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A B S T R A C T   

Perovskite solar cells (PSCs) have demonstrated high promises in low-cost manufacture and outstanding power 
conversion efficiencies (PCEs), however, long-term operational stability has become the major obstacle chal
lenging the scalable application of this technology. Although the state-of-the-art hole transport layer (HTL) based 
on Spiro-OMeTAD becomes the indispensable component in high-efficiency PSCs, the dopants in the HTLs cause 
severe stability issues of ion migration and phase segregation, all of which induce the degradation of HTLs in the 
aspects of film conductivity and microstructures. Here we rationally design a two-dimensional phthalocyanine- 
based molecular additive (TB-C8-Ni) for the HTLs in order to enhance the carrier transportation and immobilize 
the ions. The incorporation of [8-(4-tert-butylphenoxy)octyl]oxy alkyl units as the side groups in TB-C8-Ni is 
essential to increase the solubility and improve the HTL uniformity. The superior planar structure of TB-C8-Ni 
favors the hole transportation and suppresses the migration of lithium ion under the environmental stress, 
which achieves reliable HTLs and devices. Consequently, the devices based on TB-C8-Ni exhibit boosted open- 
circuit voltage and fill factor, delivering an increased efficiency from 20.93% to 22.34%. More importantly, 
the additive TB-C8-Ni in the HTLs reinforces the moisture stability of devices, enabling to maintain 90% of initial 
efficiency after 2300 h in air.   

1. Introduction 

Faced with an energy crisis, the photovoltaic sector has attracted a 
lot of fascination, particularly with respect to thin-film perovskite solar 
cells (PSCs) that can convert light energy into electricity [1]. PSCs have 
ushered in a period of vigorous development, with power conversion 
efficiencies (PCEs) exceeding 26% [2]. The complete device structure of 
PSC is made up of several layers, including an absorbing layer that 
generates electrons and holes together with transport layers that collect 
charges. In the majority of devices with a n-i-p architecture, Spiro- 
OMeTAD acts as an indispensable component to transport the holes 
and achieves the record efficiencies [3,4]. In the actual application, high 

performance of Spiro-OMeTAD highly relies on the addition of dopants, 
such as lithium bis (trifluoromethanesulfonyl)imide (LiTFSI) and tert- 
butyl pyridine (tBP) in order to improve the electrical conductivity of 
the corresponding films [5]. However, recent studies have revealed that 
the hygroscopic nature of LiTFSI and the volatile properties of tBP cause 
severe morphological deformation and film degradation under the stress 
of heat or moisture, which hampers the long-term stability and future 
applications [5–7]. Although a variety of alternative dopants were 
developed for Spiro-OMeTAD, it remains a challenging issue to balance 
the efficiency and stability [8]. 

Planar macrocycle molecules, such as phthalocyanines, generally 
have outstanding optoelectronic properties and superior hydrophobicity 
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[9]. Besides, the phthalocyanines with long alkyl chains are soluble to 
organic solvents [10]. More importantly, these features can be well 
adjusted by displacing the central atom or altering the structure of the 
periphery [11]. Owing to high structural versatility of phthalocyanines, 
they have been serving as different functional materials in PSCs, such as 
hole transport layers (HTLs), additives in HTLs and interfacial layers on 
the perovskite layer [12]. Although the structural optimization of 
phthalocyanines-based HTLs triggers the advances of device stability, 
their PCEs still lag behind that of Spiro-OMeTAD-based devices. The low 
efficiencies are mostly resulted from the mismatch of the energy levels 
between the phthalocyanine-based materials and the perovskite, which 
leads to difficulties in carrier collection and induces severe carrier 
recombination at this interface [13]. Phthalocyanine molecules tend to 
aggregate in the film due to strong molecular stacking affinity, which 
would interrupt the hole transport, thus causing poor charge-transport 
performance [10,14]. Moreover, the poor interfacial contacts between 
phthalocyanine materials and the perovskite layers could inhibit the 
hole injection and collection, affecting the photovoltaic parameters in 
the devices [14]. 

In this work, we combine the advantages of phthalocyanines and 
Spiro-OMeTAD by developing hybrid HTLs. The designed molecule (TB- 
C8-Ni) contains four [8-(4-tert-butylphenoxy)octyl]oxy units at the pe
ripheral position and a core of a metal atom. We find that the planar TB- 
C8-Ni could form better contact with Spiro-OMeTAD, which facilitates 
the hole transportation, leading to effective charge separation and 
migration. Besides, the two-dimensional molecules behave as a sheet- 
like barrier to mitigate the lithium-ion migration, improving the HTLs 
uniformity and device reliability. In addition, the HTLs with hydro
phobic TB-C8-Ni protect the devices from the moisture infiltration and 
metal migration into the perovskite active layer. Consequently, the PSCs 
with the hybrid HTLs exhibit an improved efficiency of 22.34% 
compared to the control (20.93%). More encouragingly, the devices 
with TB-C8-Ni show impressive environmental stability by remaining 
90% of the initial performance after 2300 h in air. This work provides an 

alternative strategy to enhance the charge transportation and film reli
ability of HTLs, and paves the way for further developing efficient and 
stable PSCs. 

2. Results and discussion 

The chemical structures of Spiro-OMeTAD and TB-C8-Ni are pro
vided in Fig. 1a and b. The synthesis process, MALDI-TOF mass, nuclear 
magnetic resonance (NMR) spectroscopy (1H NMR and 13C NMR) and 
FT-IR spectra are presented in the supporting information (Scheme S1, 
Fig. S1-S8). The working mechanism of the TB-C8-Ni is displayed in 
Fig. 1c. To probe the effects of TB-C8-Ni in the HTLs, Fourier transform 
infrared (FTIR) spectroscopy of the corresponding films were measured 
(Fig. 2a). As for the hybrid HTLs with Spiro-OMeTAD and TB-C8-Ni, no 
additional peaks were observed from the FTIR spectra compared to the 
HTLs without TB-C8-Ni. This indicates little interaction between the 
Spiro-OMeTAD and TB-C8-Ni, which may be due to the small quantity of 
TB-C8-Ni [15]. Ultraviolet− visible (UV− vis) absorption spectra of the 
HTLs with TB-C8-Ni were carried out to further explore the impact of the 
TB-C8-Ni (Fig. 2b). Notably, the samples displayed an absorption peak 
at 675 nm which can be assigned to the signal from TB-C8-Ni [10], as 
shown in Fig. S9. At the peak position of 525 nm, negligible change was 
observed after the addition of TB-C8-Ni, meaning that the TB-C8-Ni does 
not involve in the oxidation process of Spiro-OMeTAD [16]. We also 
measured the water contact angle (θ) to test the water resistance of films 
before and after adding TB-C8-Ni (Fig. 2c). Surprisingly, the film with 
TB-C8-Ni (95.2◦) exhibited much higher θ than the control film (79.8◦), 
which could be mostly attributed to the long side chains in TB-C8-Ni 
[17]. The hydrophobic properties of the hybrid HTLs would increase 
the water-repellent ability and the HTL stability under the humid 
conditions. 

According to the steady-state photoluminescence (PL) results 
(Fig. 2d), the device with TB-C8-Ni displayed lower PL intensity than the 
control, which suggests that more efficient charge injection in the films 

Fig. 1. (a) Molecular structure of Spiro-OMeTAD. (b) Molecular structure of TB-C8-Ni. (c) Schematic illustration of the as-prepared PSCs and the proposed working 
mechanism of hybrid HTLs with TB-C8-Ni. 

Z. Liao et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 492 (2024) 151682

3

with TB-C8-Ni [18]. As shown in Fig. S10, the time-resolved PL (TRPL) 
results further proved the faster hole transfer process in the devices 
containing TB-C8-Ni by showing a shorter PL lifetime [19]. We also 
noticed that the PL mapping of the samples with TB-C8-Ni had a rela
tively lower intensity across the film (Fig. 3a and b), which is consistent 
with the observation in the PL results. The scanning electron microscopy 
(SEM) was used to study the impacts of TB-C8-Ni on the film 
morphology of the HTLs, and no obvious change in the film morphology 
was obtained from Fig. S11. As the concentration of TB-C8-Ni in the 
Spiro-OMeTAD increased, the HTLs underwent a significant morphology 
deformation with notable cracks in the films (Fig. S12). The atomic force 
microscopy (AFM) was employed to further explore the change of the 
film micromorphology (Fig. 3c and d). The roughness of the film was 

reduced after the incorporation of TB-C8-Ni by showing a root mean 
square (RMS) roughness of 2.853 nm compared to the control (5.494 
nm), which was confirmed by the overall height distribution across the 
film (Fig. 3h). The high uniformity and smooth surface in the HTLs with 
TB-C8-Ni is critical for interfacial charge collection and interfacial sta
bility (Fig. S11) [15]. In addition, it can be determined by the Kelvin 
probe force microscopy (KPFM) (Fig. 3e–g) that the TB-C8-Ni film 
exhibited a lower surface potential, which would be advantageous for 
interfacial hole transfer and the inhibition of carrier recombination 
[20]. 

In order to investigate the influence of TB-C8-Ni on the photovoltaic 
performance, the devices with a structure of ITO/SnO2/FA0.90Cs0.07

MA0.03PbI2.76Br0.24/HTLs/Ag were fabricated, in which the HTLs were 

Fig. 2. (a) FTIR spectra of the films based on TB-C8-Ni, Spiro-OMeTAD and Spiro-OMeTAD with TB-C8-Ni (deposited on the glass). (b) UV–vis spectra of Spiro- 
OMeTAD and the mixture of Spiro-OMeTAD and TB-C8-Ni. (c) The water contact angles (θ) of different films, and (d) Steady-state photoluminescence spectra of 
the samples with the structure of HTL/perovskite/glass. 

Fig. 3. (a) and (b) PL mapping, (c) and (d) AFM images, (e) and (f) KPFM images of films based on different HTLs. (g) The statistical distribution of surface potential 
from KPFM images in (e) and (f). (h) The line profiles of height from AFM images in (c) and (d). 
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based on hybrid composition of TB-C8-Ni with varying concentrations. 
The detailed photovoltaic parameters are presented in Fig. 4 a-c and 
Fig. S13. After the optimization, the device based on TB-C8-Ni (0.5 mg/ 
mL) achieved the highest performance with a PCE of 22.34%, open- 
circuit voltage (VOC) of 1.13 V, short-circuit current density (JSC) of 
24.12 mA/cm2, and fill factor (FF) of 81.95%, as shown in Fig. 4d. All 
the parameters have been improved in the devices with hybrid HTLs 
compared to the control (PCE = 20.93%, VOC = 1.10 V, JSC = 24.22 mA/ 
cm2, FF = 78.47%). When the concentration was increased to 3 mg/mL, 
the VOC of the devices was decreased (Fig. 4b), which could be attributed 
to higher charge recombination in the condition of excess TB-C8-Ni 
[13,21]. To better understand the charge dynamics, Mott-Schottky 
plots were used to estimate the built-in potential (Vbi) values of the 
PSCs (Fig. 4e). The Vbi was enhanced from 1.04 to 1.09 V after the 
addition of TB-C8-Ni, which would be favorable for the carrier separa
tion and transportation [22]. We also examined the space charge limited 
current (SCLC) to evaluate the carrier mobility of the HTLs by using the 
structure of ITO/PEDOT:PSS/HTL/Ag (Fig. 4f) [23]. Encouragingly, the 
addition of TB-C8-Ni contributed to an improvement of carrier mobility, 
which was further proved by the conductivity measurement (Fig. 4g). In 
the hole-only device of ITO/HTL/Ag, the incorporation of TB-C8-Ni in 

the HTLs induced a decreased hole injection barrier and higher con
ductivity compared to the control [24,25]. The dark J-V measurement 
(Fig. 4h) implied that the TB-C8-Ni devices with a lower leakage current 
had reduced carrier losses at the interfaces [26]. Transient photovoltage 
(TPV) measurement was performed to verify the carrier recombination 
(Fig. 4i). The voltage attenuation with TB-C8-Ni was slower than the 
control, and the longer lifetime infers suppressed recombination under 
the support of TB-C8-Ni [27,28]. This effect could be further supported 
by electrochemical impedance spectra (EIS) (Fig. S14). These results 
demonstrate that TB-C8-Ni in the HTLs assists in the charge extraction 
and transportation, and simultaneously reduces the carrier losses, all of 
which are critical for realizing outstanding efficiencies in the devices. 

To explore the effects of TB-C8-Ni on the HTL durability, we applied 
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) to visualize 
the ion distribution in humid environment (70% RH). As shown in 
Fig. 5a and 5b, I- in the perovskite layers obviously migrated into the 
HTLs in the control sample [29]. The 3D mapping of I2- further verified 
the phenomenon of I- diffusion into HTLs. In contrast, I- was remained in 
the perovskite films without notable migration into the HTLs containing 
TB-C8-Ni (Fig. 5b), suggesting that the iodine diffusion from the 
perovskite layers was effectively suppressed by the TB-C8-Ni [30]. To 

Fig. 4. (a), (b) and (c) Statistical photovoltaic parameters of the devices. (d) J− V curves of the champion devices. (e) Mott–Schottky measurement for the devices 
with or without TB-C8-Ni. (f) Space charge limited current (SCLC) curves of the devices with or without TB-C8-Ni (the architecture is ITO/PEDOT:PSS/HTL/Ag). (g) 
The conductivity curves of the devices with or without TB-C8-Ni (the architecture is ITO/HTL/Ag). (h) Dark J-V curves for the devices with or without TB-C8-Ni. (i) 
Transient photovoltage decay measurements of the devices with or without TB-C8-Ni. 
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further investigate this effect, we examined the FTIR spectra of PbI2, TB- 
C8-Ni, and their mixture, as shown in Fig. S15, and we observed the peak 
shift from 1617 cm− 1 to 1621 cm− 1, which indicates an interaction 
between PbI2 and the unsaturated atoms in the macrocyclic structure of 
TB-C8-Ni, as similarly reported in previous work [31,32]. Conductive 
atomic force microscope (C-AFM) was conducted to measure the elec
trical conductivity of the films under the humid and thermal stress 
(Fig. 5c-5f). Compared to the control, the HTLs with TB-C8-Ni showed 
higher spatial current and maintained much higher conductivity in the 
films under the humid condition, which could be a result of the high 
hydrophobicity of TB-C8-Ni [33]. 

We further measured the morphological change of the HTLs under 
the environment of high moisture and temperature by SEM. When 
subjected to a humid atmosphere (50–70% RH, 30℃), the hydrophilic 
salts (LiTFSI) appeared and gathered on the surface in the control films, 
causing severe morphological deformation (Fig. 6a and Fig. S16a) [34]. 
In the case of the film with TB-C8-Ni, the HTL morphology remained 
unchanged after 24 h (Fig. 6b and Fig. S16b). To explore whether TB-C8- 
Ni form interaction with lithium salts, we examined the FTIR spectra of 
LiTFSI, TB-C8-Ni, and their mixture. As shown in Fig. S17, the peak 
assigned to C− SO2− H bond in LiTFSI was shifted from 1145 cm− 1 to 
1141 cm− 1 after mixing with TB-C8-Ni [35]. In terms of TB-C8-Ni, the 
− CH2− bond and the − CH3 bond stemmed from the alkyl chains were 
shifted from 2857 cm− 1 to 2849 cm− 1 and from 2931 cm− 1 to 2918 
cm− 1. These results indicate that TB-C8-Ni could interact with LiTFSI, 
thus mitigating the aggregation of the lithium ions and HTL degradation 
under harsh conditions. 

Furthermore, we also tested the devices stability under harsh envi
ronment (Fig. 6e and Fig. S18). The control suffered a plunge to 80% of 
the original PCE value under a humid condition. But the devices with 
TB-C8-Ni retained more than 90% of the primitive efficiency under the 
same condition, which could be ascribed to high hydrophobicity of the 
HTLs. Viewed from the glass side, the color of the control devices turned 
yellow after leaving them in ambient condition for 368 h (for 583 hours 
in Fig. S19). UV–vis spectra were further examined to investigate the 
change of the perovskite films for 7 days in humid environment 
(50–70% RH, 30℃). Fig. S20 summarized the absorption intensity of 
perovskite films covered by different HTLs under the same condition. 

The absorbance of the HTLs with TB-C8-Ni dropped more slowly 
compared to the control, which reckoned that the addition of TB-C8-Ni 
retarded the perovskite decomposition by protecting the perovskite 
layer from a damp circumstance. 

We also tested the thermal stability of the devices by leaving the 
devices on a hot plate of 85℃ in the inert condition. The control un
derwent fast decomposition and damage after heating for 2 h, as dis
played in Fig. 6c and Fig. S21a, which further reveals high vulnerability 
of the control HTLs to the heat. Encouragingly, the device with TB-C8-Ni 
remained intact morphology (Fig. 6d and Fig. S21b) under the same 
condition. TB-C8-Ni has a high thermal stability, which could enhance 
the film integrity and uniformity after thermal treatment. The evolution 
of the J-V curves further proved the improved stability of the devices 
with TB-C8-Ni (Fig. 6f and 6 g). The deterioration of the control device 
under the thermal condition may be due to the reaction between the 
migrated halide anions with the silver electrodes [36,37]. We further 
tested the long-term stability of the unsealed devices in the air storage 
(30℃, 30% RH), as depicted in Fig. 6h and Fig. S22. Notably, the 
introduction of TB-C8-Ni in the HTLs enhanced the device stability by 
maintaining 90% of the original PCEs after 2300 h, which emphasizes 
the critical roles of TB-C8-Ni in the improvement of device reliability. 

3. Conclusion 

The balance of efficiency and stability of Spiro-OMeTAD-based PSCs 
has become an important issue limiting the application of conventional 
PSCs. To enhance the reliability of the HTLs, an effective 
phthalocyanine-based molecular additive was designed and synthe
sized. The molecule tetra-[8-(4-tert-butylphenoxy)octyl]oxy substituted 
nickel(II) phthalocyanine (TB-C8-Ni) was incorporated with superior 
alkyl side groups and core metal ions, which contributed to high solu
bility and suppressed aggregation in the HTLs. As a result, the integra
tion of TB-C8-Ni in the HTLs enabled significant improvement in the film 
properties and device performance. Specifically, the incorporation of 
TB-C8-Ni in the HTLs facilitated the carrier transportation and hole 
conductivity. Besides, the two-dimensional TB-C8-Ni could inhibit the 
iodide migration towards metal electrodes, which was essential for 
suppression of the device degradation. Based on the additive of TB-C8- 

Fig. 5. (a) and (b) ToF-SIMS depth profiles and 3D I2- mapping of the PSCs after storage in ambient air for 53 h (70% RH). (c) and (d) C-AFM images of HTL based on 
the perovskite films after storage in ambient air for 53 h (70% RH). (e) and (f) C-AFM images of HTL based on the perovskite films after heating at 85℃ for 9 h. 
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Ni, the devices achieved notable efficiency enhancement to 22.34% 
compared to the control (20.93%). More encouragingly, the TB-C8-Ni 
based devices showed superior stability in the humid environment by 
sustaining 91% of the initial PCEs for 124 h (50–70% RH), and 90% of 
original performance after 2300 h (30℃, 30% RH). 
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