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Solution-processable hole transporting layer (HTL) is one basis for the full-solution-processable fabrication of the
organic solar cells (OSCs). Molybdenum oxide (MoOy) is a widely used HTL and has the possibility of solution
processing. Controlling the valence state of molybdenum (Mo) in MoOy HTL is critical for OSCs performance. In
this work, we developed a novel methode based on photochemical reduction to synthesize HMoOx nanoparticle
ink for OSCs. HMoO3 nanoparticle was firstly obtained through oxidaiton of metal molybdenum. Afterward, the
HMoOs3 precursor nanoparticles were continuously illuminated to induce the reduction of Mo(VI) to Mo(V) to
form HMoOy. Such a process could proceed under the illumination of different light sources, even sunlight. In
addition, photoelectron spectroscopy (XPS) and absorption spectra demonstrated such a photoreduction process
was well controllable by illumination intensity and illumination time. With this HMoOx HTL for the inverted
OSCs, a high efficiency of 13.17% and 16.64% for the PM7:IT-4F and PM6:Y6 OSCs was obtained, which is
comparable with the evaporated MoOs HTL-based OSCs. Furthermore, based on the Ag nanowires (AgNWs)
electrode, the performances of all-solution-processed PM6:Y6 semitransparent device also reach 10.52%. This
work provides a simple and feasible route to fabricate hole transporting layer for solution-processable OSCs.

1. Introduction traditional MoO3 HTL was prepared by thermal evaporation under high

vacuum conditions [17-19], which would be a drawback regarding the

Organic solar cells (OSCs) have attached extensive attention to the
new generation photovoltaics due to their advantages of flexible, col-
ourful, and roll-to-roll process-compatible [1-5]. With the development
of organic semiconductor materials and interlayer engineering [6-10],
the highest power conversion efficiency (PCE) of the OSCs has reached
over 18% [11-14], demonstrating the excellent application prospect of
OSCs in the future.

Compared to vacuum deposition conditions, the solution-process has
the advantages of low cost, high yield and simple production equipment.
To achieve the full-solution-processed fabrication of OSCs, solution-
processed hole transporting layer (HTL) is critical. Molybdenum oxide
(MoO3) is a widely used HTL material in the OSCs [15,16]. However, the

full-solution-processed fabrication. Up to now, mainly three types of
solution-processable MoOy inks have been developed. First approach
was hydrolysing of ammonium heptamolybdate tetrahydrate (NMo) to
form MoOy [20,21]. This method is simple, but the resulted MoOs layer
has poor electrical conductivity. The second route was oxidation of
metal Mo to form hydrogen molybdenum bronze HMoOy [22,23]. In
such process, hydrogen peroxide (H20-) is involved in the preparation,
and the ratio of Mo(V)/Mo(VI) was difficult to be well controlled. The
third route was using sol-gel precursor MoOy inks to achieve the ex-
pected films [24,25]. In general, Mo(CO)3(EtCN)3, MoO»(acac)y, etc.,
were used as the precursor salts, and the MoOy layer was obtained
through hydrolysing and aging. In this process, the precursor should be
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Scheme 1. The process diagram of HMoO, nanoparticle ink preparation. I: synthesis of HMoO3 nanoparticles, II: dry and collection, III: re-dispersion the HMoO3 in

solvent, IV: photoreduction to form HMoOy inks.

maintained at ambient conditions for a couple of days, which is
incompatible with scale-up technologies [26-28].

The previous works showed both the conductivity and work function
of MoOy is highly dependent on the composition [29,30]. Generally,
MoOy with a mixed valence of Mo(V) and Mo(IV) has increased con-
ductivity compared to the pure MoO3 with sole valence state of Mo(VI).
Therefore, accuracy control of the composition of MoOy is necessary. To
achieve this, some reduction agents, ethylene glycol (EG), vitamin C
(VC) were used to reduce Mo(VI) and form n-doping in the MoOx films.
Kang et al. utilized EG as a modifier of the MoOs film. Mo(V) generated
in the MoOs film due to reduction of Mo(VI) by EG. The generation of
Mo(V) in the MoOs films lead to highly conductive MoO:EG HTL. It
enabled a high efficiency of 12.1%, which is comparable to that of the
PEDOT:PSS HTL-based devices [20]. Analogously, Yang et al., used VC
as an additive to lead transforming of Mo(VI) to Mo(V) in the MoOy ink,
realizing a thickness insensitive MoOx HTL [31]. These works developed
a good n-doped MoOy HTL through chemical reduction for OSCs.

MoOy is typical transition metal oxide and has been used in surface-
enhanced Raman scattering, electrochromic, photochromic etc. [32-34].
The photochromic process of MoOy involved in the change of Mo
chemical valence from Mo(VI) to Mo(V) under the irradiation of UV
light. Homoplastically, based on photochromic properties of MoOy, we
adopted such a photo-reduction method to partially induce the trans-
formation of HMoO3 to HMoOx to achieve n-doping. The ratio of Mo(V)
to Mo(VI) in the HMoOy nanoparticle inks was controlled by the illu-
mination time and illumination intensity. A tight relationship between
the ratio of Mo(V) to Mo(VI) and the absorption intensity in the visible-
NIR region was established. This could be used as a simple criterion to
evaluate the composition. Finally, based on the optimizing of HMoOy
nanoparticle ink, a high efficiency of 13.17% and 16.64% for the PM7:
IT-4F and PM6:Y6 heterojunction solar cells was achieved. Besides, the
PCE of an all-solution-processed semi-transparent device with solution-
processed MoOy HTL and Ag nanowires (AgNWs) electrode reached
10.52%, showing an excellent application prospect. This work provides
a simple and scalable method to synthesis HMoOx nanoparticles inks
through controllable photo-reduction route.

2. Experimental section
2.1. Materials

Mo powders were purchased from Shanghai Aladdin Reagent Co.
Ltd. PM7, PM6, IT-4F, and Y6 were purchased from solarmer Materials
Inc, Beijing. The AgNWs were purchased from H&C Advanced Materials
Ltd.

2.2. Synthesis of HMoO,. inks

Firstly, the precursor HMoO3 nanoparticle ink was prepared by 100
mg Mo powder and 1.5 mL 30% hydrogen peroxide (H203) solution,
with 10 mL ethanol added as the solvent. After 30 min, the yellow
HMoOs3 sol was collected by removing the solvent, and then redispersed
in ethanol with a concentration of 10 mg/mL. Then, the HMoOs3 nano-
particle ink was illuminated under different LED lamp sources or sun-
light, and a series of HMoOy nanoparticles were obtained. Two kinds of
LED lamps were used in this work. One kind lamp was the desk LED
lamp, which has low irradiation intensity around 6000 lx. The other
lamp was LED array, which has strong irradiation intensity around
80,000 Ix.

2.3. OSCs fabrication

Inverted OSCs with a structure of ITO/ZnO/active layer/HMoOy/Al
were fabricated according to the following procedure. Patterned ITO
substrates were subsequently sonically cleaned in deionized water,
acetone, and isopropanol, and finally treated in ultraviolet ozone (UVO)
for 30 min. A 30 nm thick ZnO cathode buffer layer was deposited
through spin-coating at 2000 rpm for 60 s and followed by thermal
treating at 130 °C for 10 min in air. After that, the ITO/ZnO substrates
were then transferred to a nitrogen-filled glove-box for the deposition of
the photoactive layers. PM7 (10 mg) and IT-4F (10 mg) were dissolved
in 1 mL chlorobenzene (Sigma-Aldrich) with 0.5 vol% of 1,8-diiodooc-
tane (DIO, Sigma-Aldrich) and stirred at 45 °C for 5 h. Analogously,
PM6 (7 mg) and Y6 (8.4 mg) were dissolved in 1 mL chloroform (Sigma-
Aldrich) with 0.5 vol% of chloronaphthalene (CN, Sigma-Aldrich) and
stirred at 45 °C for 3 h. The photoactive layer was deposited on the ZnO
layer by spin-coating at 2000 rpm for 60 s and thermally annealed at
100 °C for 10 min in a nitrogen-filled glove box. The HMoOy layer was
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Fig. 1. (a) XPS spectra of Mo 3d and (b) XPS spectra of O 1 s of HMoO, nanoparticle inks; (c) Mo 3d and (d) O 1 s changing tendency with different photore-

duction times.

spin-coated on the photoactive layer at 2000 rpm for 60 s from the
HMoOy solution (10 mg/mL). Finally, 100 nm Al electrode was evapo-
rated deposited at a vacuum degree of 4 x 10 Pa. Besides, for the all-
solution-processed device, the AgNWs (2.5 mg/mL) were sprayed on the
HMoOx HTL in air with a spray coater (Hizenith AC300-1, Hizenith
Robot (Suzhou) Co. Ltd). The pressure of the carrier gas was 28 Pa, the
nozzle moving speed was 16 mm/s, and the substrates were kept on the
hotplate at 55 °C.

2.4. Characterization

The UV — vis absorption spectra of the HMoOy inks were recorded by
the Lambda 750 UV/vis/NIR spectrophotometer (PerkinElmer). The
ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron
spectroscopy (XPS) of the HMoOy films were recorded by the Kratos
Asxis Ultra DLD (Kratos Analytical Shimadzu Group Company). An
unfiltered He — I (21.2 eV) discharge lamp and a total instrumental
energy resolution of 100 meV was used for UPS measurement. An Al Ka
radiation source was used for the XPS measurement. The J — V mea-
surement was carried out with a Keithley 2400 source meter under
simulated AM 1.5G solar illumination (100 mW/cm>2). EQE spectra were
measured under simulated one sun operation conditions with light from
a 150 W tungsten halogen lamp (Osram 64610) as the probe light, a
monochromator (Zolix, Omni-A300) for selecting the wavelength, and a
J-V converter for recording the response. The light was illuminated on
the sample via a small aperture with a radius of 1.5 mm. A calibrated Si
cell was used as a reference, and the device was kept behind a quartz
window in a nitrogen-filled container. The long-term stability of devices
was conducted using a multichannel solar cell performance decay test
system (PVLT-G8001M, Suzhou D&R Instruments Co. Ltd.)

3. Results and discussion

The synthesis process of HMoOy nanoparticle ink can be divided into
four steps, as Scheme 1 shown. (I) The preparation of precursor HMoO3
nanoparticle ink: The HMoO3 nanoparticle ink was prepared through
oxidation of the Mo power by Hy0; followed the similar method re-
ported by Xie and Wang et al. with some modifications [35,36]. Herein,
excess HoO, was used to make sure the formation of HMoOs with sole
Mo(VI). The detailed process could be read in the experimental section.
The X-ray diffraction (XRD) patterns showed the HMoO3 nanoparticles

were amorphous (Fig. S1), and the thermogravimetry analysis (TGA)
demonstrated that the HMoOs3 nanoparticles contain water, including
the physically adsorbed water molecules (~100 °C) and structural water
(~210 °C) (Fig. S2) [37]. Some previous reports have demonstrated the
obtained nanoparticles were hydrogen molybdenum bronzes [35].
Therefore, the nanoparticles are named as HMoOs. (II) The yellow
HMoOs3 particles were collected by removing the solvent, washing, and
drying in a vacuum. The obtained HMoO3 nanoparticles could be stored
in the glove box for future use. (III) The yellow HMoOs particles were
redispersed in ethanol with a concentration of 10 mg/mL to form
HMoOj3 nanoparticle ink. (IV) The HMoOs nanoparticleink was illumi-
nated by different lamps under continuous stirring. During illumination,
the yellow HMoOs3 inks gradually changed to green, blue, and dark blue,
and the target HMoOy nanoparticle inks were obtained.

Firstly, a home-made LED array lamp with intensity of 80,000 Ix was
used to systematically study the photoreduction process. Fig. S3 shows
the irradiation spectrum of the lamp. This figure showed the lamp
spectrum contained a narrow band from 400 to 500 nm and one wide
peak from 500 to 800 nm. The XPS spectra were used to monitor the
transformation process of HMoOs3 precursor. L-0 h, L-6 h, L-8 h, L-10 h,
and L-20 h refer to HMoOy inks which were obtained by illuminating the
HMoOj3 precursor inks for 0, 6, 8, 10, and 20 h, respectively. Fig. 1(a)
shows the core level of Mo 3d of the HMoOy nanoparticle inks. The XPS
spectrum of the L-0 h HMoOy ink displays two symmetric peaks at 232.8
and 235.9 eV, which were ascribed to Mo(VI) 3ds,2 and Mo(VI) 3ds/»
respectively[27,38,39]. After illumination for more than 6 h, besides the
peaks at 232.8 and 235.9 eV from Mo(VI), doublet peaks at 234.9 and
231.8 eV ascribed to Mo(V) were also observed, demonstrating the
occurrence of photoreduction from Mo(VI) to Mo(V) [40]. Fig. 1(b)
shows the core level of O 1 s of the HMoOy nanoparticle inks. As we can
see here, the XPS spectra for all the inks display two symmetric peaks at
531.0 and 532.4 eV, which were ascribed to lattice oxygen and vacancy
oxygen of HMoOy respectively [24,41-43]. However, the ratio of va-
cancy oxygen in the HMoOx inks was higher than the pristine HM0Os3
ink. To clearly show this change, the percentage of Mo(V), Mo(VI) and
the percentage of vacancy oxygen, lattice oxygen were calculated and
showed in Fig. 1(c) and (d). Obviously, the ratio of Mo(V) gradually
increased from 0 to 12.4%, while the ratio of Mo(VI) decreased from
100% to 87.6%. Correspondingly, the vacancy oxygen is growing as the
increasing in the photoreduction time.

In the foregoing process, we demonstrated that light irradiation of
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Fig. 2. (a) UV-vis absorption spectra of the HMoOy nanoparticle inks, and the inset shows the photographic picture, (b) J-V curves of the devices, and the inset is the
device structure, (c) UPS spectra of the HMoOy films, (d) The changing tendency of work function and conductivity of the HMoOy films.

the HMoOj3 precursor ink can lead to the increasing of vacancy oxygen,
and reduce the content of Mo(VI). Meanwhile, the property of HMoOy
ink changed with the illuminated time. Fig. 2(a) shows the photograph
and the UV-vis absorption spectra of the HMoOy nanoparticle inks. As
we can see here, the L-0 h HMoOs ink only shows an absorption band at
around 350 nm, which is the typical absorption band of MoOs. While
almost no absorption in the range from 500 to 860 nm was observed,
indicating the obtained HMoOj3 inks might be pure HMoO3 without
impurities. That’s reasonable since excess HyO, was added in the first
reaction step. But for the inks, a strong absorbance peak at 600 ~ 800
nm can be observed. Besides, with the illumination time gradually in-
creases to 20 h, the absorption intensity of the HMoOy inks in the
wavelength region (600 ~ 800 nm) is regularly enhanced. Corre-
spondingly, the photograph of the HMoOy inks showed that the color of

g=1b

HMoV.MoV', ,0,

inks gradually turned from yellow (L-0 h HMoOs ink) to light green (L-6
h HMoOy ink) and finally turned to dark blue (L-8 h, L-10 h, and L-20 h
HMOoOxy ink). In contrast, as Fig. S4 shown, the HMoOg3 nanoparticle ink
kept yellow when be stored in a dark environment for 20 h, and the
absorption spectra also nearly showed no change when stored in dark.
Therefore, this result proved the transformation from Mo(VI) to Mo(V)
was mainly accelerated by light illumination. Also, a similar trans-
formation was observed as the HMoOy nanoparticle were dispersed in
water, methanol, ethanol, and IPA (as Fig. S5 shown).

Fig. 2(b) shows the conductivity of the 100 nm thick HMoOx films as
a function of illumination time, which was estimated by measuring the
J-V curves of the devices with the structure of ITO/HMoOy/Al[44,45].
As we can see, all the devices show a linear J-V relation. The calculated
data are listed in Table S1. The HMoO3 (L-O h) film has the lowest

QORKO)]

OO R O]

H, 0 (solvent accelerated the process)

Fig. 3. The diagram of mechanism for HMoOj3 inks under illumination.
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conductivity of 3.02 x 10 S/m. After white light illumination, the
conductivity of the HMoOx layer is enhanced gradually. When the time
increased to 20 h, the conductivity of the HMoOy layer reached the
highest value of 4.95 x 10 S/m, which is ascribed to an enhanced n-
doping effect. In a word, the conductivity of the HMoOx films can be well
controlled by illumination time. Meanwhile, the work function of the
series of HMoOy films was characterized by ultraviolet photoelectron
spectroscopy (UPS). As shown in Fig. 2(c), with the increasing illumi-
nation time, the work function of the HMoOy layers increased gradually.
From L-0 h to L-20 h HMoOy, inks, the work function was — 5.00, —5.08,
—5.10, —5.27, and — 5.33 eV, respectively. Such composition-
dependent work function of HMoOx has been reported previously
[23,46]. The increased work function is in favour of level matching
between donor and electrode in OSCs. Besides, Fig. 2(d) illustrated the
variation tendency of the conductivity and work function. The increased
conductivity and work function of the HMoOyx HTL are favourable to the
OSCs performance.

The XPS results, combing the absorption spectra of these HMoOy
proved the transformation from HMoOs to HMoOy is a typical photo-
chromic phenomenon of Mo(VI), and the similar mechanism has been
reported in MoO3 and WOj3 previously[47-50]. The detail process could
be described as follow (as Fig. 3 shown): under light illumination,
HMoO3 (Mo(VI)) can be excited and generate electrons and holes [48].
The photo generated electron would be injected into the conduction
band and caused the reduction from Mo(VI) to Mo(V). The generated
holes would be trapped by the adsorbed water to generate protons. But,
since the adsorbed water would be nearly negligible in the dried powers,
herein the dried HMoO3 powers were relative stable, especially as it was
stored in the glove box. As the nanoparticles were redispersed in solvent.
The existence of solvents, i.e., water, methanol, ethanol, IPA, and n-
butanol can accelerate the reduction through provide protons and in-
jection protons into the system in such a process[48,51]. The protons
diffuse into the lattice, and the photogenerated electrons injected into
the conduction band of HMoO3; and reacted with HMoOs3 to form the
blue-coloured hydrogen molybdenum bronze (HXM0¥M0‘1”_,{03) with Mo
(V) [52].

To check the function of HMoOy nanoparticle inks as HTL, inverted
0OSCs with the structure of ITO/ZnO/active layer/HTL/Al (as shown in
Fig. 4(a)) were fabricated. The pristine HMoOs and photo-reduced
HMoOy HTLs were fabricated and deposited on the top of the

Table 1
Photovoltaic properties of the inverted OSCs with HMoO, and e-MoO3 HTLs.
Active HTL Voc Jsc Integrated FF PCE PCE
layer W) (mA/ Jsc (mA/ max ave.
cm?) cm?) (%) (%)?
PM7: e- 0.87 20.28 19.58 0.71 12.79 12.54
IT- MoO3 + +0.13 + + 0.19
4F 0.01 0.01
L-Oh 0.81 4.67 5.20 0.13 0.59 0.57
+ + 0.56 + + 0.07
0.00 0.01
L-6h 0.81 21.02 20.58 0.52 9.28 9.01
+ + 0.20 + + 0.25
0.00 0.02
L-8h 0.85 21.01 20.60 0.55 10.22 9.99
+ + 0.19 + + 0.23
0.01 0.01
L-10 0.88 21.43 21.04 0.68 13.17 12.97
h + + 0.26 + +0.17
0.00 0.01
L-20 0.87 21.23 20.73 0.66 12.60 12.32
h + + 0.12 + +0.21
0.01 0.01

a)PCEa\,e was calculated over more than 12 individual devices, and the device
area is 0.09 cm?.

photoactive layer. The molecular structure of organic donor and
acceptor are showed in Fig. 4(a). Firstly, PM7:IT-4F heterojunction solar
cells were fabricated, and HMoOy HTLs fabricated from different
photoreduction time were used. Fig. 4(b) shows the J-V curves of the
0OSCs with different HMoOy HTLs, and the statistical photovoltaic per-
formance data are listed in Table 1. As seen here, the device with L-0 h
HMoOy HTL showed a minimal power conversion efficiency (PCE) of
0.59%, with the lowest short circuit current (Js¢) of 5.23 mA/cm? and
fill factor (FF) of 0.14. With the increasing of illumination time, the PCE
of OSCs boosted to 9.28% for the L-6 h HMoOy HTL-based device, and
synchronous increase of Jsc (21.22 mA/cmZ) and FF (0.54) were
observed. This result was in good agreement with the previous report
that the existence of Mo(V) can improve the HMoOy HTL performance
[31]. Besides, L-8 h HMoOx-based OSCs showed a slight higher perfor-
mance of 10.22% compared to the L-6 h HMoOx-based device. Notably,
a high PCE of 13.17% was obtained from the device of L-10 h HMoOy
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HTL, with a Jsc of 21.69 mA/cm?, a Voc of 0.88 V, and an FF of 0.69.
Such performance was even superior to the device with evaporation-
processed MoO3 (e-MoOs) HTL (PCE, 12.79%), demonstrating the
outstanding hole transporting ability of L-10 h HMoOx HTL. In other
words, the HMoOy prepared from photoreduction could be utilized in
OSCs as a replacement of the e-MoO3 HTL with comparable perfor-
mance. Further prolonging the illumination time, the performance of L-
20 h HMoOy-based OSCs is slightly inferior to the L-10 h HMoOy device.
A PCE of 12.60% with a slight reduction in Jsc and FF (21.35 mA/cm?,
0.67) was observed. But such performance was still comparable with e-
MoOs-based solar cells. This result demonstrated the composition of
HMoOy highly influenced the device performance of the OSCs.
Benefiting from the time-dependent composition of the HMoOx films, it
is relatively easy to obtain proper HMoOy inks by the photoreduction
route. Besides, the illumination time has a wide range of operation
windows (from 10 h to 20 h), which is benefit for the production of
HMoOy nanoparticle ink. Fig. 4(c) was the EQE spectra and the inte-
grated current of the optimized devices. The e-MoO3; HTL and HMoOy
HT-based devices showed an integrated current of 19.58 and 21.04 mA/
cm?, respectively. These integrated currents were in good agreement
with the Js¢ from J-V curves.

Based on the foregoing research results, the relation of the device
performance with the absorption intensity at 750 nm and the ratio of Mo

Table 2

(V) was exhibited as Fig. 4(d). Herein, we found the device performance,
the ratio of Mo(V), and the absorption intensity at 750 nm showed a
similar trend with illumination time. Since the absorption spectrum of
the nano-inks is a regular and easy measurement, such a variation trend
implied the intensity of HMoOy ink absorption could be a quantitative
criterion for the HMoOy ink photoelectric property during the prepa-
ration. Based on the relationship between the absorption spectra of
HMoOy and the device performance (vide supra), we know when the
peak intensity of HMoOyx ink (0.01 mg/mL, ethanol) at 750 nm was
equal to or higher than 0.08, the solution-processed HMoOy HTL would
have a suitable ratio of Mo(V) in the inks.

Since we can evaluate the composition of the photo-reduced HMoOy
inks using the absorption spectra, it would be possible to use different
light sources to carry out the photoreduction experiment. Therefore, we
tried to illuminate the HMoOs inks using sunlight and other LED lamps.
We found the reduction from Mo (VI) to (V) can be successfully achieved
by using these two light sources, which provide available options for
HMOoOy ink preparation. Fig. 5(a) exhibits the normalized spectra of the
desk LED lamp and sunlight, and Fig. 5(b) shows the variation of HMoOs3
ink change to HMoOy ink under sunlight. Herein, the desk LED lamp has
a weak intensity of 6000 Ix. Fig. 5(c) shows the UV-vis absorption
spectra of the obtained HMoOy inks, which were illuminated under an
LED lamp for 240 h (named as LL-HMoOy) and under sunlight for 3 h

Photovoltaic performance of the PM7:IT-4F and PM6:Y6 solar cells with HMoOy, HTLs.

Materials HTL Voc (V) Jsc (mA/cm?) Integrated Jsc (mA/cm?) FF PCEpay (%) PCE ¥ ye. (%)

PM7:1T-4F SL-HMoOy 0.88 £+ 0.00 21.22 + 0.14 20.71 0.70 £ 0.01 13.34 12.95 £+ 0.09
LL-HMoOy 0.86 £ 0.01 20.87 £ 0.17 20.41 0.67 £ 0.01 12.45 12.11 £ 0.21

PM6:Y6 e-MoOs 0.84 £+ 0.00 26.77 + 0.12 26.06 0.73 £ 0.00 16.48 16.22 4+ 0.09
SC-HMoOy 0.84 £ 0.00 27.21 +£0.19 26.59 0.72 £ 0.00 16.58 16.38 + 0.12
DBC-HMoOy 0.84 £ 0.01 27.01 +£0.18 26.63 0.71 £ 0.01 16.64 16.44 £+ 0.25
SL-HMoOy b) 0.82 £ 0.01 18.19 + 0.45 18.07 0.66 + 0.02 10.52 10.04 + 0.43

SL-HMoOy, LL-HMoOy stands for the HMoOy, illuminated under solar light and LED table lamp. SC-HMoOy, DBC-HMoOy stand for the spin-coated, and doctor-blade-

coated HMoOy HTLs.

) PCE,y. was calculated over more than 12 individual devices, and the area of the PM7:IT-4F device was 0.09 cm?, and the area of the PM6:Y6 device was 0.04 cm>.

5 This device was a semitransparent device.
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Fig.6. (a) The molecular structure of PM6 and Y6, (b) The diagram of doctor-blade-coating of the HMoOy HTL, (c) J-V curves and (d) EQE spectra of the PM6:Y6
solar cells with e-MoO3, SC-HMoOy, and DBC-HMoOy HTL, (e) The diagram of spray-coating of the AgNWs electrode, (f) J-V curves and (g) EQE spectra of the

semitransparent device with DBC-HMoOx HTL and spray-coated AgNWs electrode.

(named as SL-HMoOy). For two light sources used for HMoOx nano-
particle ink preparation, the illumination time were different due to
different illumination intensity and light spectra. On the side of illumi-
nation intensity, as Fig. 3(a) shown, we see the LED array lamp with
intensity of 80,000 Ix took around 8-10 h to achieve the target HMoOy
nano inks, while the desk LED lamp took 240 h (as showed by Fig. S6).
On the side of illumination spectrum, since the cut-off of the absorption
spectrum of HMoOj is about 450 nm, we mainly focused on the influ-
ence of vis-blue wavelength region. Here, light with wavelength from
400 to 600 and from 600 to 800 nm was compared. Fig. S7 shows the
absorption change of the HMoOy inks. It showed that nearly no change
was observed using light with wavelength of 600-800 nm. It indicated
the light spectrum should include vis-blue short wavelength region.

Under the illumination of the desk LED lamps and sunlight, the ab-
sorption intensity of the obtained HMoOy inks (0.01 mg/mL) at 750 nm
was 0.13 and 0.09, higher than the lowest value of 0.08. It indicated the
inks could satisfy the usage requirement of solution-processed HMoOy
for OSCs. Fig. 5(d, e) show the J-V and EQE curves of the device with
different HMoOy inks, and the statistical photovoltaic performance data
are listed in Table 2. As seen here, the devices based on SL-HMoOy/LL-
HMoOy ink show the similar performance of 13.34% and 12.45%,
demonstrating the universality of different light sources for HMoOy
nanoparticle preparation. These results showed the great advantage of
this photo-reduction synthesis method, especially utilizing the sunlight
can be an environmental-friendly and economical way. From the EQE
spectra of the devices, the integrated current was 20.71 and 20.41 mA/
cm? for the SL-HMoOy and LL-HMoOy, devices.

Furthermore, we demonstrated the universal application of the
HMoOy nanoparticle ink in different active layers-based OSCs and

different processing methods. First, to show the generality of the HMoOx
inks for OSCs, PM6:Y6 bulk heterojunction was selected due to its high
efficiencies [53,54], and SL-HMoOy ink was selected as an example.
Fig. 6 (a) showed the molecular structure of PM6 and Y6. Fig. 6(b)
shows the schematic diagram of the doctor-blade coating of HMoOx HTL
with SL-HMoOy ink. Fig. 6(c, d) shows the J-V and EQE curves of the
OSCs with different HMoOy HTL processing methods, and the statistical
photovoltaic performance data are listed in Table 2. As seen here, a high
PCE of 16.58% was obtained for the device with spin-coated HMoOyx
(SC-HMoOy) HTL, which was comparable to the device with e-MoOg
HTL (16.48%). Meanwhile, the device based on doctor-blade coated
HMoOy (DBC-HMo0Oy) HTL achieved a PCE of 16.64%. The optimized
thickness of the HMoOy was around 15 nm, which is nearly the same as
the thickness of e-MoOs3 HTL. The integrated current of the PM6:Y6
devices with e-MoOs3, SC-HMoOy, DBC-HMoOy were 26.06, 26.59, and
26.63 mA/cm?, respectively, which were similar to the values from J-V
curves. After the successful application of these solution-processed
HMoOyx HTL in the OSCs, full-solution processable OSCs were fabri-
cated based on spray-coated Ag nanowires (AgNWs) electrode, as Fig. 6
(e) shown. Fig. 6(f, g) showed the J-V and EQE curves of the OSCs, and
the statistical photovoltaic performance data are listed in Table 2. As
seen here, the all-solution-processed semitransparent device realized a
PCE of 10.52%, a Jgc of 18.64 mA/cmZ, a Voc of 0.83 V, and an FF of
0.68. Besides, as Fig. S8 shown, the average transmittance of the OSCs
over 300 ~ 1200 nm was 22.6%. From the above results, we see the
HMoOy nanoparticle ink from the photoreduction route has excellent
photoelectric property, making it a promising candidate of HTL in large-
area roll-to-roll production.

As above mentioned, the ratio of Mo(V) to Mo(VI) in the HMoOy
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Fig. 7. (a-d) The evolution of the performance parameter of the e-MoO3 and SL-HMoO, HTL-based organic solar cells during continuous illumination. (e) Mo 3d core
level and (f) O 1 s core level of the BHJ/e-MoO3 and BHJ/SL-HMoOy films before and after aging.

nano inks was well controlled by the light spectrum, illumination in-
tensity, and the illumination time. Such as light-sensitivity of the HMoOy
nano inks might be unfavoured for the device stability. Thus, the device
stability of the OSCs based on PM6:Y6 materials system with the SL-
HMoOx HTL was investigated. Fig. 7(a-d) shows the evolution of the
performance data during continuous illumination in the glove box. The
conventional e-MoOs and the solution-processed SL-HMoOx HTLs were
used and compared. As showed by this figure, we observed a slight
quicker degradation trend for the devices with HMoOy HTLs. In detail,
after continuous illumination for 100 h, 84% and 78% of the initial ef-
ficiency was remained for the e-MoO3 and SL-HMoOy devices. We also
studied the XPS spectra of the fresh and aged devices. The XPS of the Mo
3d and O 1 s core levels (Fig. 7(e) and (f)) showed both the SL-HMoOy
and e-MoO3 showed composition change during continuous illumina-
tion. As listed in Table S2, the ratio of Mo(V) in the e-MoO3 device
increased from O to 6.87%, and correspondingly the ratio of oxygen
vacancy to the lattice oxygen increased from 6.32% to 9.67% as well.
For the devices with the HMoOy HTL, the aged films showed as increased
Mo(V) content of 12.59% than that of the fresh device (10.72%). These
results indicated in the SL-HMoOy and e-MoOs; HTL-based devices,
interface degradation at the interface of the active layer and HTL
occurred, which might be due to photoreduction of molybdenum oxide
and photooxidation of the active layer [55]. But the similar degradation
speed implied the SL-HMoOy HTL could ensure a comparable stability as
the e-MoQO3 devices.

4. Conclusion

In summary, we put forward a photochemical method to fabricate
HMoOy nanoparticle ink and revealed the influence of light illumination
condition on the composition and photoelectronic properties of the
HMoOyx HTLs. Specifically, light illumination induced the transforming
of Mo(VI) to Mo(V) and form n-doping in the nanoparticles, leading to
the increase of the conductivity and work function of the HMoOx films.
Besides, the ratio of Mo(V) to Mo(VI) in the inks was controlled by the
illumination time and illumination intensity. Using the photo-reduced
HMoOx nanoparticle ink, a high efficiency of 13.17% and 16.64% for
the PM7:IT-4F and PM6:Y6 OSCs was achieved. Besides, a high PCE of
10.52% for all-solution-processed PM6:Y6 semitransparent OSCs was
obtained. This work provides a simple and mass-production comparable
route to synthesize the solution-processed HTL.
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