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Abstract
Perovskite solar cells (PSCs) are expected to be comparable to silicon-based solar cells. However, the high efficiency of 
PSCs relies on expensive and unstable organics as a hole transport layer (HTL). Here, inorganic layered double hydroxides 
(LDHs) are chosen as the HTL. LDHs can be better dispersed in organic solvents due to rich hydroxyl groups, conducive to 
improving PSC quality. Importantly, the LDH layer can perform energy level matching between the perovskite layer and the 
carbon electrode to improve the hole extraction efficiency and reduce the recombination of electrons and holes. The above 
synergistic effect of LDHs makes the efficiency of the all-air treated carbon-based PSCs prepared using LDH as HTL achieve 
champion efficiency of 10.7%. Although the value is not so high, the simple preparation process and low cost confirm LDH 
as a potential alternative to expensive organic HTLs in the commercialization of PSC.
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Graphical Abstract
We introduced layered double hydroxides as a hole transport layer into carbon-based perovskite solar cells, which have 
improved power conversion efficiency and stability.
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Introduction

Perovskite solar cells (PSCs) have good photophysical per-
formance, low fabrication cost and high power conversion 
efficiency (PCE), and are considered as a promising alter-
native to silicon-based solar cells.1–5 In recent years, PSCs 
have developed rapidly, and PCE has increased from 3.8% 
in 2009 to over 25% currently.6,7 One of the ways to achieve 
high PCE with PSCs is to introduce a hole transport layer 
(HTL) in the device, which can extract photogenerated holes 
and transport them from the perovskite (PVK) layer to the 
back contact electrode, thus effectively reducing the charge 
recombination at the interface and enhancing device per-
formance.8–11 Currently, the most widely used HTL is the 
small-molecule 2,2′,7,7′-tetrakis(N,N-bis(p-methoxyphe-
nyl)amino)−9,9′-spirobifluorene (Spiro-OMeTAD).12–16 
However, the cost of organic HTLs is high because of the 
complex synthesis process, and organic HTLs also have the 
disadvantage of poor stability.17–20 The high cost of Spiro-
OMeTAD limits its large-scale application.10,21 Therefore, 

it is important to explore inorganic HTLs with low cost and 
high stability to improve the efficiency and performance of 
the devices, so as to promote the commercialization of PSCs.

Layered materials have been widely studied and applied due 
to their excellent electrical, mechanical and chemical proper-
ties. Transitional metal dichalcogenides, black phosphorus, 
boron nitrides, and other layered materials have been widely 
used in PSCs, and these materials are reliable and effective 
in achieving higher efficiency and stability.22,23 Layered dou-
ble hydroxides (LDHs) are composed of an inorganic layered 
structure, which possess high stability (heat, moisture and 
light).24,25 In this respect, LDH is more suitable for serving 
as a protective layer for a PVK absorber, preventing moisture 
and oxygen penetration and improving the stability of PSC 
devices more effectively than organic materials. LDHs are a 
class of inorganic functional materials with a layered structure, 
with variable elemental species and compositional ratios of 
the main laminates. Importantly, the bandgap of LDHs can be 
adjusted compared to other HTL materials. The bandgap of 
LDHs is tunable by adjusting the composition of metal cations 



7899Low‑Cost Layered Double Hydroxides as Inorganic Hole Transport Layer for Perovskite Solar…

1 3

between LDH laminates, which is important in achieving a 
bandgap match with PVK.26,27 In addition, LDHs can pro-
vide more active sites, reduce the energy barrier, and promote 
the rapid separation and transport of holes, thus inhibiting the 
recombination of photo-generated carriers.28 Therefore, LDHs 
have the potential to be used as HTL for PSCs. It should be 
pointed out that the preparation of HTL materials has been 
very difficult up to now, and LDHs can be easily and eco-
nomically synthesized, which provides greater advantages in 
this respect.29–31 These features indicate that LDHs as HTL 
materials not only can improve the efficiency of PSCs, but also 
can reduce the fabrication cost of devices.

In our previous work, inorganic layered double hydroxide 
nanosheets (LDHs-NS) were introduced into PVK solution, 
where the microscopic and macroscopic anisotropy of the 
LDHs-NS guided the anisotropic growth of the PVK crystals.32 
The crystal quality of the PVK films was greatly improved, and 
the PCE and stability of the devices were enhanced. However, 
from the perspective of the preparation process, the prepara-
tion of nanosheets is relatively complex. Therefore, the starting 
point of this work is to simplify the experimental preparation 
process, and further reduce the production cost, laying the 
foundation for the large-scale introduction of batteries in the 
future. Here, the MgAl-LDHs were prepared by co-precipita-
tion and used as the HTL in carbon-based PSCs, which has the 
following advantages. Firstly, LDHs reduce the recombination 
of carriers at the PSC interface. The valence band of LDH 
is matched with the PVK valence band, which can transport 
holes well. Meanwhile, it has a high conduction band bottom, 
which can better limit the movement of electrons to the anode. 
Secondly, LDHs have surface hydroxyl groups, so they are 
well dispersed in organic solvents and evenly spread on the 
surface of the PVK layer, resulting in good quality of the pre-
pared devices; moreover, the hydroxyl groups combine with 
the uncoordinated  Pb2+, which fills the holes of the PVK layer 
and prevents direct contact between the carbon electrode and 
 TiO2 layer. Thirdly, LDHs protect the PVK layer from direct 
contact with oxygen and heat in the air, preventing the PVK 
layer from decomposing. The PSCs using LDHs as HTLs can 
achieve maximum PCE of 10.70%. Although the efficiency is 
not as good as values reported previously, we use the cheaper 
carbon counter electrode, and all device fabrication processes 
are carried out under the actual ambient air conditions, which 
reduces the fabrication cost and helps to promote the large-
scale commercialization of PSCs.

Experimental Section

Materials

All chemicals used were analytical-reagent grade and were 
used as received without further purification. Fluorine tin 

oxide (FTO) substrates (7 Ω  sq−1) were purchased from 
Pilkington. Titanium tetraisopropanolate and dimethyl 
sulfoxide (DMSO, 99.9%) were purchased from Macklin. 
Mesoporous  TiO2 (Dyesol, 18 NR-T),  PbI2 (99.99%), and 
 CH3NH3I (MAI, 99.5%) were purchased from Xi’an Yuri 
Solar Co., Ltd. N,N-Dimethylformamide (DMF, 99.8%) was 
purchased from J&K Chemical Ltd. Chlorobenzene (CB, 
99.5%) was purchased from Aladdin. Carbon paste was pur-
chased from Guangzhou Saidi Technology & Trade Devel-
opment Co., Ltd. Mg(NO3)2·6H2O (99%), Al(NO3)2·9H2O 
(99%),  NaNO3 (99%), and NaOH (96%) were purchased 
from Beijing Chemical Reagent Company.

Preparation of LDHs

The MgAl-LDHs used in this experiment was pre-
pared by the co-precipitation method, and the water used 
is decarbonized water. The schematic diagram of the 
preparation of MgAl-LDHs is shown in Fig. S1. First, 
0.015 mol Mg(NO3)2·6H2O and 0.05 mol Al(NO3)2·9H2O 
(molar ratio 3:1) were dispersed in 200 mL of deionized 
water while configuring 0.25  M of NaOH solution for 
backup. Then, 0.02 M of  NaNO3 solution was added to a 
three-necked flask, the metal salt solution and alkali solution 
were dropped into it, and it was stirred with magnetic force, 
maintaining a pH of about 10 during the whole process. 
After the dropwise addition was completed, the solution was 
left to stand for 2 h and cooled to obtain a white colloidal 
dispersion. It was washed three times by centrifugation with 
deionized water and dried into powder at 60°C for 24 h. 
Subsequently, the powder was dispersed in isopropanol and 
ultrasonicated for 2 h to obtain MgAl-LDHs of isopropanol 
solutions.

Device Fabrication

FTO was sonicated in detergent, deionized water, isopro-
panol and absolute ethanol for 20 min sequentially and dried 
at 60°C with 2 h. Subsequently, 0.4 M titanium tetraiso-
propanolate dispersed in ethanol was rotated on clean FTO 
conductive glass at a spin coating at 1000 rpm for 3 s and 
2500 rpm for 30 s, then heated at 125°C for 5 min. Sub-
sequently, mesoporous  TiO2 (weight ratio 1:3.5) diluted in 
ethanol was rotated at 1000 rpm for 3 s and at 3500 rpm 
for 30 s to spin coat, and then the coating was sintered at 
500°C for 30 min in a muffle furnace. Next, 230.5 mg  PbI2 
and 79.5 mg MAI were dissolved in the mixed solution of 
360 μL DMF and 36 μL DMSO to prepare the PVK solu-
tion. The PVK film was spin-coated on the mesoporous  TiO2 
layer by spin coating at 1000 rpm for 10 s and 4000 rpm 
for 20 s, and heated at 100°C for 10 min. Isopropanol solu-
tion of MgAl-LDHs was deposited on the PVK layer by 
spin coating at 4000 rpm for 30 s, and then heated at 100°C 
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for 5 min. Finally, the carbon electrode was scraped with 
carbon paste on the absorber layers and heated to 95°C for 
30 min. The control PSC devices were fabricated in the 
similar way as described above, but MgAl-LDHs solution 
was not spin-coated on the PVK film, and carbon paste was 
directly scraped on top. The effective area of each cell was 
approximately 0.07  cm2. To be clear, all operations were 
carried out in air.

Measurements and Characterization

The current density-voltage (J–V) characteristics of cell 
devices were measured on a CHI660E (Chenhua, Shang-
hai) electrochemical workstation under 100 mW/cm2 simu-
lated AM 1.5 G irradiation using a solar simulator (CEL-
AAAS50, Ceaulight). The light intensity was calibrated by 
the laser power meter (VLP-2000, RanBond). The UV-Vis 
absorption spectra were recorded with a Hitachi UV-3900H 
spectrophotometer (Tokyo, Japan). The Fourier- transform 
infrared (FTIR) test was performed using a PerkinElmer 
model 100 FTIR spectrometer (Waltham, MA, USA). X-ray 
photoelectron spectroscopy (XPS) was carried out using an 
ESCALAB MKII 250 (Thermo Fisher, USA). Cyclic vol-
tammetry (CV) was carried out with a computer-controlled 
CHI660E electrochemical workstation (Chenhua, Shang-
hai). The steady-state photoluminescence (PL) spectra were 
measured on an FS5 fluorescence spectrophotometer (Edin-
burgh Instruments, UK). Time-resolved photoluminescence 
spectra (TRPL) were measured using an Edinburgh Instru-
ments FLS980. Electrochemical impedance spectroscopy 
(EIS) was carried out using an electrochemical workstation 
(VersaSTAT, USA). The Nyquist curve was fitted by ZView 
software. X-ray diffraction (XRD) was performed using a 
Bruker (Germany) D8 Advance x-ray diffractometer with 
Cu/Kα radiation (λ = 1.54 Å). Scanning electron microscopy 
(SEM) measurements were performed by a S-4700 (Hitachi, 
Japan). Atomic force microscopy (AFM) measurements 
were tested by a DMFASTSCAN2-SYS (Bruker, Germany).

Results and Discussion

Device Characterization

Photovoltaic Performance

To investigate the change of device performance after LDHs 
was introduced into the cells, we fabricated PSCs with the 
structure of FTO/compact  TiO2/mesoporous  TiO2/MAPbI3/
LDHs/carbon (Fig. 1a). We prepared the isopropyl alcohol 
solution of MgAl-LDHs with the concentration of 0.1 mg/
mL, which was used as the interface passivation materials. 
The J–V curves of the optimal PSC with and without LDHs 

(named as control PSCs) under AM 1.5G irradiation with 
an intensity of 100 mW  cm–2 was shown in Fig. 1b. Table I 
shows the detailed photovoltaic performance parameters of 
open-circuit voltage (VOC), short-circuit photocurrent den-
sity (JSC), filling factor (FF) and PCE. The FF can be cal-
culated according to the maximal power point (MPP) of the 
J–V curve as shown in equation:33,34

where Jmpp and Vmpp are the current density and voltage at 
maximal power point. Then, based on the obtained values 
of JSC, VOC and FF, PCE is calculated using the following 
equation:22,35

where Pin stands for the incident light irradiance and its 
standard value is 100 mW  cm2 for AM 1.5G irradiation. 
PCE is the ratio of the total output power generated by the 
device to the total optical power provided as the input. The 
PSC with LDHs had a PCE of 10.70%, VOC of 1.04 V, JSC 
of 17.00 mA  cm–2, and FF of 60.49%, whereas the control 
PSC achieved a PCE of only 9.60%, VOC of 1.02 V, JSC of 
15.71 mA  cm–2, and FF of 59.89%. It can be seen that the 
efficiency of the PSC is improved after the modification of 
LDHs as the interfacial layer. To demonstrate the repeatabil-
ity of the PSC with LDHs and control PSC devices, histo-
grams of the PCE statistical distribution are provided. Figure 
S2 showed that the PCE statistics obey a Gaussian distribu-
tion and PSC with LDHs devices have good reproducibility.

The Stability of PSCs

The stability of PSCs is very important in practical 
application, and thermal stability is one of the important 
aspects that affect the overall stability of devices. PVK 
will be irreversibly decomposed to  PbI2 and MAI at high 
temperatures. In order to further explore the effect of 
adding LDHs on the thermal stability of the devices, the 
thermal stability of PSCs with LDHs and control PSCs 
was tested under the conditions of relative humidity of 
20–30% and temperature of 85°C. The results showed 
that PSCs with LDHs had better thermal stability than 
the control PSCs. As confirmed by the normalized effi-
ciency loss, the PSCs with LDHs still maintained 58% of 
the original efficiency at 140 h, while the control PSCs 
decreased to 39% of the original efficiency (Fig. 1c). The 
color change of the corresponding PVK films at different 
times can demonstrate this phenomenon more visually 
(Fig. S3). Compared with the PVK films, the color of the 
PVK films with LDHs (FTO/TiO2/PVK/LDHs) slowly 

(1)FF =
Jmpp × Vmpp

JSC × VOC

(2)PCE =
JSC × VOC × FF

P
in



7901Low‑Cost Layered Double Hydroxides as Inorganic Hole Transport Layer for Perovskite Solar…

1 3

changed from black to yellow, while the PVK films basi-
cally turned yellow at 105 h, indicating that the PVK had 
decomposed. The UV-Vis absorption spectra were used 
to unclose the reason. The PVK films and PVK films 
with LDHs were prepared and heat-treated at 85°C for 
0 h, 35 h, 70 h and 105 h, respectively, and the corre-
sponding UV-Vis absorption spectra are shown in Fig. 
S4. The absorption intensity of the PVK films decreased 
significantly above 450 nm with the increase of stor-
age time, probably due to the decomposition of PVK. In 
contrast, the UV-Vis spectra of the LDHs-modified PVK 
films showed less change in absorption intensity during 
the same storage time. The above results indicate that the 
PSCs with LDHs have better thermal stability.

The Performance Improvement Mechanism of PSCs 
with LDHs

Interaction Between LDH and PVK Layer

To confirm the interaction between the LDHs and the PVK 
layer, the FTIR spectra of LDHs, PVK films and PVK/
LDHs films were compared and analyzed Fig. 2a. LDH has 
a strong absorption peak at 3450.03  cm−1, corresponding 
to the stretching vibration of -OH. However, the stretch-
ing vibration peak of –OH in PVK/LDHs film moved to 
3432.67  cm−1, which indicated the interaction of –OH in 
LDHs with PVK layer. Figure 2b and Fig. S5 are the XPS 
spectra of the PVK film and PVK/LDHs film. The binding 
energies of Pb  4f7/2 and  4f5/2 peaks of the PVK films were 
138.5 eV and 143.3 eV, respectively, and after modifying 
the PVK layer with LDHs, the binding energies shifted 
slightly to a higher level at 138.7 eV and 143.5 eV. After 
the introduction of LDHs, the binding energies of I  3d5/2 
and  3d3/2 peaks also moved from 618.4 eV to 629.9 eV and 
618.7 eV to 630.2 eV, respectively, suggesting interaction 
between LDHs and  Pb2+ and  I-. The existence of the inter-
action between LDHs and PVK layer can be confirmed by 
FTIR and XPS spectra.

Fig. 1  (a) The PSC structure. (b) J–V characteristics. (c) Thermal stability measured at 85°C of the PSCs with LDHs and control PSCs.

Table I  Photovoltaic parameters of the best-performing control PSCs 
and PSCs with LDHs.

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

Control PSCs 1.02 15.71 59.89 9.60
PSCs with LDHs 1.04 17.00 60.49 10.70
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Energy Level Matching

CV measurements (Fig. 3a and b) were performed to inves-
tigate the electrochemical properties of LDHs. The highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) energy levels of LDHs based on 
CV data were –5.0 eV and –2.9 eV, respectively, and the 
results were summarized in Table S1. The energy level dia-
gram of PSC device was shown in Fig. 3c, and the energy 
levels of FTO,  TiO2,  MAPbI2 and carbon electrode are 
derived from previous work.36,37 The HOMO energy level 
of LDHs is deeper than the valence band (VB, –5.4 eV) of 
PVK layer, so the holes generated in PVK can be effec-
tively extracted. In addition, the LUMO energy level of 
LDHs is higher than the conduction band (CB, –3.9 eV) of 
the PVK layer, which can block the transport of electrons 
from the PVK layer to the carbon electrode, thus effectively 

preventing carrier recombination. Therefore, the energy lev-
els of LDHs as HTL match the energy bands of PVK very 
well.

Hole Extraction

The PL and TRPL spectra of PVK film and PVK/LDHs 
film were measured to study the hole-extraction properties 
of LDHs as the HTL. As can be seen from Fig. 4a, PL inten-
sity of the PVK/LDHs film was obviously lower than that of 
the PVK film, indicating that the charge can be transferred 
from PVK to LDHs, which confirmed the hole-extraction 
capability of LDHs. The carrier lifetime (τ) of PVK film and 
PVK/LDHs film were further compared by TRPL spectros-
copy (Fig. 4b). The TRRL decay curves were fitted by the 
biexponential decay function:38–40

Fig. 2  (a) FTIR spectra of LDHs, PVK film and PVK/LDH film. (b) XPS spectra of  Pb4f peaks of PVK film and PVK/LDH film.

Fig. 3  The cyclic voltammogram curves of LDHs: (a) the positive scanning and (b) the negative scanning. (c) Energy diagram of each layer of 
PSCs.
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where τ1 and τ2 are the fast decay component and the slow 
decay component, respectively, and they relate to the non-
radiative recombination and radiative recombination. The 
average carrier lifetimes are calculated by the formula:41

the corresponding fitting parameters were listed in Table S2. 
The lifetimes of PVK film and PVK/LDHs film were 41.99 
and 29.10 ns, respectively. Obviously, the PL lifetime of 
PVK film was reduced due to the deposition of LDHs. The 
shorter lifetime of PVK/LDHs film indicated the addition of 
LDHs promotes hole transfer and extraction.

In order to further explore the process of charge trans-
port and recombination after adding LDH as HTL, the EIS 
spectra and dark J–V characteristics measurements were 
performed on control PSCs and PSCs with LDHs. The EIS 
spectra were shown in Fig. 3c, and the fitted parameters of 
series resistance (Rs) and charge transfer resistance (Rrec) 

(3)F(t) = A
1
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were listed in Table S3. The Rrec of PSCs with LDHs is 
394.6 Ω, which is higher than that of control PSC (155.6 
Ω), indicating rapid charge transfer and effective inhibition 
of charge recombination. The dark J–V curves of control 
PSCs and PSCs with LDHs were shown in Fig. 3d. The 
leakage current of PSCs with LDHs is lower than that of 
control PSCs, implying that adding LDHs as HTL in PSC 
can reduce the current leakage, which can help to improve 
the device efficiency.

Morphology and Structure Effect

Since the quality of the PVK film has great influence on 
PSC device performance, XRD, SEM and AFM measure-
ments were performed to investigate the film. The structures 
of PVK film and PVK/LDHs film were compared by XRD 
patterns (Fig. S6). The diffraction peak at 14.2° correspond-
ing to the (110) plane of the PVK lattice shows remarkable 
enhancement after the addition of LDHs, suggesting the 
higher crystallinity and the enhanced stability of the PVK 
crystals. SEM images of the PVK film and PVK/LDHs film 
are shown in Fig. 5a and b. After the deposition of LDHs, 
the PVK/LDHs film exhibited dense morphology, large grain 

Fig. 4  (a) Steady-state and (b) time-resolved PL spectra of the PVK films and PVK/LDHs films. (c) EIS measurement results. (d) Dark J–V 
curves of control PSCs and PSCs with LDHs.



7904 X. Ye et al.

1 3

size and reduced pinholes. The AFM images in Fig. 5c and 
d showed that the root mean square (RMS) roughness of 
pristine PVK film is 25.7 nm, while the RMS roughness 
of the PVK/LDHs film reduce to 23.4 nm, suggesting that 
the PVK film coated with LDHs becomes much smoother, 
which contributes to better contact with the carbon electrode 
and improves the stability of the device.

Conclusions

In summary, inorganic LDH nanoparticles were applied in 
PSC devices as an HTL. Mechanistic studies showed that 
the valence band of the LDH matches the valence band of 
the PVK, which can transport holes well. Meanwhile, LDH 
limits the movement of electrons to the anode, thus reduc-
ing carrier recombination. In addition, LDH has surface 
hydroxyl groups, which can combine with uncoordinated 
 Pb2+ to fill the holes in PVK layer, thus improving the fill 
factor of PSC devices. LDH can be used as a protective 
layer, preventing the PVK layer from decomposing in con-
tact with oxygen and heat, consequently enhancing device 
stability. We used LDHs instead of expensive organic HTL, 
overcoming the problems of high cost and poor stability. 
Therefore, LDH is expected to be a potential candidate for 

HTL, and this study provides a simple strategy for fabricat-
ing low-cost and stable PSC.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 023- 10750-x.
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