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(PCE) leaping from ≈3% to a certified 
value of 25.2%,[1] exceeding or comparable 
to those of other photovoltaics, including 
CdTe, copper indium gallium selenide 
(CIGS), and silicon-based solar cells. To 
date, PSCs have been generally fabri-
cated on conductive glass (e.g., fluorine-
doped tin-oxide (FTO) glass) or plastic 
substrates (e.g., indium-tin-oxide (ITO)-
coated polyethylene terephthalate (PET); 
denoted ITO-PET). Notably, these two 
electrodes cannot be easily recycled, and 
the plastics-based substrates derived from 
petroleum are not eco-friendly. Moreover, 
with significant progress in PSCs and 
short device lifetime, tremendous need 
for conductive substrates may result in 
the generation of a large amount of waste 
and rapid consumption of rare elements 
(e.g., indium in FTO/ITO and gallium 
in gallium-doped zinc oxide glass). This 
places high demand on the supply of rare 
elements and greatly impacts the environ-
ment in the near future, and on the other 
hand, it motivates the development of 
environment-friendly PSCs.[2] Although 

green solvents (e.g., methanol (MeOH), ethanol (EtOH), and 
isopropanol (IPA)) have been widely used for processing large-
area perovskite films,[3] very limited work on biodegradable per-
ovskite-based devices have been reported.[4] On the other hand, 
flexible electrodes derived from biodegradable materials repre-
sent a promising candidate for many emerging and eco-friendly 
applications.[5,6] However, their implementation in PSCs have 
yet to be explored.

Because of their low sheet resistance (Rs) and high optical 
transmittance (T) compared to other materials (e.g., graphene,[7] 
conducting polymers,[8] and carbon nanotubes[9]), silver nano-
wires (Ag NWs) have attracted tremendous interest for conduc-
tive electrodes by a broad range of solution-based processes, 
including spin coating,[10] spray coating,[11] and vacuum filtra-
tion.[12] However, these approaches often assemble Ag NWs 
into a random network, leading to the inhomogeneity, junction 
resistance between NWs, entanglement among NWs, and sur-
face roughness of NWs.[13,14] It is notable that a delicate balance 
between electrical conductivity and optical transmittance of 
Ag NWs is the key to their use in electronics.[15] As a result, it 
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1. Introduction

The past decade has witnessed accelerated development of 
perovskite solar cells (PSCs) with power conversion efficiency 
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remains challenging to develop flexible electrodes that concur-
rently exhibit high electrical conductivity, outstanding optical 
transmission, and low surface roughness.[16]

Herein, we report a simple yet highly effective strategy (i.e., 
meniscus-assisted solution printing (MASP)) to craft crossly 
aligned Ag NWs followed by their impregnation in biodegrad-
able elastomeric polyester (i.e., forming hybrid biodegradable 
electrode), which impart the growth of large-grained perov-
skite film for flexible, mechanically robust, biodegradable, 
and high-performance PSCs. The MASP strategy involves the 
constraint of the Ag NW solution between two parallel plates 
with the upper stationary plate and the lower movable substrate 
placed on a computer-controlled translation stage. Strikingly, by 
adjusting the distance between the upper and lower plates, the 
MASP technique renders one-step creation of cross-aligned Ag 
NWs comprising horizontally oriented Ag NWs dictated by the 
hydrodynamic force owing to the moving substrate and verti-
cally oriented Ag NWs regulated by the “stick-and-slip” motion 
of the three-phase contact line at which Ag NWs experience. 
Notably, the hybrid biodegradable electrodes display compa-
rable electrical conductivity as commercially available flexible 
ITO-PET film without sacrificing optical transparency due to 
the orthogonally aligned Ag NWs. More importantly, they also 
demonstrate substantially enhanced electrical conductivity 
(52.6 Ω per square) over randomly dispersed Ag NWs obtained 
by spray-coating (20.8  kΩ per square) at 90% transparency, 
representing three orders of magnitude improvement. Intrigu-
ingly, in the process of depositing perovskite film onto the 
electron-transport-layer-coated hybrid biodegradable electrode 
for PSCs, the evaporation of perovskite precursor solution is 
restricted in the space imposed by cross-aligned Ag NWs. Con-
sequently, compared to flat ITO-PET electrode used as control, 
confined evaporation of perovskite precursor solution yields a 
reduced number of nuclei, thereby leading to the formation 
of a dense large-grained perovskite film. The resulting flexible 
PSCs manifest excellent optoelectronic properties with a PCE 
of 17.51% (comparable to PCE of 16.86% for ITO-PET-based 
devices) as well as appealing mechanical robustness against 
bending. More importantly, the PSCs can be quickly degraded 
in the lipase water solution, leaving behind recyclable Ag NWs. 
Clearly, the MASP strategy enables rapid preparation of cross-
aligned conductive NWs for hybrid biodegradable electrodes, 
opening up a new avenue for developing environmentally 
friendly electronics and optoelectronics (e.g., green PSCs, LEDs, 
photodetectors, etc.).

2. Results and Discussion

Poly(glycerol sebacate urethane) (PGSU), a biodegradable 
elastomeric polyester, possesses covalently crosslinked three-
dimensional structure.[17] Due to its high transparency, good 
hydrophilicity, and excellent solution processibility,[18] PGSU 
can be developed as a unique biodegradable hybrid electrode 
containing various conductive nanomaterials to further expand 
its application in flexible electronics. This, however, has yet to 
be implemented in PSCs. As a tough, biocompatible, and bio-
degradable polymer, PGSU can be readily synthesized via a 
two-step reaction, as depicted in Figure 1a. First, poly(glycerol 

sebacate) (PGS) was synthesized via a polycondensation reac-
tion of glycerol and sebacic acid at an 1:1 molar ratio over 48 h 
(hereafter referred to as PGS pre-polymer). The weight-average 
of PGS pre-polymer was 12700 ± 1600 g mol−1 with a polydisper-
sity index of 4.5 ± 0.5 (see Experimental Section in Supporting 
Information). The structure of pre-polymer was characterized 
using NMR (Figure S1, Supporting Information). In addi-
tion, Figure S2 (Supporting Information) shows the elasticity 
of as-prepared PGS after thermal curing (partially crosslinked 
due to the reaction between the free hydroxyl groups in PGS 
pre-polymer and the carboxyl group in residual sebacic acid) 
evaluated by cyclic mechanical testing. The tensile strength of 
PGS is too low (≈1.5 kPa) to be employed as the substrate for 
solar cells. Therefore, it needs to be crosslinked to improve its 
tensile strength. To this end, aliphatic hexamethylene diisocy-
anate (HDI) was selected as the crosslinking agent due to its 
low-cost and extensive use in the synthesis of biodegradable 
and biocompatible ester-containing polyurethanes.[19] The rapid 
reaction between the exposed free hydroxyl groups at the end of 
partially crosslinked PGS pre-polymer chain and the isocyanate 
groups in HDI under mild conditions yields three-dimensional, 
covalently crosslinked network via the formation of urethane 
linkages (i.e., producing poly(glycerol sebacate urethane) 
(PGSU); lower right chemical structure in Figure 1a). Figure 1b 
shows the FTIR spectrum of PGSU, signifying the success in 
the synthesis of PGSU. The free hydroxyl groups in PGS pre-
polymer has a broad peak appeared at 3445 cm−1, corresponding 
to the –OH stretching.[20] After reacting with HDI, the resulting 
urethane groups lead to a peak shift to a lower wavenumber 
(3332  cm−1), corresponding to the –NH– group stretching. 
Moreover, the peak centered at 1735  cm−1 can be assigned to 
the stretching of the carbonyl group (–CO–) in PGSU. The ure-
thane bond (NHCOO) at 1560  cm−1 can also be seen in 
PGSU, further verifying the formation of urethane linkages in 
the backbone of PGSU. In addition, the peak at 2270 cm−1 can 
be ascribed to the characteristic stretching of the isocyanate 
group, suggesting the presence of unreacted HDI. We note 
that the residual HDI can react with moisture to yield carbon 
dioxide and have no effect on the properties of PGSU.[21] More 
interestingly, Figure  1c shows the markedly improved tensile 
strength (16.9  MPa) of PGSU film over that of the thermally 
cured, ester-linkage-containing PGS, due largely to the forma-
tion of additional urethane linkages. This produces a three-
dimensional, covalently crosslinked network, which effectively 
strengthens the chemical bonding among polymer chains and 
thus mechanical properties.[22] The contact angle of the PGSU 
film is 53.19° ± 3.2°, indicating a good hydrophilicity.

Subsequently, the PGSU was used to prepare transparent 
and conductive electrodes. Figure 1d depicts the procedure for 
the flexible, hybrid, and biodegradable Ag NWs/PGSU elec-
trode. First, zinc oxide (ZnO) film with an average room mean 
square roughness, Ra of 4.97 nm (Figure S3, Supporting Infor-
mation) was deposited on a glass substrate. Subsequently, the 
MASP of Ag NWs ethanol solution yielded the cross-aligned 
Ag NWs. Specifically, a drop of Ag NWs ethanol solution was 
loaded in a two-nearly parallel-plate geometry of a certain sepa-
ration distance (H) with the upper plate fixed while the lower 
plate (i.e., ZnO-coated glass substrate) placed on a computer-
controlled translational stage and moved at a constant velocity, 
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as illustrated in Figure 2a. Notably, a meniscus is formed at the 
edge of the confined Ag NWs solution (Figure  2a). The pro-
grammable moving of ZnO-coated glass substrate results in 
a one-step creation of cross-aligned Ag NWs that will be dis-
cussed later. Nonetheless, the PGS pre-polymer and HDI mix-
ture were then spun onto as-obtained cross-aligned Ag NWs, 
followed by selective etching of underlying sacrificial ZnO film 
using 10  wt% citric acid DI water solution, leading to free-
standing flexible, hybrid, and biodegradable Ag NWs/PGSU 
electrode (Figure 1d). Figure 2b shows the digital image of as-
prepared Ag NWs/PGSU film with a high homogeneity over an 
area of 1.5 × 2.5 cm2. We note that the Ag NWs/PGSU film has 
the same tensile strength (16.9 MPa) as the PGSU film, mainly 

because the Ag NWs layer is very thin due to the monolayer 
orthogonality, thus has little effect on the mechanical property 
of the film. As surface roughness plays a crucial role in uti-
lizing Ag NWs/PGSU as the hybrid electrode for PSCs, atomic 
force microscopy measurement was performed, showing a low 
average surface roughness of Ra  ≈2.77  nm (Figure S4, Sup-
porting Information). This value is much smaller than most 
of previously reported Ag NW-network-based electrodes (e.g., 
18–23 nm).[23,24] The Ag NWs/PGSU electrode also exhibited a 
good bending stability, as will be discussed later, which is due to 
the increased adhesion by impregnating Ag NWs in biodegrad-
able elastomeric polyester. The excellent performances noted 
above demonstrate that the sacrificial layer is indispensable in 

Figure 1. a) Reaction schemes of poly(glycerol sebacate) (PGS) pre-polymer and poly(glycerol sebacate urethane) (PGSU). b) FTIR spectrum of 
PGSU. c) Representative stress–strain curve and contact angle measurement of PGSU film (inset). d) Schematic illustration of fabrication procedure 
for flexible, hybrid, and biodegradable electrodes containing cross-aligned Ag NWs impregnated in PGSU film. A ZnO film is predeposited on glass. 
Then, the meniscus-assisted solution printing (MASP) of Ag NWs yields cross-aligned Ag NWs, followed by spin-coating the PGS pre-polymer and 
hexamethylene diisocyanate (HDI) and dissolving sacrificial ZnO layer in citric acid solution to produce flexible, hybrid Ag NWs/PGSU electrode that 
can be conveniently degraded by lipase.
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the preparation process. In addition, the Ag NWs/PGSU film 
has appealingly high transparency with ≈90% transmittance 
at 550 nm, outperforming that of commercially available ones 
(Figure 2c). It is worth noting that higher transmittance along 
with expanded wavelength range ensure more solar light to be 
absorbed by the photoactive perovskite layer in PSCs. Moreover, 
low surface roughness and small sheet resistance (52.60 Ω) of 
Ag NWs/PGSU film are also beneficial for the fabrication of 
high-performance PSCs.

For comparison, a spray-coating of Ag NWs was also per-
formed, yielding randomly distributed NWs on the glass sub-
strate. Due to serious aggregation (Figure S5, Supporting Infor-
mation) and large surface roughness (Figure S6, Supporting 
Information) of random dispersed Ag NWs network, it is very 
difficult to reach a balance between high optical transmittance 
and excellent electrical conductivity (Figure S7, Supporting 
Information), which is a prerequisite for transparent electrodes. 
In general, the increased conductivity of electrode has reduced 

optical transmittance. Under the same electrical conductivity, 
the structure of orthogonally oriented Ag NWs can effectively 
improve the optical transmittance. In our study, we prepared 
the cross-aligned Ag NWs by the MASP strategy. In this pro-
cess, the concentration of Ag NWs solution is critical. At the 
low concentration of Ag NWs solution, the Ag NWs cannot 
be in good contact with each other due to their small content, 
leading to the decreased conductivity of electrode. On the other 
hand, when the concentration of Ag NWs solution is high, it 
would largely affect the optical transmittance of electrode as 
noted above. Thus, the concentration of Ag NWs solution was 
set to be 0.1  mg  mL−1, rendering a balance between electrical 
conductivity and optical transmittance of the resulting Ag 
NWs/PGSU electrode.

We now turn our attention to rationalize one-step formation 
of orthogonal Ag NWs that are responsible for excellent trans-
parency and good electrical conductivity of the resulting Ag 
NWs/PGSU electrode. As illustrated in Figure 2a, cross-aligned 

Figure 2. a) Schematic of the formation of cross-aligned Ag NWs during the MASP process. b) Optical micrograph of as-prepared electrode with 
excellent transparency (size = 1.5 × 2.5 cm2). c) Optical transmittance as a function of wavelength for various electrodes of different sheet resistances. 
d) Schematic of confined solution between two-nearly parallel plates (side view) with parameters labeled to account for horizontal alignment of Ag 
NWs. Inset: schematic of the distribution of Ag NWs at the meniscus and in bulk solution (side-view). e) SEM image of a majority of horizontal-aligned 
Ag NWs. f) Polarized UV−vis absorption spectra of a majority of horizontal-aligned Ag NWs as a function of polarization angle (0°−90°). g) Schematic 
of confined solution for illustrating the vertical deposition of Ag NWs to yield cross-aligned Ag NWs. The forces at meniscus surface that an Ag NW 
experience is also depicted. Inset: schematic of the Ag NWs distribution at the meniscus surface. h) SEM image of cross-aligned Ag NWs. i) Polarized 
UV−vis absorption spectra of cross-aligned Ag NWs.
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Ag NWs comprise horizontal and vertical deposits. The hori-
zontally oriented Ag NWs are driven by shear-induced hydro-
dynamic force on the confined Ag NWs ethanol solution due 
to continued moving of lower ZnO-coated glass substrate 
placed on the translational stage in a two-nearly parallel-plate 
geometry. To further analyze the shear-induced hydrodynamic 
force, a representative side-view schematic of the confined solu-
tion with meniscus is depicted in Figure 2d. We note that the 
velocity of the outward convective flow v induced by solvent 
evaporation can be given as follows:[25,26]
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where ρ is the solution density, r is the horizontal distance 
between the meniscus surface and the bulk solution, h is the 
height of the meniscus at r, K is a non-equilibrium variable, 
and T is the thermal effect parameter[26] (see Experimental Sec-
tion in Supporting Information). Clearly, Equation (1) suggests 
that the outward convective flow is accelerated at the edge of 
meniscus, that is, v rapidly increases as r increases (i.e., when 
approaching the meniscus edge). As a result, the outward con-
vective flow carries the Ag NWs to the front of the meniscus 
and aligns them at the edge. The relationship between shear-
induced hydrodynamic force Fhydro and v can be given by the 
following equation,[27]
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where μ is the viscosity of the fluid (≈15 × 10−3 Pa s at 353.15 K 
for Ag NWs ink dissolved in ethanol), and a and b are the 
length (≈60 μm) and radius (≈50 nm) of Ag NWs. According to 
Equation (2), the maximum Fhydro,_max acting on Ag NWs exists 
at the very edge of the meniscus where h = 0 and r reaches the 
maximum value (Figure 2d), with which Ag NWs rapidly align 
horizontally, while Ag NWs situated within the meniscus away 
from h = 0 remain randomly populated due to the smaller Fhydro 
as depicted in the inset of Figure 2d. Assuming the maximum 
v at the very edge of the meniscus reaches the moving speed 
of the lower ZnO-coated glass substrate (i.e., 100 μm s−1). The 
hydrodynamic force Fhydro,_max at the very edge can be estimated 
to be 1.5 nN, which is sufficient to align Ag NWs (≈0.8 nN).[28]

Figure  2e presents an optical micrograph of the massively 
horizontal-aligned Ag NWs in conjunction with some vertical-
aligned Ag NWs (as discussed later). The alignment of Ag 
NWs is clearly evident in the AFM image (Figure S8, the cor-
responding cross-section analysis of several Ag NWs and an 
individual Ag NW are shown in Figure S9, Supporting Infor-
mation). The horizontal-aligned Ag NWs possess anisotropic 
optical properties. The subtle differences in the UV–vis absorp-
tion spectra (i.e., (a) and (b) in Figure S10 from 400 to 800 nm, 
Supporting Information) indicate that the polarized absorption 
spectra of the horizontal-aligned Ag NWs is correlated to the 
polarization angle θ (θ = 0°–90°, defined as the angle between 
the polarization direction of incident light and the direction 
of aligned Ag NWs; Figure S11, Supporting Information). It 
is noteworthy that the absorption peak intensity decreases as 

θ increases, suggesting that the majority of Ag NWs aligned 
along the moving direction of polarizing filter (see curve at 
θ = 0°) yet still contained a small population of vertical-aligned 
Ag NWs (see curve at θ =  90°) (Figure  2f). In sharp contrast, 
no obvious changes in the absorbance of randomly dispersed 
Ag NWs network were seen (i.e., no optical anisotropy with 
increasing polarization angle θ).[29]

A small amount of vertical-aligned Ag NWs yet coexisted with 
the majority of horizontal-aligned counterparts (Figure 2e) can 
be justified as follows. As depicted in Figure 2g, Ag NWs in the 
upper part of trapped solution will reach the curved meniscus 
surface due to the movement of lower ZnO-coated glass sub-
strate. A competition between a surface tension-related depin-
ning force (Fsurf) and a pinning forces due to solvent evapora-

tion (F J

h
levap

e= , where l is the length of Ag NW)[30] and fluid  

motion (Fhydro) drives the randomly oriented Ag NWs at the 
curved meniscus surface to move toward the very edge of the 
meniscus (i.e., three-phase contact line formed by the Ag NWs 
ethanol solution, lower ZnO-coated glass substrate, and air) 
(Figure 2e). Consequently, each individual Ag NW is vertically 
deposited on lower ZnO-coated glass substrate driven by the 
maximization of interfacial interaction (i.e., contact) between 
the Ag NW and the substrate at the three-phase contact line 
(a well-known “coffee ring” effect[31]). Moreover, the forma-
tion of stripe-like vertically aligned Ag NWs is a consequence 
of repetitive “stick-and-slip” motion of the three-phase contact 
line caused by the continuous moving of the lower ZnO-coated 
glass substrate. As the lower substrate was moved at a constant 
speed, the meniscus was stretched and the initial contact angle 
θi at the meniscus edge (Figure 2g) decreased to a critical value 
θc. At θc, the depinning force became larger than the pinning 
force,[32] leading to the jump of the contact line to a new posi-
tion (i.e., “slip”) where the θi was resumed, thus forming a 
new Ag NWs stripe. The repetitive “stick-and-slip” cycles of the 
three-phase contact line yielded a set of periodic stripes. It is 
also interesting to note that the larger the separation distance 
H between the upper plate and lower substrate (Figure 2a) is, 
the more Ag NWs will be exposed at the meniscus surface, 
thereby resulting in a denser vertical deposition at the fixed Ag 
NWs solution concentration, as clearly evidenced in Figure 2e 
(sparsely populated vertical-aligned Ag NWs at H1 =  100 μm) 
and Figure 2h (dense vertical-aligned Ag NWs at H2 = 300 μm). 
Compared to a vast majority of horizontal-aligned Ag NWs 
(Figure  2f), only slight changes in the absorption peaks were 
observed for largely cross-aligned Ag NWs. Taken together, 
judiciously tuning H in the MASP strategy render the con-
trol over the cross-alignment process of Ag NWs in a one-step 
manner for producing highly transparent and good conductive 
electrodes.

The highly transparent, conductive, and biodegradable Ag 
NWs/PGSU film was then used as electrode for PSCs fabricated 
via a substrate-transfer process using the fluorinated polymer 
as the release agent (Figure S12, Supporting Information). We 
note that the annealing process of tin dioxide (SnO2) and perov-
skite film has no influence on the conductivity and plastic defor-
mation of the Ag NWs/PGSU substrate due to the much lower 
annealing temperature (i.e., 100  °C for SnO2 and 110  °C for 
perovskite film) than the onset thermal degradation  temperature 
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(290  °C) of the Ag NWs/PGSU electrode (Figure S13,  
Supporting Information). Figure S14 (Supporting Information) 
presents a cross-sectional SEM image of the Ag NWs/PGSU-
based PSC. Notably, a layer of SnO2 with a thickness of 110 nm 
was spin-coated at room temperature onto Ag NWs/PGSU fol-
lowed by thermal annealing at 100 °C to function as an efficient 
electron-transporting layer (ETL) (see Experimental Section 
in Supporting Information). Figure S15 (Supporting Informa-
tion) shows the SEM image of SnO2-coated Ag NWs/PGSU, 
suggesting uniform coating of SnO2, and the underlying cross-

aligned Ag NWs are also clearly evident. The average surface 
roughness of Ag NWs/PGSU slightly increased from 2.77 
(Figure S4, Supporting Information) to 3.09 nm after the SnO2 
coating (Figure S16, Supporting Information). The perovskite 
with a complex stoichiometry of (FAPbI3)0.85(MAPbBr3)0.15 was 
selected as photoactive layer, where MA and FA are methyl-
ammonium and formamidinium, respectively. A (FAPbI3)0.85
(MAPbBr3)0.15 film of 700  nm thick was spun onto the SnO2 
ETL-coated Ag NWs/PGSU electrode (see Experimental Section 
in Supporting Information). Figure  3a,b compares the SEM 

Figure 3. SEM image of perovskite films on a) SnO2-coated ITO-PET (control sample) and b) SnO2-coated Ag NWs/PGSU electrodes. c) The LaMer 
model accounting for nucleation and growth of perovskite crystals. d) Schematic illustration of perovskite precursor solution during the spin-coating 
process on SnO2-coated Ag NWs/PGSU electrode (upper panel) and on SnO2-coated ITO-PET (lower panel). γS/G and γsurf are the surface tensions at 
the solution/gas interface and at the solution/SnO2-coated Ag NWs/PGSU interface, respectively. The downward surface tension γsurf retards the solvent 
evaporation, leading to the formation of less nuclei. e,f) Stepwise representation of nucleation and grain growth of perovskite on (e) SnO2-coated Ag 
NWs/PGSU electrode, and (f) SnO2-coated ITO-PET electrode, respectively.

Adv. Energy Mater. 2020, 10, 2001185



www.advenergymat.dewww.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001185 (7 of 12)

images of the perovskite film on the SnO2-coated ITO-PET 
(as control) and SnO2-coated Ag NWs/PGSU electrodes; and 
the average grain size of perovskite on the latter electrode is 
comparatively larger, increasing from 180 nm for the former to 
340 nm for the latter electrodes (Figure S17, Supporting Infor-
mation). This in turn improved the optoelectronic properties as 
discussed later.

To further uncover the formation mechanism of large perov-
skite grains on Ag NWs/PGSU electrodes, it is critical to scru-
tinize the crystal nucleation and growth of the perovskite layer. 
This can be described by the well-known LaMer mechanism,[33] 
as illustrated in Figure  3c, where CS is the saturated concen-
tration of solute, and CC is the critical concentration (i.e., min-
imum concentration) of solute for nucleation which represents 
a limiting state of supersaturation.[34] As solvent evaporates 
(from time t = 0→t1), the solution concentration reaches CS at 
t1. From t1→t2, no nuclei are generated as the nuclei form at the 
same rate as they dissolve. As the concentration of solute (i.e., 
perovskite precursors) increases to CC at t2, a large number 
of nuclei are generated and grown.[35] As the solvent evapora-
tion continues (t2→t3), the perovskite precursor solution is 
concentrated and the nucleation rate of perovskite is acceler-
ated. Nonetheless, further evaporation (t3→t4) increases the 
consumption of solute for the growth of the generated nuclei, 
eventually reaching CC again at t4 (i.e., the end of the nuclea-
tion stage). Afterward (t >  t4), the concentration of solution is 
progressively lowered owing to the continuous growth of the 
generated stable nuclei of perovskite, representing the forma-
tion of larger crystals (upper right inset in Figure 3c), as long as 
the concentration is greater than CS.

In view of the low formation enthalpy of perovskite crystals 
and extremely rapid evaporation rate of solvent on the concen-
trated wet film produced during spin-coating, which results in a 
continuous increase of the concentration above CS, the crystalli-
zation of perovskite film is potentially governed by the nucleation 
and growth stage (t2→t4). Hence, the nucleation rate represents 
the key factor controlling the crystallization of perovskite film. 
According to the classical LaMer mechanism, the nucleation rate 
can be described by the following Arrhenius-type equation:

N

t
A

G

k TB

d
d

exp c= − ∆





 (3)

where N is the number of nuclei, t is the time, A is a pre-expo-
nential constant, kB is the Boltzmann constant, and T is the tem-
perature. ΔGc is the critical Gibbs free energy of nucleation (i.e., 
activation energy), reflecting the energy barrier that nuclei need 
to overcome for steady growth without their dissolution.[36] In 
general, a lower nucleation rate leads to a larger grain size, and 
the nucleation rate is dictated by ΔGc. As depicted in Figure 3d, 
during the spin-coating of perovskite precursor solution, the 
downward surface tension (γsurf) acting at the interface between 
the precursor solution and the SnO2-coated Ag NWs/PGSU 
electrode is yielded due to the protrusion of the underlying Ag 
NWs, thereby slowing down the evaporation of the precursor 
solution. This in turn exerts a resistance to crystal nucleation 
(i.e., increasing of ΔGc), and thus the number of nuclei largely 
reduces according to Equation  (3) (central panel; Figure  3e). 
Consequently, a perovskite film containing large-sized grains is 

resulted in (right panel; Figure 3e). In contrast, as the solvent 
rapidly evaporates from flat SnO2-coated ITO-PET electrode, 
the solution concentration can be readily maintained above CC 
and the nucleation rate is dramatically increased, leading to 
the formation of more nuclei and thus smaller crystal grains 
(Figure 3f).

The X-ray diffraction (XRD) patterns of as-fabricated perov-
skite films spin-coated on SnO2-coated ITO-PET (control 
sample) and SnO2-coated Ag NWs/PGSU electrodes are pre-
sented in Figure 4a. All the diffraction peak positions of the two 
films are consistent with the simulated XRD profile of a trig-
onal perovskite crystal with P3m1 space group.[37] It is notable 
that each diffraction peak of the perovskite film on SnO2-coated 
Ag NWs/PGSU is narrowed, indicating a significantly increased 
grain size of perovskite crystals, which is consistent with the 
SEM measurements (Figure  3a,b). Intrigued by the enlarged 
grains, we further investigated the optoelectronic properties 
of the perovskite films. Figure S18 (Supporting Information) 
shows that the perovskite layer on the SnO2-coated Ag NWs/
PGSU electrode had a slight increase in the absorption of vis-
ible light due to a thicker perovskite film (700  nm) compared 
to that on the SnO2-coated ITO-PET (450 nm; Figure S19, Sup-
porting Information) under the same experimental conditions. 
The calculated bandgap (Figure S20, Supporting Information) 
based on the absorption spectra (Figure S18, Supporting Infor-
mation) are nearly the same, demonstrating that the chemical 
structure of perovskite was not changed[38] regardless of depos-
iting on two different electrodes.

Subsequently, the charge dynamics was evaluated by steady-
state photoluminescence (PL) (Figure  4b) and time-resolved 
photoluminescence (TRPL) (Figure  4c) characterizations. 
Compared to that on SnO2-coated ITO-PET electrode, the PL 
intensity on the SnO2-coated Ag NWs/PGSU electrode was 
reduced, suggesting that electrons can be effectively extracted 
in the hybrid biodegradable Ag NWs/PGSU electrode coated 
with a SnO2 ETL. The impressive electron extraction can be 
attributed to high-quality large-sized perovskite grains (i.e., low 
grain boundary density) and excellent electrical conductivity 
of Ag NWs (i.e., 5.69 ×  107 S m−1 for Ag NWs as compared to 
1.03 × 102 S m−1 for ITO film, thereby facilitating electron extrac-
tion). Figure 4c compares the TRPL spectra of perovskite films 
on two different electrodes by examining the emission peak at 
775 nm, and all data recorded are longer than the instrument 
response function (IRF), as indicated. The fast decay time (τ1) 
and slow decay time (τ2) can be determined by fitting the data 
to an exponential decay (specific physical basis on the inter-
pretation of the TRPL decay in terms of bi-exponential can be 
seen in the Supporting Note in Supporting Information). τ1 is 
related to the quenching of charge carriers through transport 
to SnO2 ETL,[39] whereas τ2 is attributed to the radiative recom-
bination of free charge carriers before the charge collection.[40] 
For the ITO-PET/SnO2/perovskite film, τ1 and τ2 were found to 
be 2.44 ± 0.02 and 311.46 ± 4.93 ns, respectively. For the PGSU/
Ag NWs/SnO2/perovskite film, both τ1 and τ2 were reduced 
to 1.02 ± 0.01 and 58.27  ±  0.71  ns, respectively, signifying a 
faster charge transfer from the perovskite film to the hybrid 
biodegradable Ag NWs/PGSU electrode through the SnO2 
ETL. Apparently, most of the photogenerated carriers can be 
effectively collected by the electrode with a low recombination 

Adv. Energy Mater. 2020, 10, 2001185



www.advenergymat.dewww.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001185 (8 of 12)

loss. The rapid charge transfer (τ1) and effective collection due 
to the reduced recombination (τ2) in the PGSU/Ag NWs/SnO2/
perovskite film may be greatly associated with the larger perov-
skite grain size, in good accordance with the XRD and PL spec-
troscopy results. This in turn results in improved photovoltaic 
performance, including less hysteresis and higher fill factor 
(FF).[41] The trap densities of perovskite deposited on two dif-
ferent substrates were also evaluated by constructing electron-
only devices with the architecture of substrate/SnO2/perov-
skite/phenyl-C61-butyric acid methyl ester (PCBM)/Ag (see 
Experimental Section in Supporting Information). Figure  4d 
presents the dark current–voltage (I–V) curves of the electron-
only devices. The trap-filled limit voltage (VTFL) is defined as the 
kink point of the bias voltage. At low bias voltage, the linear I–V 
curve (light blue line) reveals an Ohmic-type response. As the 
voltage increases above VTFL, the current increases nonlinearly, 

indicating completely filled traps. The trap density (Ntrap) is cor-
related to VTFL by the following equation:[42]

N
eL

9 V
trap

0 TFL
2

εε=
 

(4)

where ε is the relative dielectric constant, ε0 is the vacuum 
permittivity, and L is the film thickness. The trap density of 
perovskite film on SnO2-coated Ag NWs/PGSU electrode was 
estimated to be 2.23 × 1015 cm−3, approximately half of that on 
SnO2-coated ITO-PET electrode (4.15  ×  1015  cm−3). The lower 
trap density can be ascribed to the low grain boundary density 
and large crystal size of perovskite film on the SnO2-coated Ag 
NWs/PGSU electrode (Figure  3a,b). Taken together, the excel-
lent structural and optoelectronic properties of such perovskite 
film offer the great potential to achieve high-performance PSCs.

Figure 4. a) XRD patterns of perovskite films spin-coated on the SnO2-coated Ag NWs/PGSU electrode and the SnO2-coated ITO-PET electrode.  
b) Steady-state PL spectra and c) time-resolved PL (TRPL) spectra of perovskite films spun on the SnO2-coated Ag NWs/PGSU and the SnO2-coated 
ITO-PET electrodes, respectively. d) Dark I–V curves of electron-only devices showing trap-filled limit voltage (VTFL). The inset shows the electron-
only device architecture. Histograms of e) FF and f) PCE of devices constructed on the SnO2-coated Ag NWs/PGSU and the SnO2-coated ITO-PET 
electrodes, respectively.
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To this end, PSCs composed of PGSU/Ag NWs/SnO2/
perovskite/Spiro-OMETAD/Ag were constructed. The devices 
using the SnO2-coated ITO-PET electrode (i.e., ITO-PET/SnO2/
perovskite/Spiro-OMETAD/Ag) were also prepared and used 
as control. Figure S21 (Supporting Information) compares the 
current density–voltage (J–V) curves of the champion devices 
using the two different electrodes, demonstrating an open-
circuit voltage (VOC) of 1.08  V, short-circuit current density 
(JSC) of 23.30  mA  cm−2, fill factor (FF) of 69.07%, and PCE 
of 17.51% under AM1.5 illumination for the SnO2-coated Ag 
NWs/PGSU electrode-based device, and VOC of 1.08  V, JSC of 
23.99 mA cm−2, FF of 64.92%, and PCE of 16.86% for the SnO2-
coated ITO-PET electrode-based device. We note that these 
parameters were obtained from the reverse scan, and no appre-
ciable difference was observed between the forward and reverse 
scans. Figure 4e,f presents the histograms of the FF and PCE 
values from 14 highly efficient and reproducible PSCs of dif-
ferent batches. Remarkably, a high FF was attained using the 
SnO2-coated Ag NWs/PGSU electrode, which may be due to a 
good interfacial contact between the large-grained perovskite 
film and the SnO2 ETL.[43] Figure S22 (Supporting Information) 
shows a slight increase of JSC and nearly unchanged VOC of the 
SnO2-coated Ag NWs/PGSU electrode-based devices (i.e., their 
distributions), compared to those of SnO2-coated ITO-PET elec-
trode-based counterparts. The unchanged VOC can be attributed 
to the similar device structures (i.e., the alike band structure 
due to the same energy level (4.8 eV) of Ag NWs and ITO) and 
the same perovskite film in these two sets of devices, which is 
consistent with the calculated bandgap and the XRD results.[44] 
The small increase of JSC is due likely to the delicate balance 
between the enhanced JSC because of the thicker perovskite 
film (700 nm) and the suppressed JSC caused by the larger sheet 
resistance of electrode.[45] Accordingly, the external quantum 
efficiency (EQE) spectra were integrated, and the resulting 
JSC values for both types of devices were found to be in good 
agreement with the J–V curves (Figure S23, Supporting Infor-
mation). Moreover, compared to the ITO-PET electrode, the Ag 
NWs/PGSU electrode has the higher transmittance (Figure 2c), 
which also contributed to the increasing JSC. The improved 
photovoltaic performance of the SnO2-coated Ag NWs/PGSU 
electrode-based devices can be attributed primarily to fast elec-
tron extraction due to high-quality large-sized perovskite grains 
(i.e., less grain boundaries) and excellent electrical conduc-
tivity of Ag NWs (Figure S24, Supporting Information). Finally, 
the PCEs of the devices fabricated using the SnO2-coated  
Ag NWs/PGSU electrode shows promising advance over the state-
of-the-art PSCs of various device structures, as summarized in  
Table S1 (Supporting Information), manifesting the tremendous 
potential of flexible hybrid Ag NWs/PGSU electrodes for use  
in PSCs.

The bending stability is one of the key quality indicators for 
flexible solar cells. Figure  5a displays the normalized PCE of 
flexible SnO2-coated Ag NWs/PGSU-based PSCs measured 
after bending at different radii of curvature. The photographs of 
the corresponding bending tests are shown as the insets. After 
bending at a radius of curvature of 9.3 mm, the PCE remained 
the same without obvious degradation. Upon decreasing the 
bending radius to 5.5, 4.3, and 3.2 mm, the PCE progressively 
reduced to 15.73%, 14.80%, and 11.18%, respectively. The J–V 

curves of flexible PSCs undergoing the bending are shown in 
Figure S25 (Supporting Information). Figure  5b summarizes 
the variations in the normalized PCEs when the flexible PSCs 
were deformed at different radii during the repeated bending 
cycles. The detailed parameters are listed Table S2 (Supporting 
Information). Notably, the PSCs retained a 93.2% of initial PCE 
at a bending radius of 9.3 mm after 500 bending cycles.

To identify the dominant factor governing the degradation of 
the optoelectronic performance, the resistance change of the Ag 
NWs/PGSU electrode as well as the morphology change of the 
perovskite film as a function of the bending cycles were fur-
ther investigated. According to the previous report,[46] ITO can 
be safely bent to a radius of 14 mm; yet below 14 mm, the ITO 
layer starts to crack, leading to significantly degraded conduc-
tivity. In contrast, the bending radius of our Ag NWs/PGSU 
electrode reaches 3.2  mm, only representing a slightly 6.5 Ω 
per square increase over that of initial state after 500 repeated 
bending cycles (Figure S26, Supporting Information), due pri-
marily to the advantageous cross-aligned Ag NWs impregnated 
in the PGSU substrate. Meanwhile, the surface morphology 
changes of perovskite films were also studied after multiple 
bending cycles (Figure S27, Supporting Information). Under 
the same bending radius (i.e., 3.2  mm), with the increase of 
bending times (from 0 to 500 cycles), more and more cracks 
were emerged on the surface of perovskite film, which is unfa-
vorable to the effective output performance of the whole device. 
In this case, the lower JSC and FF of the flexible PSCs after 
repeated cycles of bending (Table S2, Supporting Information) 
were resulted likely from the fracture of the perovskite layer and 
the higher sheet resistance of the entire device after bending.[47]

In addition, the long-term stability of the as-prepared PSCs 
was also investigated. The device without encapsulation was 
kept in a desiccator and the photovoltaic properties (Table S3, 
Supporting Information) were measured at an interval of sev-
eral days. The device revealed no obvious reduction in PCE 
within 20 days (inset in Figure S28, Supporting Information), 
while a nearly 56% decrease of PCE was observed after 55 days 
(Figure S28, Supporting Information). We note that the Ag 
NWs/PGSU electrode can be stored without any degradation 
while retaining the transmittance and conductivity in natural 
environment (i.e., the absence of lipase) for at least 6 months. 
Thus, the attenuation in long-term optoelectronic performance 
is due primarily to the moisture-induced degradation of the 
perovskite layer when taking the device out of desiccator and 
measuring the I–V curves in air. In this case, we tested the 
moisture stability of perovskite films by exposing them to air 
with a 65% humidity. The moisture can decompose the perov-
skite into its precursors, during which the black perovskite film 
changes into the yellow lead iodide film. The moisture sta-
bility of both perovskite films on SnO2-coated Ag NWs/PGSU  
electrode and SnO2-coated ITO-PET electrode is shown in 
Figure S29 (Supporting Information). Clearly, the device encap-
sulation to isolate them from moisture and thus prevent it from 
life loss as well as the toxicity owing to the Pb leaking is needed 
for the practical application in the future.

Figure  5c presents the degradation process of flexible 
SnO2-coated Ag NWs/PGSU-based PSCs. The lipase (from 
thermomyces lanuginosus) aqueous solution at a concentration 
of 10 000 U mL−1 was used in our study. When the device was 
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placed into the solution, it floated on the solution surface due 
to its light weight (≈15  mg; see Original in Figure  5c). Thus, 
it was pushed to be immersed underwater, and the cell color 
instantly changed from the original dark black to yellow in 10 s 
because of the decomposition of the perovskite layer in water. 
In the next 10 min, the perovskite layer was completely disso-
lution by lipase, leaving behind an Ag electrode on the PGSU 
substrate. Then, the Ag electrode slowly delaminated off, owing 
largely to the effect of bubbles produced from the biodegrada-
tion of the PGSU substrate (Figure S30, Supporting Informa-
tion). After washing away the lipase attached to the surface, we 
clearly observed that the area of the PGSU substrate gradually 
decreased on a daily basis and completely disappeared within a 
week. The mechanism of PGSU degradation lies in the cleavage 
of the ester linkages, resulting in the production of glycerol, 
sebacic acid, and polyurethane segment.[48] Glycerol and sebacic 
acid are both bio-based chemicals that widely exist in the nature 
and exhibit well-documented biocompatibility.[49] Thus, PGSU 
exemplifies an excellent recyclable material. The lead (Pb) ele-
ment in solution can be removed or recycled using proper 
waste treatment technology.[50] As such, our devices are unlikely 
to present potential hazards to the environment, thereby  

facilitating a broader range of environmentally friendly applica-
tions in energy conversion and storage, such as new energy 
vehicles, smart clothing, etc.

3. Conclusion

In summary, we developed a viable meniscus-assisted solution 
printing (MASP) strategy to one-step create cross-aligned Ag 
NWs that are subsequently integrated with biodegradable elas-
tomeric polymer as flexible hybrid electrode for high-efficiency 
and green PSCs. The mechanism governing the formation of 
orthogonal Ag NWs by MASP is uncovered, that is, hydrody-
namic force-driven parallel alignment of Ag NWs due to the 
moving of the lower substrate in conjunction with the “stick-
and-slip” motion of three phase contact line-enabled perpendic-
ular alignment of Ag NWs. Nonetheless, the hybrid electrode 
displays a set of appealing features, including high electrical 
conductivity (i.e., a low sheet resistance of 52.60 Ω per square), 
small surface roughness (≈2.77  nm), and outstanding optical 
transmittance (≈90%). More importantly, such the hybrid biode-
gradable electrode imparts the formation of a dense, crystalline 

Figure 5. a) Normalized PCE measured after bending at different radii of curvature. b) Changes in normalized PCEs of flexible PSCs during 500 repeated 
bending cycles. c) Photographs of a PSC at various stages of biodegradation by lipase.
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perovskite film with larger grains. This is due to the reduced 
evaporation of the perovskite precursor solution because of 
the downward surface tension exerted at the precursor solu-
tion/electrode interface, which leads to the formation of a 
decreasing number of nuclei and thus increased grain sizes of 
perovskite. The perovskite film on the hybrid electrode exhibit 
attractive optoelectronic properties with a high PCE of 17.51% 
in the resulting PSCs. The devices also carry good bending per-
formance, demonstrating a 93.2% retention of initial PCE at a 
bending radius of 9.3 mm after 500 bending cycles. They can 
also be conveniently and thoroughly biodegraded in a week. 
Conceivably, as the diversity of nanomaterials (e.g., carbon 
nanotubes, graphene, 2D materials) are amenable to the MASP 
strategy and an array of biomaterials (e.g., protein, polysaccha-
rides, etc.) other than synthetic polymers can be used as envi-
ronmentally friendly substrates, the MASP technique affords a 
powerful platform to create a rich variety of biodegradable elec-
trodes for a wide range of applications in multifunctional flex-
ible optics, electronics, and optoelectronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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