies (PCEs) in comparison to the reference devices, reaching a maximum PCE
of 19.8% for zinc-metalated porphyrin (ZnP)-SWCNT hybrids. The PCE enhancement is primarily

attributed to the improved morphology and contact interface of the perovskite/hole-transporting
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Accepted 23rd October 2025 material (HTM) layer, as well as to the increased hole mobility. Furthermore, stability tests show an

_ improvement in the stability under ambient storage for the cells incorporating porphyrin-functionalized
DOI: 10.1039/d5ta07147) SWCNTs compared to the reference device, which is ascribed to the higher hydrophobicity resulting

rsc.li/materials-a from the presence of CNMs.

enhance device stability.>* Carbon nanomaterials (CNMs) have
attracted the attention of the scientific community in the field
of materials science for their potential application in optoelec-

Introduction

Since the ground breaking report of Miyasaka and co-workers in

2009, perovskite solar cells (PSCs) have emerged as the most
promising technology to complement silicon-based devices,
reaching nowadays power conversion efficiencies (PCEs) of up
to 27.0%.? Despite their outstanding photovoltaic performance,
comparable to the best-performing silicon-based devices, the
lack of long-term stability hinders the rapid implementation of
PSCs in the photovoltaic market. In this context, the introduc-
tion of complementary materials and additives in the fabrica-
tion of the devices is envisioned as an important approach to
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tronic devices. While fullerene derivatives have been success-
fully introduced in the field of photovoltaics due to their
exceptional electron-accepting character, other nanostructures
such as carbon nanotubes (CNTs), graphene or carbon nano-
horns (CNHs) are still far from implementation in the photo-
voltaic field. The exceptional charge carrier properties of
graphene and CNTs, along with their superior chemical and
mechanical stability, make these alternative CNMs ideal mate-
rials for enhancing the long-term stability of photovoltaic
devices, mainly in the case of PSCs.

The efficient integration of CNMs into PSCs has mostly been
limited to the use of fullerene derivatives as efficient organic
electron-transporting layers (ETLs) in inverted devices, the most
prominent being derivatives such as PCq;BM, although some
fullerene materials have also been incorporated as hole-trans-
porting materials (HTMs) or additives.”** Due to their excellent
chemical and mechanical stability, the use of CNMs has typi-
cally focused on replacing standard transparent and/or metallic
counter electrodes'>® and in semi-transparent PSCs."” Only
a few examples employing functionalized single-walled CNTs

This journal is © The Royal Society of Chemistry 2025
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(SWCNTs) or CNHs as charge transporting layers have been
reported in recent years,"*>° achieving moderate PCE values. In
contrast, one of the most effective applications of CNMs has
been their incorporation as additives or dopants, either within
the active layer or in combination with charge-transporting
layers. This approach leverages their p-type semiconducting
nature, exceptional electrical conductivity, and high stability,
resulting in significant enhancements in both device perfor-
mance and operational stability.”>*

Despite the different architectures and configurations used
to incorporate CNMs into PSCs,****?*¢ the incorporation of
functionalized CNMs has been scarcely explored. Existing
studies have primarily focused on functionalizing CNMs with
small molecular units, such as oxidized or amino deriva-
tives.**1?7?® These functional groups address dispersibility
issues and improve interfacial adhesion with the hole transport
material. However, they do not significantly alter the electronic
structure of CNTs or markedly enhance the hole-transport
properties of the hole-transporting layer (HTL). By contrast, the
covalent attachment of electron-donating, highly conjugated
systems such as triphenylamine or porphyrin derivatives is
anticipated to promote more efficient and selective hole trans-
port. This approach offers a promising strategy to optimize
energy-level alignment for hole injection and to reduce inter-
facial recombination, in direct contrast to the limited effects
offered by small molecular units.

Herein, we report the efficient incorporation of chemically
modified CNMs, including donor p-methoxytriphenylamine-
based (TPAOMe) CNHs and SWCNTs, and porphyrin-containing
SWCNTs as additives for the reference compound 2,2',7,7'-
tetrakis(N,N-di(4-methoxyphenyl)amino)-9,9’-spirobifluorene,
most well-known as spiro-OMeTAD. The newly reported CNMs
have been prepared through [2 + 1] cycloaddition reactions
involving nitrene intermediates, which are generated from the
corresponding TPAOMe and meso-substituted-porphyrin
azides, and the respective carbon nanostructures (SWCNTSs or
CNHs). [2 + 1] Cycloaddition reactions are the preferred method
for the covalent modification of carbon CNMs due to their
ability to anchor different derivatives without disrupting the
intrinsic m-conjugated structure of the CNM surface. Unlike
other covalent approaches such as [3 + 2] or [2 + 2] cycloaddi-
tions, a key advantage of the [2 + 1] cycloadditions is that it
allows for the tuning of CNM properties without significantly
deteriorating their exceptional electrical properties.” A
comprehensive chemical characterization of the modified
CNMs is presented, including thermogravimetric analysis
(TGA), Raman spectroscopy, UV-vis absorption spectroscopy,
photoluminescence (PL) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and density functional theory (DFT) calcu-
lations. Finally, the incorporation of the modified CNMs as
spiro-OMeTAD additives into the PSC devices demonstrates an
enhancement in both open-circuit voltage (Voc) and fill factor
(FF), with the SWCNTs functionalized with TPAOMe and Zn-
porphyrin showing the highest performance. A maximum PCE
of 19.8% was achieved, notably higher than that of the reference
device employing non-doped spiro-OMeTAD, which exhibited
a PCE of 18.0%. The notable improvement can be attributed to
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the better interface contact, enhanced morphology, and higher
charge extraction, as evidenced by scanning electron micros-
copy (SEM) images and time-resolved photoluminescence
(TRPL) spectra. Additionally, stability tests show an enhanced
stability under ambient conditions for ZnP-modified SWCNTs
compared to the reference device, which is attributed to the
higher hydrophobicity introduced by the presence of CNMs, as
shown in water-contact angle measurements.

Results and discussion
Synthesis and characterization of hybrid CNMs

The synthesis of precursor functionalizing molecules intended
for the covalent modification of CNM surfaces is depicted in
Scheme S1 (SI). Thus, 4-azido-N,N-bis(4-methoxyphenyl)aniline
(TPAOMe-N3;), zinc(u) 5-(p-azidophenyl)-10,15,20-tris(4-(bis(4-
methoxyphenyl)amino))-porphyrin (ZnP), and palladium(u)-5-
(p-azidophenyl)-10,15,20-tris(4-(bis(4-methoxyphenyl)amino))-
porphyrin (PdP) were prepared based on adapted procedures
from the literature (see the SI for experimental details). Like-
wise, Fig. 1 illustrates the schematic representation of the
synthetic preparation of p-type hybrid CNMs. A [2 + 1] nitrene
cycloaddition was used to covalently modify SWCNTs and
CNHs. In short, the reaction was carried out by combining the
different CNMs with the previously described azido derivatives
TPAOMe-N3;, ZnP-N3, and PdP-N3, and heating the mixture at 70
°C for 72 hours. The modified CNMs were then purified using
standard washing, filtration, and sonication work-up, yielding
the desired products.

The resulting p-doped modified CNMs were then subjected
to different characterization techniques to confirm their
successful covalent modification and to investigate their opto-
electronic characteristics. Thermogravimetric analysis (TGA)
was performed to confirm the presence of functional groups
anchored to the surface of the different hybrid materials, based
on the weight loss pattern of the functionalized CNMs
compared to the pristine counterparts. Fig. S1 (SI) shows the
characteristic weight loss of functionalized CNMs at 650 °C for
CNH-TPAOMe and SWCNT-TPAOMe, and at 700 °C for SWCNT-
ZnP and SWCNT-PdP, in comparison to their respective pristine
nanomaterials, assuming that the TPA and porphyrin deriva-
tives were completely removed from the CNM's surfaces at these
temperatures. The corrected weight loss percentages for the
pristine and the functionalized materials are presented in Table
S1 (see the SI for more details). Considering the weight loss
percentages of the new hybrid materials, the functional group
coverage (FGC) and the functionalization degree (FD, pmol g~
CNM) for each hybrid were estimated according to eqn (S1) and
(S2) provided in the SI.**** The additional weight loss (Wtaqq)
observed for the functionalized CNMs are attributed to the
decomposition of the TPAOMe and porphyrin ZnP and PdP
derivatives covalently attached to the surface of CNMs. The clear
increase in FGC observed in the functionalized materials
confirms the successful formation of the targeted hybrid
systems. X-ray photoelectron spectroscopy (XPS) was performed
on both pristine and functionalized CNMs to investigate the
surface chemical composition and confirm successful
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Fig. 1 Synthetic pathways for the preparation of SWCNT-TPAOMe, CNH-TPAOMe, SWCNT-ZnP, and SWCNT-PdP.

functionalization. Atomic percentages of each chemical
element for the hybrid materials are collected in Table S2 and
the XPS spectra are collected in Fig. S2 to S4. The spectra of both
pristine CNHs and SWCNTs are characterized by the presence
of carbon (C 1s) and oxygen (O 1s). However, as shown in Fig.
S2a-S4a, the XPS spectra of the hybrid materials reveal a new
peak at ~400.0 eV, typically assigned to the presence of nitrogen
(N 1s).** In the case of TPA-OMe functionalized CNMs, the high-
resolution N1s spectra can be fitted into two peaks at ~399.6
and ~400.0 eV, attributed to the presence of two distinct
nitrogen species (Fig. S2b and S3b). The minor component
corresponds to the nitrogen atoms present in the TPAOMe
chemical structure, while the second one is associated with the
nitrogen-containing aziridine open-ring configuration in func-
tionalized CNMs.** This observation clearly verifies the
successful anchorage of the TPA derivatives via aziridine-ring
formation in SWCNT-TPAOMe and CNH-TPAOMe.

On the other hand, the spectra of SWCNT-ZnP and SWCNT-
PdP reveal the presence of Zn2ps,, (~1023.0 eV) and Pd3ds,
(~338.1 eV) (Fig. S4b and c), confirming the successful incor-
poration of the porphyrin derivatives onto the surface of the
CNMs.**** As in the previous case, the high-resolution N 1s
spectra of SWCNT-ZnP and SWCNT-PdP reveal the presence of
multiple nitrogen components due to structural differences
(Fig. S4d). In both cases, the N 1s signal can be fitted into three
peaks: the first one at ~398.0 eV, assigned to nitrogen-con-
taining open structures in functionalized nanotubes,*® the
second at ~399.5 eV, attributed to the nitrogen atoms of the
metalloporphyrin macrocycle, and the third peak at ~400.3 eV,
corresponding to the nitrogen of the TPAOMe moieties.*** The
XPS spectra also reveal an increased atomic percentage of
oxygen in the functionalized samples compared to the pristine
nanomaterials. The high-resolution O 1s spectrum of CNH

41262 | J. Mater. Chem. A, 2025, 13, 41260-41273

derivatives exhibits two components at ~532.0 and 533.0 €V,
corresponding to O=C and O-C surface groups, respectively
(Fig. S2¢).*”*® A similar trend is observed for SWCNT derivatives
(Fig. S3c, S4e, and S4f), where the deconvolution of the O 1s
spectrum reveals two peaks at ~530.5 and 532.6 €V, assigned to
O=C and O-C, respectively.** However, in the functionalized
samples, the intensity of the O-C peak increases when
compared to the pristine ones, likely due to the covalent
introduction of oxygen-containing functional groups (C-O-
CH3;) over the CNM surface after functionalization.

The Raman spectra of the different samples are shown in
Fig. 2a-c, and the Raman data are collected in Table S3. As
observed, after the covalent modification, the G band shifts to
higher frequencies by 6, 4, 2, and 2 cm™" for CNH-TPAOMe,
SWCNT-TPAOMe, SWCNT-ZnP, and SWCNT-PdP, respectively.
The observed spectral shifts confirm a p-type doping effect of
the attached azido derivatives on CNMs in all cases.* This
indicates an increment in hole carrier density, thereby
enhancing the hole-transporting properties of the CNMs after
the functionalization approach.* The I,/I ratio is also a crucial
parameter for evaluating the effects of covalent functionaliza-
tion on the m-conjugated structure of the CNMs.*' Complete
statistical analysis of intensity ratios Ip/I; and the D and G band
positions of the Raman average spectra for the new hybrid
materials are shown in Fig. S5 to S8. As observed, no increment
in the D band was detected across extended regions of the
sample following the functionalization process, confirming the
preservation of the m-conjugated structure in the final hybrid
materials. The consistent results obtained across different
sample areas further support the reliability of the Raman data
(Table S3).

UV-vis absorption spectra were recorded in N-methyl-2-
pyrrolidone (NMP) for all samples (Fig. S9), a solvent well-suited

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Raman spectra for: (a) pristine CNHs compared to CNH-TPAOMe; (b) pristine SWCNTs compared to SWCNT-TPAOMe; and (c) pristine

SWCNTs compared to SWCNT-ZnP and SWCNT-PdP (A¢xc = 785 nm).

PLE maps for: (d) pristine SWCNTSs, () SWCNT-ZnP, and (f) SWCNT-PdP

recorded in Milli-Q grade water containing 10 wt% of dodecylbenzene sulfonate (SDBS) as a surfactant at room temperature. The (n, m) indices

specify the SWCNT species associated with each emission spot.

for such measurements in CNMs due to its excellent dispersing
ability.”> Because of their non-uniform size and shape, the UV-
vis spectra of pristine CNHs and CNH-TPAOMe were featureless
(Fig. S9a). Furthermore, due to the absorption of TPA derivatives
occurring near the cut-off wavelength of NMP, no significant
differences were observed in the UV-vis spectra of the TPA-
functionalized hybrid materials (Fig. S9a and S9b). On the other
hand, the UV-vis absorption spectra of porphyrin 3 and ZnP
registered in NMP displayed the characteristic Soret bands at
414 and 442 nm, respectively (Fig. S9c). It is important to note
that PdP is highly unstable and decomposes rapidly, making its
characterization particularly difficult by UV-vis spectroscopy
and hampering the comparison in this case. In the UV region
between 400 and 500 nm, corresponding to the Soret bands of
the porphyrins, both SWCNT-ZnP and SWCNT-PdP exhibit
a slight enhancement in absorbance intensity, indicative of
successful functionalization. In particular, for SWCNT-ZnP, the
Soret band is broadened and reveals a red shift of 4 nm, sug-
gesting the presence of electronic interactions between the
nanotubes and the electroactive porphyrin derivatives in the
ground state.*** Furthermore, UV-vis spectroscopy can also be
useful for analysing the electrical disruption of the m-conju-
gated structure in SWCNTs.* In general, the formation of sp® C
atoms disrupts the translational symmetry and alters the elec-
tronic structure of the SWCNTs, attenuating the van Hove
singularities. The absorption spectra of SWCNT-TPAOMe,
SWCNT-ZnP, and SWCNT-PdP reveal the characteristic van
Hove singularities of pristine SWCNTs that remain comparable

This journal is © The Royal Society of Chemistry 2025

in the functionalized samples relative to the pristine forms.
This confirms that the m-conjugation of the SWCNT network is
preserved after the covalent functionalization process, as also
suggested by the Raman spectroscopy results.

Photoluminescence excitation (PLE) intensity maps were
recorded for the pristine SWNCTs, SWCNT-ZnP, and SWCNT-
PdP in an aqueous solution of dodecylbenzene sulfonate (SDBS)
at room temperature (Fig. 2d-f). It is well known that func-
tionalization typically quenches photoluminescence in this type
of materials due to the disruption of the m-conjugated system
that alters the density of states (DOS) introducing non-recom-
bination pathways. In the PLE spectrum of pristine SWCNTs
(Fig. 2d), the semiconducting (8, 4) and (7, 6) chiralities are the
most prominent species. Interestingly, after the covalent func-
tionalization process, a slight increment in the light emission
was observed for both (7, 6) and (8, 4) SWCNTs, which could be
attributed to alterations of the electronic states of the nano-
tubes in the presence of porphyrin moieties, leading to
increased photoluminescence.*»** However, no quenching or
shifts of the bright spots were observed in the functionalized
materials, indicating the preservation of the m-conjugated
network in accordance with the previous results.?>*>*

The structures of SWCNT-TPAOMe and SWCNT-ZnP systems
were optimized at the density functional theory (DFT) level of
theory using the CAM-B3LYP functional,”” the def2-svp basis
set,* and the D4 dispersion correction scheme*~' as repre-
sentative examples of the chemically functionalized CNMs
studied in this work (see full computational details in the SI).

J. Mater. Chem. A, 2025, 13, 41260-41273 | 41263
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Fig. 3 CAM-B3LYP/def2-svp minimum-energy structures calculated
for SWCNT-TPAOMe (a) and SWCNT-ZnP (b). The angles marked in
dashed red lines correspond to those formed between the N-N long
axis of the substituent groups and the long axis of the nanotube
skeleton. Atom color code: C (gray), N (blue), H (white), O (red), and Zn
(purple, sphere).

Both TPAOMe and ZnP substituents form an angle over 50° with
the long axis of the nanotube (53° and 67°, respectively, as
shown in Fig. 3). The large size of the porphyrin group allows for
intramolecular -7 interactions between the peripheral phenyl
rings and the C=C framework of the nanotube. As suggested by
the experimental data, the TPAOMe and ZnP moieties induce
only minor modifications on the C-C m-conjugated framework
of the nanotube, with bond length distortions lower than 0.1 A
in the environment of the aziridine open ring (Fig. $S10). The
root mean square deviation (RMSD) for the coordinates of the C
atoms compared to the pristine nanotubes is 0.03 A for both
SWCNT-TPAOMe and SWCNT-ZnP, the main distortion corre-
sponding to a 0.4 A out-of-plane displacement of one of the
substituted C atoms.

Perovskite solar cell device fabrication and characterization

Fig. S15 shows the schematic illustration of the fabrication of
PSC devices incorporating the described CNMs as additives for
spiro-OMeTAD. Planar solar cell devices with the architecture
FTO/SnO,/FA, 3MA, ;PbI;/spiro-OMeTAD-CNMs/Au were fabri-
cated through a simple and cost-effective spin-coating method.
The SnO, electron-transporting layer (ETL) was first deposited
on the glass/FTO substrate, followed by coating with the
perovskite layer using a one-step anti-solvent method. Then,
spiro-OMeTAD doped with CNMs was deposited over the
perovskite layer. Finally, Au electrodes were deposited through
thermal evaporation (see details in the SI). For all devices, spiro-
OMeTAD was doped with Li-TFSI, tBP, and FK-209. The devices
fabricated with spiro-OMeTAD without any CNM additive will
be termed as w/o CNMs or pristine spiro-OMeTAD devices, and
the devices fabricated with CNM-containing spiro-OMeTAD will

41264 | J Mater. Chem. A, 2025, 13, 41260-41273
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be termed as SWCNT-TPAOMe, SWCNT-ZnP, SWCNT-PdP, and
CNH-TPAOMe devices.

Fig. 4a shows the structure of the PSC devices, and the cross-
sectional SEM image of devices with SWCNT-ZnP and pristine
spiro-OMeTAD are displayed in Fig. 4b and S16, respectively. It
shows a multilayer structure, which is vital for enhancing
charge carrier dynamics.”>™* Fig. 4c illustrates that devices
treated with SWCNT-ZnP show a uniform pinhole-free surface
of spiro-OMeTAD, which is also beneficial for the transportation
of hole charge carriers. In Fig. 4c, some white spots appear on
the surface of the HTL, which might come from the aggregation
of CNMs on the surface of the spiro-OMeTAD treated with
SWCNT-ZnP.">***% In contrast, devices fabricated without
CNMs show the presence of pinholes on the surface of the spiro-
OMEeTAD as shown in Fig. S17a. To confirm this, a topographic
AFM of the HTL layer (spiro-OMeTAD and SWCNT-ZnP-treated
spiro-OMeTAD) was performed (5 x 5 um?, at a rate of 0.5 Hz).
The pristine spiro-OMeTAD HTL layer shows a RMS roughness
of 4.51 nm, showing clear pinholes on the surface (see Fig.
S18a). The SWCNT-ZnP-treated spiro-OMeTAD layer shows
a RMS roughness of 2.86 nm with the disappearance of the
pinholes (see Fig. S18b and Table S8 for their corresponding
RMS and average roughness values). The different scan regions
(1 x 1 um?) of both HTLs are shown in Fig. $19, and mean RMS
roughness with standard error is shown in Table S9. Existing
studies show that pinholes in the HTL layer locally remove the
hole-selective barrier and can enable direct perovskite/metal
contact. This creates leakage paths (low Rg,) and enhanced
recombination, which suppress Voc and FF of the devices.”
This uniform surface with lower roughness of the SWCNT-ZnP-
treated films show stronger interfacial contact which enables
efficient hole extraction and decreases recombination.®
Therefore, devices fabricated with SWCNT-ZnP enhance the
surface morphology of the spiro-OMeTAD film and improve the
device performance. Similar to devices without CNMs, the
surface morphology of SWCNT-PdP shows multiple pinholes
(Fig. S17b), which limit the device performance. In contrast,
SWCNT-TPAOMe shows a uniform and pinhole-free film (Fig.
S17c) that facilitates charge transportation, thus resulting in
improved device performance when compared to spiro-
OMeTAD.

To gain insight of the energy match between the HTM-
modified layers and the perovskite material, we performed
ultraviolet photoelectron spectroscopy (UPS) of all the layers
incorporated in the PSC devices as shown in Fig. S20. Spiro-
OMeTAD treated with CNMs adjusts the HOMO, thus facili-
tating the hole transfer to the corresponding HTL (see the
schematic in Fig. 5a). This decrease in energy loss during the
charge carrier transportation along the perovskite-HTL inter-
face is an important factor for enhancing PSC device perfor-
mance. The HOMO changes from —5.24 eV for the w/o CNM
layer to —5.31 eV for the SWCNT-ZnP HTM layer. The addition
of CNMs into spiro-OMeTAD moves the HOMO closer to the
perovskite VBM, which enhances the charge carrier trans-
portation and decreases the charge carrier loss, thus resulting
in an enhanced device performance.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Device's structure with incorporated p-functionalized CNMs.
spiro-OMeTAD treated with SWCNT-ZnP.

Fig. 5b represents the current density-voltage (J-V) charac-
teristics of PSC devices with and without CNMs. The devices
were simulated under AM 1.5G illumination. The respective
device parameters are listed in Table 1. The pristine (w/o CNMs)
devices show a maximum power conversion efficiency (PCE) of
18.01%, a short-circuit current density (Jsc) of 23.63 mA cm 2,
an open-circuit voltage (Voc) of 1.03 V, and a fill factor (FF) of
73.76%. The devices treated with functionalized SWCNT-ZnP
show notably enhanced PCE of 19.76%, Jsc of 23.74 mA cm ™2,
Voc of 1.06 V, and FF of 78.50%. This enhancement in the
performance of SWCNT-ZnP-treated devices corresponds to the
better energy level alignment and uniform morphology,®
which makes charge carrier transportation faster, as verified
from the UPS analysis discussed above. This is also consistent
with the Raman analysis. Our results strongly suggest that
porphyrin-functionalized CNMs are potential candidates for
doping spiro-OMeTAD-based HTLs.

The devices treated with SWCNT-TPAOMe show a maximum
PCE of 18.96%, Jsc of 23.57 mA cm ™2, Vo of 1.03 V, and FF of
77.97%. They show enhanced performance compared to devices
w/o CNMs, while lower than the devices treated with SWCNT-

This journal is © The Royal Society of Chemistry 2025
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SnO,

SWCNT-ZnP

(b) Cross-sectional SEM image of the device. (c) Planar SEM image of

ZnP.** Conversely, the devices fabricated with SWCNT-PdP show
a decrease in the overall performance compared to pristine
devices, as shown in Table 1. The lower performance of devices
fabricated with functionalized palladium porphyrins can be
attributed to the bad surface morphology and uneven energy
levels, which generate energy losses across the interfaces,
causing decreased values for all the photovoltaic parameters,
including PCE. This lower performance of the devices can also
be due to the bad dispersion of SWCNT-PdP into spiro-OMe-
TAD, which disrupts the charge carrier transportation and
degrades device performance. The devices fabricated with CNH-
TPAOMe show almost similar device characteristics as pristine
devices, which reveals that CNH-TPAOMe did not significantly
influence the transportation of charge carriers. This indicates
that the behaviour of such materials has little or no impact on
the hole mobility of the HTMs.

The external quantum efficiency (EQE) spectra also confirm
the deviation in PSC device current densities, as illustrated in
Fig. 5¢c. EQE spectra measured in the wide spectrum of 300-850
nm are consistent with the J-V curves in Fig. 5b and also with
the absorption spectra shown in Fig. S21a, while absorption
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spectra of spiro-OMeTAD incorporating functionalized CNMs
are shown in Fig. S21b. This depicts the excellent capability of
our devices to convert light energy into electrical current. It also
confirms that the incorporation of functionalized CNMs into
spiro-OMeTAD films enhances the short circuit current densi-
ties and improves the integrated Jsc of devices fabricated with
SWCNT-ZnP compared to the rest of the CNMs. The integrated
current densities obtained from the EQE spectra are gathered in
Table 1. However, these values are slightly lower than the values
obtained from the J-V curve. A batch of 15 devices were fabri-
cated to study the reproducibility and viability of our devices, as

shown in Fig. 5d histogram. The deviation in efficiency of spiro-
OMeTAD devices ranges from 17.75 to 18.01% with a mean
value of 17.87%, while devices fabricated with SWCNT-ZnP
show deviations from 19.15 to 19.76% with a mean value of
19.53%. This highlights the excellent reproducibility of the PSC
devices. Additionally, statistical distribution of all the PSC
devices with Vg, Jsc, PCE, and FF are shown in Fig. S23 (device
parameters with average values and standard errors are
collected in Table S12).

To investigate the effect of the substituent group on the
energy levels of the SWCNTs, the CAM-B3LYP-D4/def2-svp

Table 1 Best performing PSC device parameters and integrated Jsc for each CNM

HTMs Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Integrated Jsc (mA cm™?)
Spiro-OMeTAD (w/o CNMs) 1.03 23.63 73.76 18.01 21.62
CNH-TPAOMe 1.02 23.07 75.87 17.91 20.27
SWCNT-TPAOMe 1.03 23.57 77.97 18.96 22.10
SWCNT-PdP 1.03 22.20 74.23 17.11 20.36
SWCNT-ZnP 1.06 23.74 78.50 19.76 22.84
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molecular orbitals calculated for SWCNT-TPAOMe and SWCNT-
ZnP were compared to those of the pristine (8, 4) SWCNTSs. As
shown in Fig. S11, our reference HOMO and LUMO orbitals
resemble those obtained for the pristine nanotubes, with no
significant contribution of the substituent groups (see the SI for
details). This result aligns with the conservation of the sp’
network of the carbon nanotubes upon functionalization. As
detailed in Table S4, the functionalization of the (8, 4) SWCNTs
with TPAOMe and ZnP increases the energy of the HOMO,
making the CNTs better electron donor, and induces a narrow-
ing of the HOMO-LUMO energy gap changing from 2.77 eV for
the pristine SWCNTs to 2.35 eV for SWCNT-ZnP.

The effect of doping spiro-OMeTAD with functionalized
nanotubes on the charge transport properties and the electronic
energy level alignment with the perovskite was investigated by
analyzing the electronic properties of the most strongly inter-
acting molecular clusters resulting from spiro-OMeTAD aggre-
gation on the functionalized nanotubes obtained from the
iterative docking/re-optimization procedure (see the SI for
computational details). For both SWCNT-TPAOMe and SWCNT-
ZnP, the first interacting layer consists of five molecules of
spiro-OMeTAD supramolecularly bounded to the nanotube
skeleton by m-7 interactions between the nanotube and the
peripheral phenyl rings and fluorene core of spiro-OMeTAD but
rather weak interactions with the nanotube substituents (see
Fig. 6 for SWCNT-TPAOMe and Fig. S12 for SWCNT-ZnP,
respectively). Interestingly, the coordination of spiro-OMeTAD

View Article Online

Journal of Materials Chemistry A

to the functionalized nanotubes has minimal influence on the
delocalization of the reference HOMO and LUMO orbitals,
which remain predominantly localized on the nanotube
framework (Fig. S13 and S14). The orbitals are, however, shifted
to higher energies (up to ~0.3 €V) upon aggregation with the
electron-donor spiro-OMeTAD molecules for both SWCNT-
TPAOMe and SWCNT-ZnP (Tables S5 and S6).

The space-charge-limited current (SCLC) method was used to
find the trap density of the materials, which further verifies the
J-V behaviour of pristine and SWCNT-ZnP devices. The devices
fabricated with FTO/NiO, + 5%Cu/perovskite/spiro-OMeTAD/Au
and FTO/NiO, + 5%Cu/perovskite/spiro-OMeTAD-SWCNT-ZnP/
Au architecture (Fig. 7a inset) show the J-V curve of hole-only
devices. The J-V characteristics of these hole-only devices were
classified into three types of region, as shown in Fig. 7a,
according to the slope (): the ohmic region (m = 1), which is in
the low injection regime, a trap-filled limited (TFL) region (m >
3), and a space charge limited current regime (Child, m = 2).
Vrp, Was measured using a two-line intersection method, and
the estimated Vryy, is the intersection between the ohmic region
and the TFL region, which is consistent with the conventional
SCLC literature.®*® Trap densities (N,) were calculated through
eqn (S3) as described in the SI. The mean Vyyy, values extracted
for pristine spiro-OMeTAD and SWCNT-ZnP devices are 0.718 £+
0.0257 Vand 0.625 + 0.0112 V, respectively, while the calculated
N, values are 1.01 4 0.0356 (x10'® cm ) and 0.887 + 0.0161
(x10'® ecm™?), respectively. Fig. S24 shows the statistical

Fig. 6

Iterative aiSS® docking procedure for the coordination of up to 5 spiro-OMeTAD molecules to (a) pristine SWCNT-TPAOMe. The number

of aggregated spiro-OMeTAD molecules is increases from 0 (a) to 5 (f) respectively, and each molecule is highlighted by using C atoms of

different colors (SWCNT-TPAOMe C atoms are shown in grey color).

This journal is © The Royal Society of Chemistry 2025
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distribution of Vrg;, and N, to see the error and repeatability of
devices (5 sweeps). These results show that addition of SWCNT-
ZnP to spiro-OMeTAD decreases the trap densities, which
enhances the charge carrier transportation and reduces
recombination, resulting in enhanced device performance.®’
The hole mobility of the devices was calculated through the
SCLC method to further verify the effect of SWCNT-ZnP on
charge carrier transportation. The mobilities were calculated by
using the Mott-Gurney law (eqn (S4) in the SI). The estimated
mobilities for spiro-OMeTAD and SWCNT-ZnP are 3.70 x 103
and 4.99 x 10> em® V™' 57, respectively. Charge extraction in
pristine spiro-OMeTAD devices is limited by the low mobility of
the photogenerated charges inside the spiro-OMeTAD layer,
which results in lower device performance.® Therefore, the
increase in hole mobility of the carriers with the addition of
SWCNT-ZnP might be attributed to the suitable HOMO energy
levels and uniform morphology of the resulting HTL, which
increases current density, and improves the FF and efficiency of
the devices, consistent with previous observations.* The inter-
action between SWCNT-ZnP and spiro-OMeTAD effectively
passivates the surface defects, which also contributes to

41268 | J Mater. Chem. A, 2025, 13, 41260-41273

increased hole mobility and enhanced hole extraction. The
mean trap density and mobility values of pristine spiro-OMe-
TAD and SWCNT-ZnP treated devices are given in Table S13.
Recently, we theoretically investigated and rationalized the
impact of morphology and temperature on the hole mobility of
spiro-OMeTAD in both amorphous and crystalline phases, as it
was proved to increase upon crystallization.”””* In the frame-
work of the Marcus theory, the hole and electron mobilities
within molecular pairs increase if the electronic coupling
between the HOMOs (hole transport) or the LUMOs (electron
transport) is enhanced. Our previous results demonstrated that
if low ordering is assumed, the electronic coupling distribution
within molecular pairs of spiro-OMeTAD molecules is rather
narrow, with values in the range from —5 to 5 meV.”> To
investigate the effect of doping spiro-OMeTAD with function-
alized nanotubes on the hole mobilities, we calculated the
electronic coupling between the reference HOMO of the
chemically substituted SWCNTs and the HOMO of the respec-
tive spiro-OMeTAD molecules successively aggregated using
a docking procedure. For both SWCNT-TPAOMe and SWCNT-
ZnP, significantly high electronic couplings up to almost 40

This journal is © The Royal Society of Chemistry 2025
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meV are obtained (Table S7) due to the delocalization of the
nanotube HOMO over the carbon conjugated network, offering
a platform on which the spiro-OMeTAD molecules aggregate to
maximize the m-7 intermolecular interactions. These high
electronic couplings, together with the small cation reorgani-
zation energies computed for SWCNT-TPAOMe (0.04 eV) and
SWCNT-ZnP (0.05 eV) compared to that for spiro-OMeTAD (0.45
eV), enhance hole transfer along the doped films. Remarkably,
the GFN2-xTB”® interaction energy between the most interacting
spiro-OMeTAD molecule and the pristine SWCNTs (—54.76 kcal
mol ") or the functionalized SWCNT-TPAOMe (—55.05 kcal
mol '), and SWCNT-ZnP (—59.60 kcal mol ') are larger than
within the two molecules forming the most stable spiro-OMe-
TAD dimer (—48.45 kcal mol™'). This suggests that the aggre-
gation of spiro-OMeTAD with the nanotube is more efficient
and, therefore, is preferred to that between spiro-OMeTAD
molecules. The occurrence of this aggregation and the high
electronic couplings between the spiro-OMeTAD molecules and
the functionalized nanotube effectively contributes to
increasing the charge transport in SWCNT-treated spiro-OMe-
TAD films.

Photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) characterization studies were performed
to study the relationship between charge carrier extraction and
device performance (Fig. 7b and c). FTO substrates were used to
deposit the films. The bare FTO/perovskite film shows an
intense PL peak, which reveals that a large charge carrier
recombination occurred without the HTL. Deposition of spiro-
OMeTAD on the perovskite layer (FTO/perovskite/spiro-OMe-
TAD) quenched the PL peak intensity, demonstrating that
extraction of holes takes place thus decreasing the charge
carrier recombination and the light emission.” SWCNT-ZnP-
treated films (FTO/perovskite/spiro-OMeTAD-SWCNT-ZnP)
show further decrease in PL intensity because of the improved
surface morphology and thus enhanced charge extraction.
Therefore, the PL intensity of SWCNT-ZnP-treated films
decreases compared to bare perovskite and pristine spiro-
OMeTAD films. The PL spectra recorded for the rest of the
CNMs (SWCNT-PAP, SWCNT-TPAOMe, and CNH-TPAOMe) (Fig.
S25a) are in good agreement with the previous observations.
The PL intensity of the perovskite, perovskite/SWCNT-ZnP, and
the whole device (SnO,/perovskite/SWCNT-ZnP) are shown in
Fig. S25b. The quenching of PL intensities was further sup-
ported by TRPL. Charge carrier lifetimes of the corresponding
films were obtained by biexponential decay,”” (eqn (S5) in the
SI). The bare perovskite film shows the highest lifetime of the
charge carriers (134.82 ns), while pristine spiro-OMeTAD films
(FTO/perovskite/spiro-OMeTAD) show a lower carrier lifetime
(56.71 ns), and the spiro-OMeTAD film treated with SWCNT-ZnP
presents the lowest lifetime of the charge carriers (37.12 ns).
These carrier lifetimes are consistent with the PL quenching
phenomena. The lowest carrier lifetime of the treated HTLs is
due to the enhanced charge extraction at the perovskite/HTL
interface and the reduced energy barrier (in agreement with
UPS results), leading to a more efficient hole transfer. There-
fore, SWCNT-ZnP-treated devices depict a better charge extrac-
tion that leads to high mobility and enhanced PCE of the

This journal is © The Royal Society of Chemistry 2025
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devices. SWCNT-ZnP treated films show slight increase in PL
FWHM (=2.4 nm), while TRPL reveals a substantially faster
decay, consistent with efficient interfacial hole extraction,”®
which is the predominant effect. The small increase in FWHM
likely reflects minor interfacial energetic disorder/tail states or
halide distribution at the interface.””” Calculated charge
carrier lifetimes for spiro-OMeTAD films treated with SWCNT-
PdP, SWCNT-TPAOMe, and CNH-TPAOMe were found to be
68.4, 40.62, and 53.23 ns, respectively, as shown in Fig. S26a.
The TRPL of bare perovskite, perovskite/SWCNT-ZnP, and
whole device (SnO,/perovskite/SWCNT-ZnP) are shown in Fig.
S26b. SnO,/perovskite/SWCNT-ZnP shows fast TRPL decay
compared to bare perovskite and perovskite/SWCNT-ZnP,
which shows a fast photogenerated charge carrier separation
and collection, resulting in enhanced device performance. The
calculated charge carrier lifetimes of perovskite, perovskite/
SWCNT-ZnP, and whole device (SnO,/perovskite/SWCNT-ZnP)
are 134.82, 37.12, and 26.90 ns, respectively. All the TRPL
parameters with and without CNMs are listed in Table S14.

Fig. 7d depicts the dark J-V characteristic of the devices
fabricated with pristine spiro-OMeTAD and SWCNT-ZnP treated
spiro-OMeTAD. The devices treated with SWNCT-ZnP show
lower values of dark current density compared to pristine spiro-
OMeTAD devices. Furthermore, high dark current reduces the
Voc of the PSC devices, leading to a lowering of the PCE.***
Therefore, treated devices suppress charge carrier recombina-
tion and improve the charge extraction at the perovskite/HTL
interface, resulting in a decreased dark current and an
improved Voc. These results are consistent with the SCLC data
calculated from charge carrier density and hole mobility.

One of the key parameters to characterize solar cell devices
for commercialization is to determine the hysteresis of the
devices. Trapping of charge carriers at interfaces and surface
defects of films is specifically related to hysteresis and is
detrimental for device performance.**** Devices were analyzed
in reverse and forward scan directions, as shown in Fig. S22. To
calculate the hysteresis index (HI) (device parameters are
gathered in Table S10). The resulting HI was calculated to be
0.034 for pristine spiro-OMeTAD, while devices treated with
SWCNT-ZnP showed a reduced HI of 0.013, as shown in Table
S11. This decrease in HI reveals a reduction in defects, resulting
in improved mobility and enhanced charge extraction, which
agrees with our previous TRPL, trap density, and SEM results.

A significant hurdle in the commercialization of PSCs is the
stability of these devices. J-V stability measurements of devices
fabricated with pristine spiro-OMeTAD and SWCNT-ZnP were
conducted for 900 h under a relative humidity of 30-40%. The
unencapsulated devices were aged at room temperature in an
ambient environment. Fig. 8a shows that devices fabricated
with pristine spiro-OMeTAD retain only 56% of their original
PCE, while devices fabricated with SWCNT-ZnP retain 89% of
their initial PCE. The incorporation of SWCNT-ZnP into spiro-
OMEeTAD improves the surface morphology of the HTL, which
enhances the hydrophobicity and protects the device from
degradation. Water contact angle measurements were also
performed to further verify the hydrophobicity effect on the HTL
(Fig. 8b, ¢ and S27). Pristine spiro-OMeTAD-based devices
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showed a low contact angle (Fig. 8b), which, in addition to the
presence of pinholes as discussed previously (Fig. S17a and
S18a), leads to a solvent trapping effect, thus resulting in a low
hydrophobicity. Therefore, both pinholes and the hydrophobic
nature of the spiro HTL facilitate ion migration and drastically
decrease the device stability.®> The SWCNT-ZnP-treated devices
show a higher contact angle (Fig. 8c), which is favourable for
resisting moisture and slowing down the water penetration into
the active layer in a humid environment. This high hydropho-
bicity, together with the uniform pinhole-free film previously
shown in Fig. 4c and S18b, leads to a decrease in ion migration
and enhances the stability of SWCNT-ZnP-treated devices,
retaining up to 89% of its initial PCE value.

Conclusions

In conclusion, we present the successful functionalization of
carbon nanomaterials, mainly carbon nanotubes (SWCNTs) and
carbon nanohorns (CNHs), through [2 + 1] cycloaddition reac-
tions with p-methoxytriphenylamine (TPA-OMe) and TPA-meso-
substituted-porphyrins (Zn and Pd). A complete chemical and
optoelectronic characterization is presented, confirming the
precise functionalization of carbon nanostructures and its
predicted properties. Theoretical calculations were performed
to support the experimental properties of the new functional-
ized CNMs and their interaction with the reference hole-trans-
porting material, spiro-OMeTAD. The incorporation of the
functionalized SWCNTs and CNHs as an additive into the spiro-
OMeTAD benchmark compound resulted in an improved
energy alignment due to the energy shift of the spiro-OMeTAD
and enhanced hole mobilities. Additionally, from SEM and AFM
images, an improved morphology and contact interface of the
perovskite/hole-transporting material (HTM) layer in the pres-
ence of the functionalized CNMs is observed, highlighting the
case of Zn-porphyrin-SWCNTs (ZnP). As a consequence, the
best-performing devices incorporating ZnP-functionalized
SWCNT as an additive reached a maximum PCE of 19.8%,
notably higher than that measured for the reference devices.
Interestingly, the preliminary stability tests under dark storage
and a relative humidity of 30-40% also show an improved
stability when ZnP is incorporated into the spiro-OMeTAD

41270 | J Mater. Chem. A, 2025, 13, 41260-41273

solution, mainly attributed to the enhanced hydrophobicity of
the layer determined from the water contact angle measure-
ments. As a result, a notable effect is that introduction of
functionalized CNMs into the spiro-OMeTAD layer results in
adjusting the energy levels, enhancing the hole mobility and
hydrophobicity, and improving the surface contact, leading to
an improved performance in planar perovskite solar cells.
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