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Simultaneous UV and air stability improvement
of organic solar cells enabled by carbon-coated

zinc oxide as cathode buffer layer

Lingpeng Yan,"?%* Yu Wang,! Wensheng Zhao,*>* Han Zha,"* Haitao Song,** Haotian Hao,*
Yelin Hao," Qun Luo,* Feng Liu,” Yongzhen Yang,”** Qingmei Su,?® Hua Wang,>’

and Chang-Qi Ma**

SUMMARY

Zinc oxide nanoparticles (ZnO NPs) are ideal electron transport ma-
terials for current high-efficiency organic solar cells (OSCs), but they
still face several challenges due to their surface defects and catalytic
characteristics. Herein, to address the shortcomings of ZnO NPs,
carbon-coated ZnO nanoparticles (ZnO@C NPs) are synthesized.
With high hydrophobicity and excellent UV absorption capacity,
the thin carbon shell coated on the ZnO NPs can effectively
passivate their surface defects, isolate the adsorption of water
and oxygen, and inhibit the formation of hydroxyl radicals. Ulti-
mately, the ZnO@C-based PM6:L8-BO OSCs achieve a power con-
version efficiency of 17.55%, higher than that of ZnO-based devices
(16.92%). What's important, the ZnO@C NP-based OSCs show
significantly enhanced air and UV stability. This work highlights
the great potential of ZnO@C NPs in fabricating highly efficient,
air-stable, and photo-stable OSCs.

INTRODUCTION

Organic solar cells (OSCs) are attracting great attention for their lightness and flex-
ibility, roll-to-roll printability, and the application prospect of architectural integra-
tion and outer space.’ Achieving high power conversion efficiency (PCE) and long
operating life are prerequisites for their commercialization. Nowadays, with the
breakthrough of nonfullerene acceptors (NFAs), the PCE of OSCs has surpassed
19%,” which is enough for commercial applications. However, the stability and espe-
cially the illumination and air stability of OSCs are far from the demand. Although
some reports indicated that the intrinsic operational lifetime of OSCs has the poten-
tial to approach 10 years or even longer,”* some studies have demonstrated that the
degradation of OSCs can be significantly accelerated by UV light from sunlight as

well as water and oxygen in the atmosphere,®®

especially for the NFA-based
OSCs. High UV and air stability are critical for the future application of OSCs in archi-
tectural integration and outer space; therefore it is imperative to overcome these
challenges. Among many strategies for improving the stability of OSCs, interface

engineering has always played a crucial role.”~"°

Zinc oxide nanoparticles (ZnO NPs) are currently a commonly used electron trans-
porting layer (ETL) material in highly efficient inverted OSCs due to their wide
band gap, good electron transport capability, easy preparation, and low-tempera-
ture solution processability,”""'? but accompanied by a most fatal drawback is that
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they can photocatalyze the NFA of OSCs to induce device failure."® This catalytic re-
action will be aggravated when exposed to UV light, which seriously affects the UV
stability of OSCs and ultimately limits their outer space applications. Meanwhile, the
numerous hydroxyl defects outside ZnO NPs can generate severe self-aggregation,
which is not conducive to the large-scale preparation of OSCs.'“~'® Furthermore, the
hydroxyl defects can also form numerous recombination centers on the surface of
ZnO NPs, which leads to poor charge transport and extraction, ultimately increasing

the series resistance of OSCs."”'8

In view of this, various strategies to suppress the surface defects of ZnO ETL were pro-
posed, which can be classified into two categories. One is surface modification by polar

19,20 21,22

solvents or small molecules” *““ to remove the surface defects. The other is depos-

iting a new interfacial layer on the top of ZnO films to passivate their defects.””***
Although these approaches can suppress the surface defects of the ZnO ETL to a certain
extent, these modifications mainly act on the surface of the ZnO ETL, thus leading to
insufficient passivation. Therefore, a strategy for directly modifying ZnO NPs has been
proposed. Wei et al. capped ZnO NPs with a 3-(aminopropyl)trimethoxysilane
(ZnO@APTMS NPs) for OSCs, which reduces their surface defects, thus suppressing
the light-soaking effect of OSCs. What's important is that the ZnO@APTMS NPs show
better dispensability in solvents and air storage stability.'® Guo et al. used 2-(2-
methoxyethoxy) acetic acid to remove the surface hydroxy groups of ZnO NPs, which
significantly improve the monodispersed ink stability and thickness independent of
ZnO NPs, further enhancing the long-term stability of OSCs."® The above studies pro-
vide ample evidence that modification of ZnO NPs is a straightforward, effective, and
thorough potential strategy to improve the stability of ZnO NPs and OSCs based on a
ZnO ETL. However, although effective improvements in the light stability of ZnO-based
OSCs have been reported, there are few reports that can effectively inhibit the rapid ag-
ing of OSCs caused by the catalysis of ZnO under strong UV light.

With excellent optoelectronic properties, tunable energy level structures, and stable
physical and chemical properties,” carbon nanomaterials have been reported as
ETL materials or as ETL modifiers of OSCs.?>"?® In addition, they exhibit a strong
UV absorption capacity and are expected to be promising in solving the UV stability
problem of OSCs. Herein, ZnO@C NPs were creatively designed and synthesized by
a two-step method using ZnO NPs as core and o-phenylenediamine as carbon
source. The o-phenylenediamine was selected as a carbon source molecule, mainly
considering the following reasons. Firstly, the amino group of o-phenylenediamine
can form hydrogen bonds and coordination bonds with ZnO NPs. Secondly, o-phe-
nylenediamine is easy to self-polymerize to form poly(o-phenylenediamine) with
excellent electrical conductivity.?” Thus, the further carbonization of poly(o-phenyl-
enediamine) is beneficial to obtain carbon shells with high electrical conductivity. As
expected, the synthesized ZnO@C NPs exhibited better monodispersity, enhanced
hydrophobicity, fewer surface defects, and inhibited catalytic properties. Utilizing
ZnO@C NPs as the ETL significantly improves the PCE and UV/air stability of
OSCs. Overall, this work provides an effective strategy for developing the OSCs
of high performance and high air and UV stability.

RESULTS AND DISCUSSION

Morphology and structure of ZnO@C NPs

The synthesis of ZnO@C NPs is a two-stage process (Figure 1). Firstly, ZnO NPs were
synthesized by particle precipitation method.?® Then, the methanolic solution of
ZnO NPs and different contents of o-phenylenediamine (carbon source precursors)
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Figure 1. Synthetic process of the ZnO@C NPs

were evenly mixed and further placed in an autoclave by solvothermal method to
finally generate ZnO@C NPs (see section “Synthesis of ZnO@C NPs"). In order to
clarify the structure and formation mechanism of ZnO@C NPs, the microscopic
morphology, crystalline properties, and surface structure of ZnO NPs and ZnO@C
NPs have been characterized and compared.

The microscopic morphology of ZnO@C NPs was characterized by transmission
electron microscopy (TEM) (Figures 2A-2C and S1). Compared with ZnO NPs, the
monodispersity of ZnO@C NPs based on different ratios of o-phenylenediamine is
improved, with the best dispersion being ZnO@C NPs-30% (o-phenylenediamine:
30%). The particle size of ZnO NPs is in the range of 3-5 nm with an average size
of 4.54 nm, while the particle sizes of ZnO@C NPs (o-phenylenediamine: 10%-—
80%) are in the range of 5-8 nm with average sizes of 6.40, 6.57, 6.90, and
6.96 nm, respectively. It is clear that the thickness of carbon shell increases with
increasing o-phenylenediamine content. The best dispersed ZnO@C-30% NPs are
further preferentially selected for magnified observation (Figures 2B and 2C). Lattice
stripes with a lattice spacing of 0.25 nm are observed in ZnO NPs (Figure 2A) and
ZnO@C NPs (Figure 2C), which are attributed to the (101) crystal plane of Zn0.%’
An amorphous carbon layer is encapsulated outside the ZnO NPs with a thickness
of about 1 nm (Figure 2C). The HR-TEM results visually confirm the generation of
the core-shell structure of ZnO@C NPs.

The crystal structure of ZnO@C NPs was analyzed by X-ray diffraction (XRD). As seen
in Figure 2D, the diffraction peaks located at 26 of 31.8°, 34.4°, 36.3°, 47.5°, 56.6°,
62.9°, and 68.0° are detected for ZnO and ZnO@C-30% NPs, corresponding to the
(100), (002), (101), (102), (110), (103), and (112) crystal planes of hexagonal Zn0.*°
Interestingly, the full width at half maxima of the ZnO@C NPs diffraction peaks is
significantly narrower, which implies an increase in the crystallization properties of
ZnO NPs. Our preliminary experiments revealed that ZnO NPs continue to grow dur-
ing solvothermal reactions at high temperatures and pressures. So, when the ZnO
NPs are encapsulated by a carbon shell, the formation of the carbon shell layer re-
stricts the growth of ZnO crystals. The carbon shell layer acts as a barrier on the sur-
face of ZnO crystals, preventing further crystal growth and diffusion of crystal facets.
During the crystal growth process, the presence of the carbon shell layer inhibits the
formation of defects within the crystal, thereby reducing the structural impurities and
defect density within the crystal.®’

The elemental composition and chemical structure of ZnO@C NPs were character-
ized by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron
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Figure 2. Morphology, structure, and optical properties of ZnO@C NPs
) Partially magnified HR-TEM image of ZnO NPs.
B and C) Partially magnified HR-TEM image of ZnO@C NPs-30%.
D) XRD pattern of ZnO (black) and ZnO@C-30% (red) films.
E) Partially magnified FTIR spectra of ZnO and ZnO@C NPs.
F) Zn 2p*? and Zn 2p"’? XPS spectra of ZnO and ZnO@C NPs.
G) UV-vis spectra of ZnO and ZnO@C films.
H) Transmittance spectra (inset: local enlarged illustration of transmittance spectra) of ZnO and ZnO@C films.
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(1) PL spectra (excitation at 350 nm) of ZnO and ZnO@C films.

spectroscopy (XPS). Figure S2 shows the FTIR spectra of different samples, where
Zn-0 vibrational bands are observed at 420-600 cm ™" in both ZnO and ZnO@C
NPs.??3 The bands located at 650 and 1,470 cm™" of ZnO@C NPs are attributed
to Zn-N and the C=C vibrational bands of the benzene ring within the carbon
|ayer,33'34 respectively. The —OH vibrational band located at 3,200-3,500 em™!
was observed in ZnO NPs, while the appearance of a double band is observed in
ZnO@C NPs at 3,200-3,400 cm ™", which belongs to the N-H vibrational band.**
Further magnified analysis of FTIR spectra in the range of 1,200-1,700 cm ™" is shown
in Figure 2E, and there is a vibrational band at 1,629 cm™~" for C=N bonds and at
1,224-1,313cm ™' in ZnO@C NPs.*° Combined with the C=C vibrational band attrib-
uted to the benzene ring at 1,470 ecm™, it is assumed that ZnO@C NPs contain a
phenazine structure, while none of these vibrational bands in ZnO NPs were
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observed. The above results suggest that o-phenylenediamine reacts with ZnO NPs,
bonds together, and further self-polymerizes.

In the full XPS spectrum of ZnO@C NPs (Figure S3), the peak attributed to the N 1s is
observed at 400 eV,?® while the peak was not observed in ZnO NPs, corroborating
the presence of carbon shells on the surface of ZnO NPs, as indicated by the TEM
and FTIR results. The XPS spectra of Zn element in ZnO and ZnO@C NPs are further
analyzed by split peak fitting (Figure 2F). The binding energy bands of element Zn
(Zn 2p*? and Zn 2p"’?) show a tendency to shift toward the high-energy direction,
indicating that ZnO NPs are bonded to the o-phenylenediamine though reaction.*
What's important is that the variation of defect states in ZnO can be observed more
clearly for O elemental bands. For ZnO, the bands of oxygen element at 530 and
531 eV can be attributed to lattice oxygen and defective oxygen, respectively.
The larger the ratio of lattice oxygen to defective oxygen, the fewer are the ZnO de-
fects.?’’*¥ The O 1s splitting results of ZnO and ZnO@C NPs are shown in Figure S4,
where C1 and C2 represent the lattice oxygen and defective oxygen, respectively.
As seen in Figure S4, the percentage of lattice oxygen of ZnO NPs is 43.72%, while
the percentages of lattice oxygen of ZnO@C-10%, ZnO@C-30%, ZnO@C-50%, and
ZnO@C-80% NPs are 45.85%, 59.03%, 61.51%, and 70.61%, respectively. Obvi-
ously, the oxygen defects of ZnO@C NPs are significantly suppressed by the surface
carbon shell.

In order to further reveal the formation process of ZnO@C NPs, the 'H nuclear mag-
netic resonance spectra of ZnO NPs, o-phenylenediamine, and ZnO@C NPs were
compared, as shown in Figure S5. As the synthesized ZnO@C NPs are uniformly
dispersed in methanol, methanol-d4 was chosen as the test solvent. Although the
solvent peak of methanol-d4 inevitably obscures the signal of hydroxyl hydrogen
in ZnO, fortunately, the existence of hydrogen bond can be concluded based on
the shift of amino hydrogen from 4.14 to 4.21 ppm before and after the reaction.
In addition, the presence of the coordinate covalent bond can be inferred from
the observation that the number of amino hydrogens is only one-third of the initial
count before the reaction, when the number of aromatic hydrogens in o-phenylene-
diamine and ZnO@C NPs are kept constant.>” In a word, it can be concluded that
both hydrogen bonds and coordinate covalent bonds exist between o-phenylenedi-
amine and ZnO NPs.

Based on the above morphological and structural characterization results, it is spec-
ulated that the formation mechanism of the ZnO@C NPs is as follows (Figure 1). First
of all, when ZnO NPs and o-phenylenediamine are evenly mixed in methanol, the hy-
droxyl group on the surface of ZnO NPs and the amino group of o-phenylenediamine
form hydrogen bonds, and the amino group and Zn form coordination bonds. The
two kinds of bonds combine to form a layer of o-phenylenediamine molecular layer
coated on the ZnO NPs. Furthermore, the outer o-phenylenediamine molecular
layer of ZnO NPs is self-polymerized and further carbonized to form a dense carbon
layer under high temperature and pressure. Eventually, a core-shell structure of car-
bon-coated ZnO NP, that is, ZnO@C NP, is genera’ced.40

Optical properties of ZnO@C NPs

Considering that the optical properties of the ETL have a crucial impact on the per-
formance of OSCs, the ultraviolet and visible (UV-vis) spectrophotometry, photolu-
minescence (PL) and transmittance characterizations of ZnO@C NPs were carried
out. Compared to ZnO NPs, the absorption edges of the intrinsic absorption
peak attributed to ZnO in ZnO@C NPs show obvious red shift (Figure 2G),
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probably due to the increased ZnO grain size, which is confirmed by the XRD re-
sults (Figure 2D). In addition, the absorption of ZnO@C NPs is significantly stron-
ger than that of ZnO NPs in the UV region, mainly because of the strong UV ab-
sorption characteristics of their surface carbon shell. A new absorption band at
400-480 nm is also tested for ZnO@C NPs, which is ascribed to the absorption
band of the carbon shell on the ZnO NPs’ surface. However, the additional absorp-
tion band in the visible region of ZnO@C NPs brings another effect, which might
reduce the absorption of photons by the active layer materials in OSCs. Thus,
the optical transmittance of ZnO and ZnO@C ETLs with the same thickness was
further characterized, as seen in Figure 2H. The optical transmittance values of
ZnO film and ZnO@C-10%, ZnO@C-30%, ZnO@C-50%, and ZnO@C-80% films
are calculated to be 80.53%, 81.20%, 79.47%, 79.43%, and 80.17%, respectively,
according to the integration of the transmittance curves. Obviously, the carbon
shells coated on the ZnO NPs have little effect on the light transmission perfor-
mance of the ZnO@C ETL films, so the coating does not significantly affect the de-
vice light absorption.

As shown in Figure 21, both ZnO and ZnO@C films have strong ZnO intrinsic PL emis-
sion spectra at 420 nm. In addition, a broad emission band at 480-600 nm is de-
tected for ZnO film, which is a PL band due to oxygen vacancy defects in
Zn0,?**" while none of these bands are found in ZnO@C films. This indicates that
the carbon shell effectively passivates the oxygen vacancy defects in ZnO NPs, which
not only can facilitate the charge transfer but also can inhibit the catalytic reaction

triggered by defective state.'’"'®

Good solvent dispersion and long-term stability are essential for ZnO@C NPs to be
used in OSCs, and the zeta potential value can clearly reflect these properties. Spe-
cifically, the positive and negative zeta potential values are opposite of the charge of
the charged particles, and their absolute values reflect the stability of the nanopar-
ticles.*? In this regard, the zeta potentials of ZnO and ZnO@C NPs were tested. As
shown in Figure Sé, the results show that the zeta potentials of all ZnO@C NPs sam-
ples are larger than that of pristine ZnO NPs (24.7 mV), and the maximum potential
value of 30.4 mV is reached for ZnO@C-30% NPs. ZnO@C NPs exhibit better disper-
sion and long-term stability than ZnO NPs, which is mainly because the abundant
functional groups on the surface of the carbon shell enhance their affinity with
solvents.

Photovoltaic performance of ZnO@C NP-based OSCs

To investigate the feasibility of ZnO@C NPs as ETL materials for OSCs, inverted
OSCs with the structure of ITO/ETL/PMé6:Y6(PM6:L8-BO)/MoO3/Al were fabricated
and characterized. The chemical structure of active materials, current density-
voltage (J-V) curves, and external quantum efficiency (EQE) spectra of OSCs are
displayed in Figure 3, and the device parameters of OSCs are listed in Table 1.
For the PM6:Y6 OSCs, the optimal device based on ZnO NPs yields a PCE of
15.79%, with short circuit current density (Jsc) of 26.46 mA cm~?, open circuit
voltage (Voc) of 0.838 V, and fill factor (FF) of 0.7122, comparable to the level pre-
viously reported in the literature.”® The ZnO@C-30% NP-based PMé:Yé devices
achieve a champion PCE of 16.25%, with Jsc of 26.25 mA cm ™2, Voc of 0.842 V,
and FF of 0.7354. For the PM6:L8-BO OSCs,devices based on different ETLs
show the same trend. ZnO@C-30% NP-based OSCs show higher PCE of 17.55%
than that of ZnO NP-based OSCs (16.92%). The ZnO@C NP-based devices obtain
a higher PCE compared to ZnO NP-based devices thanks to their higher Voc
and FF.
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Figure 3. Photovoltaic performance of ZnO@C NP-based OSCs
(A) Structure diagram of OSCs devices.

(B) Chemical structure of PM6, Y6, and L8BO.

(C) J-V curves of OSCs based on different ETLs.

(D) EQE spectra of OSCs based on different ETLs.

OSCs based on ZnO@C NPs have a higher V¢ than devices based on ZnO NPs,
which may be due to a modification of the work function (Wg) of ZnO@C NPs to
achieve an energy level that better matches that of the active layer. To verify the
conjecture, the Wg values of ZnO@C thin films were characterized by ultraviolet
photoelectron spectroscopy (UPS). As shown in Figure 4A, the Wr (3.60-3.89 eV)
of ZnO@C films is significantly reduced compared to that of ZnO films (4.04 eV),
which can enhance the built-in electric field in OSCs and inhibit the charge recombi-
nation between active layer and cathode, ultimately achieving higher Voc.”* Mean-
while, the We values of ZnO, ZnO@poly(phthalimide), and ZnO@C were also calcu-
lated by density functional theory (DFT) (Figures 4B, 4C, and S8). The constructed
heterojunction model and density of states of ZnO, ZnO@poly(phthalimide), and
ZnO NPs are shown in Figures S7 and S9. The Wk calculated from the theoretical sim-
ulations is in general agreement with the results of the actual tests, with the standard
ZnO at 4.34 eV and reduced to 3.828 eV and 3.934 eV after coating with poly(phtha-
limide) and carbon layer, respectively.

Furthermore, the diode characteristics of ZnO@C NP-based OSCs were tested in
dark condition. As shown in Figure 4D, the reverse saturation currents of devices
with a ZnO@C ETL are significantly suppressed, while all devices exhibit similar
output currents in the forward direction compared to devices with a pristine ZnO
ETL, indicating the superior charge selectivity and charge transfer capability of the

Cell Reports Physical Science 4, 101654, November 15, 2023 7
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Table 1. Device parameters of PM6:Y6 or PM6:L8-BO OSCs based on different ETLs

Active layer ETL Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

PM6:Yé6 ZnO 0.838 26.46 71.22 15.79
ZnO@C-10% 0.843 25.89 72.30 15.78
ZnO@C-30% 0.842 26.25 73.54 16.25
ZnO@C-50% 0.842 26.23 72.46 16.00

PMé6:L8-BO ZnO 0.881 26.51 72.44 16.92
ZnO@C-30% 0.883 25.95 76.59 17.55

ZnO@C NP-based devices.*® Further, the diode parameters of the device are fitted

according to equation*® J = Jo{exp [%BJTRS“)] — 1}+ VES:RS — Joh- Where, Jo, q, n,

Re, Reh, kg, T, and Jpp represent the reverse saturation current density, meta-charge,
ideal factor of the diode, series resistance, parallel resistance, Boltzmann's constant,
thermodynamic temperature, and photogenerated current density, respectively.
The resulting fitted parameters are summarized in Table S1. The results show that
the ZnO@C NP-based devices show lower Jg n and larger Ry, and R, compared to
ZnO NP-based devices. The lower Jy means stronger charge extraction capability
for the ZnO@C ETL. The n values (<1.98) of ZnO@C-10%, ZnO@C-30%, and
ZnO@C-50% NP-based devices are lower than those of ZnO NP-based devices
(2.03), which indicates a lower charge recombination at the ZnO@C ETL interface.
ZnO@C-10%, ZnO@C-30%, and ZnO@C-50% NP-based devices show higher Ry,
which implies that the carbon shell on the surface of ZnO@C NPs significantly sup-
presses the defects of ZnO NPs,”’"*® resulting in a lower charge recombination
rate. The ZnO@C NP-based device shows higher R, probably because the carbon
shell on the surface reduces the electrical conductivity, which can be proved by
the subsequent characterization results of the space charge limited current
(Figure 4F).

The transient photovoltage (TPV) test was used to further assess the charge recom-
bination at the ETL/active layer interface. The results are shown in Figure 4E, where
the photovoltage decay time in the ZnO@C-30% NP-based OSCs is 35.44 us, larger
than thatin the ZnO NP device (24.53 ps), which further confirms that the carbon shell
suppresses the carrier recombination induced by the defect state. It also can be in-
ferred from the charge extraction kinetics that there is a high electronic coupling be-
tween the ZnO@C films and active layer, which may be due to the formation of a tight
interface between the ZnO@C films and active layer.

To reveal the Jsc drop in ZnO@C NP-based devices, the electron mobility of the ZnO
and ZnO@C ETLs was characterized. Single-electron devices with the structure of
ITO/ZnO (ZnO@C-30%)/Al were tested (Figure 4F). The electron mobility is calcu-
lated by the Mott-Gurney equation: J = %ssou‘{—f. Where, L represents the ZnO layer
thickness, &g represents the dielectric constant in free space, which is 8.85 x 107'2
F/m, e is the relative dielectric constant of the material, which is 8.66 for ZnO,*” V
is the applied bias voltage, and J is the corresponding current. The calculated elec-
tron mobilities for ZnO and ZnO@C-30% films are 1.93 x 1073 cm?V~'S™" and
1.04 x 102 cm?V 'S, respectively. The electron mobility of ZnO@C-30% ETLs de-
creases compared to ZnO ETLs, which is the main reason for the slight decrease in
the device Jsc. From the results of the theoretical simulations (Figure S8), the total
density of states values at the Fermi energy level are also reduced. The results sup-
port the view that the cladding structure affects the electron mobility of ZnO, that the
cladding may be incomplete, and that further improvements in the cladding are
needed and would be a more promising material.
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Figure 4. Optoelectronic properties of ZnO@C ETLs

(A) UPS spectra of the ZnO and ZnO@C films.

(B) Work functions calculated by DFT for ZnO.

(C) Work functions calculated by DFT for ZnO@C.

(D) Dark J-V curves of PMé6:Y6 devices based on different ETLs.

(E) Normalized TPV curves of ZnO and ZnO@C-30%-based OSCs under 100 mW cm?.

(F) J-V characterization of the electron-only devices with a structure of ITO/ZnO (ZnO@C-30%)/Al.

The surface morphology of the ZnO and ZnO@C films was examined by atomic force
microscopy (AFM) characterization (as shown in Figure S10). The surface roughness
(root mean square, Rys) of ZnO films is 3.08 nm, while the R.,,s values of ZnO@C-10%,
ZnO@C-30%, ZnO@C-50%, and ZnO@C-80% films are 7.15, 7.16, 6.03, and
6.01 nm, respectively. The greater surface roughness facilitates the formation of
more contact points, resulting in better contact at the ZnO@C/active layer interface,
improving the FF and the long-term stability of the device.

In conclusion, ZnO@C NPs have better matching energy levels and better ohmic
contacts with the active layer. Furthermore, the ZnO@C NPs show fewer surface
defect states, lowering the electron transport potential barrier and suppressing
exciton recombination in the ZnO/active layer. Ultimately, ZnO@C NPs as an ETL
can simultaneously improve the Voc and FF of the devices.

Stability of ZnO@C NP-based OSCs

The permanent stability of OSCs is a key requirement for their commercialization,
especially for the air stability and UV stability. Firstly, the air stability values of ZnO
ETL-based OSCs at different humidity levels (0%, 30%, 60%, and 100%) were
compared. The Voc of OSCs is most sensitive when decaying in air, so we investi-
gated the Vo aging of OSCs at different humidities, as shown in Figure S11. Obvi-
ously, the Vo decay rate of the ZnO ETL-based OSCs is positively correlated with
the air humidity, and the higher the humidity, the faster is the decay rate of Voc.
This demonstrates that ZnO NPs are very sensitive to moisture in the air, resulting

Cell Reports Physical Science 4, 101654, November 15, 2023 9
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Figure 5. Air stability of ZnO@C NP-based OSCs

(A-D) Normalization decay of Voc (A), Jsc (B), FF (C), and PCE (D) in 60% humidity for PMé:Y6-based inverted OSCs using ZnO and ZnO@C-30% NPs as
the ETL (insets: images of water contact angle for ZnO and ZnO@C-30% films). The error bar indicates standard deviation.

in poor air stability of OSCs. Then, the air stability of ZnO NP- and ZnO@C-30% NP-
based devices under high humidity (60%) was investigated. As seen in Figure 5, after
aging in the air for 300 h, the PCE of a ZnO NP-based device decreased by 63%,
along with a decrease in Voc by 10%, Jsc by 20%, and FF by 44%. However, the
ZnO@C-30% NP-based devices show significantly improved air stability. After aging
in the air, the PCE of the ZnO@C-30% NP-based device decreased by 42%, signifi-
cantly less than that of ZnO NP-based devices, which was mainly due to the more sta-
ble Jsc (decreased by 1%) and FF (decreased by 22%). It is speculated that the
improvement of air stability of the ZnO@C NP-based device mainly is due to the car-
bon shell coated on the surface of the ZnO NPs inhibiting the damage of ZnO by wa-
ter and oxygen in the air.

To verify the above speculation, the water and diiodomethane contact angles of ZnO
and ZnO@C films were characterized (Figure S12), the relevant contact angle data
are summarized in Table S2. From the results, the water contact angle of ZnO films
is 60.4°, while the contact angle of ZnO@C films increases significantly and reaches
the maximum (112.2°) when the precursor o-phenylenediamine content is 30%. The
larger water contact angles of ZnO@C films indicate that the carbon shell coated on
ZnO NPs has high hydrophobicity, thanks to its rich amine functional groups, which

10 Cell Reports Physical Science 4, 101654, November 15, 2023
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has been confirmed by the results of FTIR and XPS results. ZnO has been reported to

05T which can be acceler-

experience chemical dissolution when exposed to water,
ated under illumination. Therefore, the high hydrophobicity of ZnO@C NPs is condu-
cive to the isolation of water in the air and ensures the long-term air stability of the
ZnO@C NP-based OSCs. In addition, the opposite situation was observed in the
contact angle test of diiodomethane (Figure S12B), where the contact angles of diio-
domethane for ZnO@C films (15.1°-34.3°) are smaller than that of ZnO films (50.1°),
indicating that the ZnO@C NPs have better compatibility with the active layer, which
facilitated the film formation of active layer molecules on its surface. The good con-
tact interface between the ZnO@C/active layers facilitates the reduction of interfa-
cial barriers and promotes charge separation and transfer at the interface, while
also improving device stability.

OSCs serving as power source for spacecraft in outer space is another promising appli-
cation area. However, in outer space, OSCs will be exposed to a lot of UV radiation. The
UV stability of OSCs is therefore of great importance for their future application. In this
study, the UV stability of ZnO@C-30% NP-based OSC-based devices was further
explored in comparison to a ZnO NP-based device. The unencapsulated OSCs were
continuously irradiated with a strong UV light source in a glove box filled with N5, and
the device performance was tested after differentirradiation times, as shown in Figure 6.
After 3 h of strong UV light irradiation, the PCE of ZnO-based OSCs decreases by 69%,
along with Voc decreasing by 14%, Jsc decreasing by 31%, and FF decreasing by 47%.
In contrast, ZnO@C NP-based devices exhibit much higher UV stability than ZnO-based
devices. The PCE of ZnO@C NP-based devices decays by 26% after continuous UV light
irradiation, which is 2.7 times slower than that of ZnO NP-based devices. All perfor-
mance parameters of ZnO@C NP-based OSCs show better UV stability than ZnO NP-
based devices, especially for Jsc and FF.

ZnO is reported to be prone to catalyze the photodecomposition of NFA molecules,
which is mainly related to its surface defects.®** The surface defects can enhance
the absorption of ZnO and promote the generation of excitons. The holes can
oxidize the dangling OH™ to produce hydroxyl radicals, which break the double
band at the linker of the A-D-A structure of NFA, ultimately greatly reducing the ef-
ficiency of OSCs. Therefore, the suppression of surface defects in ZnO is a major
effective measure to improve the photostability of ZnO-based OSCs. The results
of the electron spin resonance (ESR) characterization of ZnO NPs and ZnO@C-30%
NPs defect states validate the speculation of an enhanced mechanism for UV
stability of ZnO@C-30% NP-based devices. As shown in Figure 7A, a strong surface
oxygen vacancy (Vo*) and interstitial ZnO (Zn;*) vibrational peak are observed at
g = 1.96 for synthetic ZnO NPs.> While in ZnO@C-30% NPs, the vibrational peak
of g = 1.96 is significantly reduced, which indicates that surface defects in the ZnO
NPs are effectively passivated by the carbon shell coating. This can block the adsorp-
tion of oxygen on the surface of ZnO and ultimately improve the UV stability of the
device by inhibiting its photocatalytic reaction.

The UV stability effects of ZnO@C NPs as an ETL in different NFA systems were
further compared in Figures 7B, S13, and S14. The standard ZnO/Yé6 film shows a sig-
nificant decrease in the Y6 absorption peak at 820 nm after strong UV irradiation
(Figures 7B and S13A), while the ZnO@C-30%/Y6 film is almost unchanged
(Figures 7B and S13B), indicating that the carbon layer can effectively protect NFA
as a UV absorber. Similarly, we confirmed the same protective effect on IT-4F
(Figures S13C, S13D, and S14), which illustrates the generality of ZnO@C NP-based
devices for improving the UV stability of non-fullerene-based OSCs.
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Figure 6. UV stability of ZnO@C NP-based OSCs

(A-D) Normalized decay of Voc (A), Jsc (B), FF (C), and PCE (D) of PMé:Y6-based inverted OSCs using ZnO and ZnO@C NPs-30% as ETLs under different
UV illumination time (insets: photograph of the UV lamp source used in this experiment). The error bar indicates standard deviation.

Furthermore, to obtain more clarity on the UV stability improvement mechanism
of ZnO@C NPs, the products of ZnO/Y6 and ZnO@C/Yé films after UV illumination
for 5 h were characterized by mass spectrometry (MS) measurements (Figure 7C).
Pristine Y6 shows a strong peak at m/z value of 1,450.5. As for photo-degraded
ZnO/Yé6 film, there are several peaks around 200-400 and a peak at 1,237.5.
Obviously, the continuous strong UV irradiation accelerates the decomposition
of Y6 catalyzed by ZnO NPs,** forming at least four fragments (Figure 7D). How-
ever, for the photo-degraded ZnO@C/Yé film, the peak of 1,237.5 is not de-
tected, while the peaks in the range of 200-400 are much weaker. The above re-
sults fully prove that the carbon shell-coated ZnO NPs effectively inhibit the
catalytic ability on Yé.

The UV stability of ZnO@C NP-based OSCs shows a significant enhancement effect,
but it is not yet fully suppressed, which could be attributed to the following reasons.
On the one hand, the quality and uniformity of carbon shell affects its barrier effect
on the ZnO NPs and active layer materials, as can be seen in Figure 7C. On the other
hand, UV-induced destruction of the active layer is also another factor contributing
to the UV-induced aging of OSCs. To further achieve higher UV stability of OSCs, the
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Figure 7. Photochemical characterization of the ZnO@C

(A) ESR spectra of ZnO and ZnO@C-30% films after UV illumination for 5 h.

(B) Variation of the highest absorbance intensity of ZnO/Yé and ZnO@C-30%/Y6 after strong UV irradiation for different times.
(C) MALDI-MS spectra of the pristine and aged Y6 on ZnO and ZnO@C-30% surfaces after UV illumination for 5 h.

(D) Chemical structure of the decomposed product.

following improvement measures can be considered. (1) Improve the densities of the
carbon shell on ZnO NP surfaces by optimization of the synthesis process. (2) Select
molecules with strong UV absorption to encapsulate the ZnO NPs. (3) Develop more
UV-stable active layer materials.

In conclusion, the ZnO@C NPs with core-shell structure were synthesized and
applied as ETLs of OSCs. The ZnO@C NPs exhibit fewer surface defects, better
monodispersity, and more suitable W (3.89 eV), which created a better ohmic con-
tact with the active layer, suppressed exciton recombination at the interface, and
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¢? CellPress

OPEN ACCESS

finally improved the PCE of PMé:L8-BO OSCs from 16.92% to 17.55%. What's
important, the ZnO@C NP-based OSCs show better UV and air stability. The surface
of ZnO@C NPs is rich in hydrophobic functional groups, which can inhibit the
adsorption of water and oxygen in the air, thereby improving the air stability of
OSCs. With excellent UV absorption capacity and inertness, the carbon shell on
the ZnO@C NP's surface absorbs most of the UV light and passivates the surface de-
fects of ZnO NPs, inhibiting the formation of hydroxyl radicals of ZnO NPs, while pre-
venting direct contact between ZnO and NFA, which protects the NFA from being
catalyzed by ZnO, and therefore the ZnO@C NP-based OSCs are more stable under
UV illumination. Therefore, ZnO@C NPs are promising ETL materials for efficient, air-
stable, and photo-stable OSCs, facilitating the future application of OSCs in archi-
tectural integration and outer space.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Lingpeng Yan (yanlingpeng@tyut.edu.cn).

Materials availability
The materials in this study will be made available upon request.

Data and code availability

All of the data supporting the results are presented in the main text and supple-
mental information. Further information and requests for additional data should
be directed to the lead contact.

Materials

Zinc acetate dehydrate, o-phenylenediamine, and chloroform were purchased from
Alfa Aesar. Methanol and KOH were purchased from Sinopharm Chemical Reagent
Co. PM6, Y6, IT-4F, and L8-BO were bought from Solarmer Materials, Beijing.

Synthesis of ZnO@C NPs

Firstly, ZnO NPs were synthesized by particle precipitation method. Then, o-phenyl-
enediamine and ZnO NPs were miscible in methanol with different proportions
(o-phenylenediamine: ZnO = 0%, 10%, 30%, 50%, and 80%, [w/w]). The mixture
was sealed in an autoclave and heated to 180°C for 10 h. At the end of the reaction,
we waited for the autoclave to cool down to room temperature and took out the
precipitated samples. Itis clear to see that as the content of o-phenylenediamine in-
creases, the color of the products gradually changes from light yellow to dark brown.
However, the pure ZnO NPs solution did not precipitate or change color even after a
high-temperature reaction of 180°C for 10 h. Finally, the product was washed three
times by centrifugation using methanol to obtain ZnO@C NPs.

Fabrication of OSCs

The structure of fabricated OSCs devices is ITO/ZnO(ZnO@C)/PM6:Y6/MoO3/Al. Af-
ter being ultrasonically cleaned with glass cleaners and 2-propanol, the ITO (indium
tin oxide) glasses were exposed to ultraviolet ozone for 30 min. Then, the ETL layer
(ZnO or ZnO@C NPs) was spin-coated (2,000 rpm, 60 s) onto the ITO substrate and
underwent an annealing process (130°C, 10 min). After that, a solution of active layer
(PM6:Y6 = 1:1.2 [w/w], 15.4 mg/mL in chloroform, containing 0.5 vol % chloronaph-
thalene; PM6:L8BO = 1:1.2 [w/w], 16.5 mg/mL in chloroform, containing 0.25 vol %
1,8-diiodooctane) was spin-coated onto the ETL and underwent an annealing
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process (100°C, 10 min). Finally, the MoO3 and Al electrodes were deposited on the
active layer by thermal evaporation.

Characterization of ZnO and ZnO@C NPs

The microscopic and surface morphology of synthesized nanoparticle samples
was characterized by AFM and TEM with a JEM-ARM300F, JEOL transmission
electron microscope and a Dimension 3100 atomic force microscope, respec-
tively. The surface structure of nanoparticle samples was measured by XPS
(UPS) and FTIR using a PHI 5000 Versa lll X-ray photoelectron spectroscope
and a BRUKER TENSOR 27 spectrometer. XRD spectra of nanoparticle samples
were detected by a Rigaku D/max-2500 diffractometer. The light absorption
properties of nanoparticle samples were characterized by UV-vis using a Lamada
750 UV/vis/NIR. The photoluminescent properties of nanoparticle samples were
tested by PL using a Horiba Fluoromax-4 spectrometers. The { potentials of
nanoparticle samples were measured by dynamic light scattering using a Malvern
granulometer. The ESR spectra of nanoparticle samples were detected in a JEOL
JES-X320 spectrometer. The MS spectra of ZnO(ZnO@C)/NFA before and after
continuous illumination of UV light were tested with an ultrafleXtreme MALDI-
TOF/TOF mass spectrometer.

Theoretical calculation

Under the generalized gradient approximation condition, we use the Perdew-
Burke-Ernzerhof*> formulation for all DFT calculations under first principles.®®>’
The projected augmented wave potentials®®>? have been chosen to describe the
ionic cores, and the valence electrons have been taken into account by using a
plane wave basis set with a kinetic energy cutoff of 450 eV. We used a Gaussian
smearing method to allow for partial occupancy of the Kohn-Sham orbitals where
a width of 0.05 eV was used. Further, integration of the Brillouin zone was per-
formed using 0.04 k-mesh Monkhorst-Pack sampling® to optimize geometry and
lattice size. The convergence energy threshold for the self-consistent calculations
is 107> eV. We have optimized the equilibrium geometry and lattice constants un-
der the condition that the maximum stress on each atom not exceed 0.02 eV A~".
For the purpose of eliminating artificial interactions between periodic images, we
added a vacuum layer of 17 A to the surface. Based on the empirical correction
in Grimme's scheme, the weak interactions are described by the DFT+D3

method.®'%?

Characterization of OSCs

The performance parameters of unencapsulated OSCs were tested in a Np-filled
glove box using a Sirius SS150A sun simulator (100 mW/cm?, Zolix), and the exper-
imental data were recorded by a Keithley 2400 source meter. The EQE system con-
sists of a probe light (150 W tungsten halogen lamp, Osram 64610), a monochro-
mator (Zolix, Omni-k300), an |-V converter (D&R-IV Converter, Suzhou D&R
Instruments), and a lock-in amplifier (Stanford Research Systems SR 830). In addition,
a standard silicon cell was used as a reference to correct device performance. For UV
stability testing, the unencapsulated OSCs were continuously irradiated with a UV
light source (365 nm, 150 mW/cm?) in a N,-filled glove box, and the device perfor-
mance was characterized after different irradiation times.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101654.
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