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ABSTRACT: We proposed a facile and green one-pot strategy
to synthesize Mo bronzes nanoparticles to serve as an efficient
hole extraction layer in polymer solar cells. Mo bronzes were
obtained through reducing the fractional self-aggregated
ammonium heptamolybdate with appropriate reducing agent
ascorbic acid, and its optoelectronic properties were fully
characterized. The synthesized Mo bronzes displayed strong n-
type semiconductor characteristics with a work function of 5.2—
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5.4 eV, matched well with the energy levels of current donor polymers. The presented gap states of the Mo bronzes near the
Fermi level were beneficial for facilitating charge extraction. The as-synthesized Mo bronzes were used as hole extraction layer in
polymer solar cells and significantly enhanced the photovoltaic performance and stability. The power conversion efficiency was
increased by more than 18% compared with the polyethylene dioxythiophene:polystyrenesulfonate-based reference cell. The
excellent performance and facile preparation render the as-synthesized solution-processed Mo bronzes nanoparticles a promising
candidate for hole extraction layer in low-cost and efficient polymer solar cells.
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1. INTRODUCTION

Fueled by the growing concerns on energy security and global
warming, organic photovoltaic (OPV) cells are considered to
be a potential green and renewable energy technology as one of
alternatives to fossil fuel-based technologies."” Over the past
two decades, OPVs have attracted a great deal of attention
because of their unique features such as cost-effective, solution-
processing, lightweight, high-throughput production, etc.’™”
Significant advances have been gained along with the progress
in photoactive materials and device engineering.'’""* One of
the pivotal components in bulk heterojunction (BHJ) OPV
devices is the interfacial layers between the active layer and
electrodes, which would facilitate the charge extraction. 6718 Ag
the linker of adjoining components, the interfacial layers also
significantly affect the stability of OPV devices.'”*° Developing
a straightforward method to prepare more effective charge
selective interlayers is highly desirable for the low-cost, high-
throughput manufacturing of efficient OPV modules.
Currently, the aqueous polyethylene
dioxythiophene:polystyrenesulfonate (PEDOT:PSS) solution
is widely used as the hole extraction layer in OPVs.*"*?
However, the hygroscopic nature of PEDOT:PSS has a
detrimental impact on device stability, and its acidic nature is
also prone to etch the indium tin oxide (ITO) electrode and
the contacted interfaces, severely limiting the large-scale
commercial uszage.23_25 In this regard, transition metal oxide
semiconductors, such as MoO3,1 126-36 NjiQ,¥ 0 V205;41’42
and WO,,** are emerging as a promising class of alternatives
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for PEDOT:PSS, with demonstrable advantages of the wide
range of energy level aligning capabilities,26 high transmittance
in the visible region,**® and excellent ambient stability.*’
Moreover, the developed solution-processed metal oxides
semiconductors are compatible with low-cost all-solution
high-throughput manufacturing of OPVs. Among these semi-
conductor nanoparticles, solution-processed MoO; has been
prepared from different precursors and proved to be a
promising candidate as efficient hole extraction layer. Previous
studies mainly focused on the fully stoichiometric MoO; using
the high temperature annealing process.** More recent studies
showed that partially reduced MoO;, namely hydrogen
molybdenum bronzes (Mo bronzes), exhibited superior
performance in OPV devices.'®*%*!

Herein, we proposed a facile and green one-pot method to
synthesize solution-processed Mo bronzes nanoparticles to
serve as the hole extraction layer in polymer solar cells. The
solution-processed Mo bronzes nanoparticles were obtained by
reducing the fractional self-aggregated ammonium heptamo-
lybdate with appropriate reducing agent ascorbic acid at
ambient conditions, and the solution of Mo bronzes was stable
for at least one month. Strikingly, the device performance was
prominently improved by implementing Mo bronzes as anode
interfacial layer in OPVs, regardless of the donor—acceptor
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Figure 1. (a) The representative TEM image of the solution-processed Mo compounds. The scale bar is 20 nm. Inset: HRTEM image of the Mo
bronzes. (b) XRD patterns of the samples annealed at 140, 180, and 230 °C, respectively.

combination. The power conversion efficiency (PCE) value
increased from 5.11% for the PEDOT:PSS-based device to
6.02% for the Mo bronzes-based device using the poly[N-9”-
hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2/,1',3'-
benzothiadiazole)]:[6,6]-phenyl-C,, butyric acid methyl ester
(PCDTBT:PC,,BM) blend as the active layer. Additionally, the
stability of unencapsulated devices was greatly improved by
using Mo bronzes to replace PEDOT:PSS.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. Briefly, ammonium heptamolybdate
(0.9888 g) was dissolved in deionized water (80 mL) to form a clear
solution (0.01 M). The pH value of the solution was adjusted between
3 and 4 using HCI and then incubated at room temperature for 12 h.
Subsequently, the ascorbic acid solution (0.01 M, 1 mL) was added
dropwise into the ammonium heptamolybdate solution (0.01 M, 20
mL) under stirring. The reaction mixture was stirred at 30 °C under
air for 8 h. The solution color turned slowly from colorless to blue,
which indicated that the Mo®" ions were partially reduced to Mo®".
The prepared solution was directly used to fabricate OPV devices.

2.2. Device Fabrication and Measurements. The ITO-coated
glass with a sheet resistance of 10 €/[] was used as the substrate,
which was cleaned ultrasonically in acetone and isopropyl alcohol each
for 15 min and then rinsed with deionized water three times. The
cleaned ITO substrates were dried in an oven at 120 °C for 1 h and
subsequently were treated with UV-Ozone for 25 min. The
PEDOT:PSS (Baytron Al 4083) or the prepared Mo bronzes solution
was spin-coated on the ITO glass substrate, and their thicknesses were
about 30 and 10 nm, respectively. The PEDOT:PSS-coated substrates
were annealed at 140 °C for 30 min, and the Mo bronzes
nanoparticles-coated substrates were annealed at different temper-
atures for 10 min on a hot plate at ambient condition. Then the
substrates were transferred into a glovebox to spin-coat the active
layer. The solutions of PCDTBT:PC,;BM (1:4 in weight, 3.5 mg/mL)
in 1,2-dichlorobenzene (DCB) or PBDTTT-C-T:PC;;BM (1:1.5 in
weight, 10 mg/mL) in DCB containing 3% (v/v) 1,8-diiodooctane
(DIO) were spin-coated to prepare the active layer. Finally, a cathode
structure of LiF (~0.8 nm)/Al (100 nm) was thermally evaporated in
a vacuum chamber at a base pressure of 4 X 107 Torr. The active area
of cell was about 12 mm?, defined by the overlapping area of the ITO
and Al electrodes. A Newport simulator with an AMI1.5G filter was
used to provide 100 mW cm ™ simulated solar light for illumination of
the photovoltaic cells. The light intensity was determined by using a
calibrated silicon diode with a KG-5 visible color filter. Current—
voltage (J — V) characteristics of the cells were measured with a
Keithley 236 source meter under ambient condition. The external
quantum efficiency (EQE) was measured using an Enlitech QE-R
spectral response measurements system illuminated with bias white
light under short-circuit conditions.
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2.3. Thin Film Characterization. The thicknesses of the various
films were measured with a Dektak 6 M Stylus Profiler. Transmittance
spectra of the samples were obtained using a PerkinElmer 35 UV—vis
spectrophotometer. The X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo ESCALAB 250 using
monochromatized Al Ka (hv = 1486.8 eV) excitation. The ultraviolet
photoelectron spectroscopy (UPS) measurements were carried out
with a helium discharge lamp excitation (21.2 eV) and a hemispherical
energy analyzer (Specs PHOIBOS 150). The samples were biased at
—10 V to separate the sample and the secondary edge for the analyzer.
The transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were recorded using a FEI TECNAI F20
system operated at an acceleration voltage of 200 kV. The atomic force
microscopy (AFM) images were taken on a SPA-300HV instrument
with a SPI3800N Controller operating in the tapping mode. Thin-film
X-ray diffraction (XRD) was carried out using a Bruker D8 Discover
thin-film diffractometer with Cu Ka radiation (1 = 1.5406 A) operated
at 40 kV and 30 mA in reflection mode.

3. RESULTS AND DISCUSSION

The Mo bronzes nanoparticles were readily prepared by
reduction of aggregated ammonium heptamolybdate using
ascorbic acid. HCl was first added to the ammonium
heptamolybdate solution in water to adjust pH value between
3 and 4. Under acid condition, ammonium heptamolybdate can
be self-aggregated to form polymolybdate nanoparticles. The
polymolybdate nanoparticles were partially reduced to form Mo
bronzes with addition of ascorbic acid. Figure 1, panel a
displays the typical TEM image of the resultant Mo bronzes
nanoparticles with the inset showing the HRTEM image. The
synthesized Mo bronzes appeared as spherical particles and had
a good monodispersity with the average diameter of 4.52 =+
1.18 nm. The size distribution of Mo bronzes was shown in
Figure S1 of the Supporting Information. The HRTEM image
revealed lattice fringes with an interplanar spacing of 0.215 nm,
in accord with (—621) diffraction plane of monoclinic Mo,Oy;
(JCPDS 13-0142). Figure 1, panel b shows XRD patterns of
the as-prepared Mo bronzes annealed at different temperatures.
The three samples displayed similar typical peaks, which were
indexed as blends of M0O;-0.5H,0 and Mo,O;; phase. The
peaks at 26 = 37.904° and 43.297° matched the (—103) and
(—303) diffraction planes of monoclinic MoO;-0.5H,O (space
group P2, JCPDS no. 49—0652), respectively, whereas the
peaks at 20 = 37.141° and 44.060° consisted with (—612) and
(—1002) diffraction planes of monoclinic Mo,O;; (space group
P2,,,, JCPDS no. 13—0142).

The AFM image of the spin-coated Mo bronzes layer on the
ITO substrate was given in Figure S2 of the Supporting

DOI: 10.1021/acsami.5b02997
ACS Appl. Mater. Interfaces 2015, 7, 13590—13596


http://dx.doi.org/10.1021/acsami.5b02997

ACS Applied Materials & Interfaces

Research Article

Information. Root—mean—square (RMS) roughness of the Mo
bronzes layer was about 1.18 nm, much smoother than 7.2 nm
of the bare ITO substrate. Although the Mo bronzes layer
seems to have some small pinholes, it does not have
detrimental effects on the photovoltaic performance of the
resulted devices, as discussed later. XPS analysis was further
employed to characterize the surface chemical composition of
the obtained Mo bronzes films annealed at different temper-
atures. Figure 2, panels a—c show the Mo 3d spectra of the Mo
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Figure 2. XPS spectra of Mo bronzes films annealed at different
temperatures, respectively. Left panel: Mo 3d core level, (a) 140 °C,
(b) 180 °C, (c) 230 °C. Right panel: O Is spectra, (d) 140 °C, (e) 180
°C, (f) 230 °C.

bronzes films annealed at different temperatures. The Mo 3d
core level peaks were deconvoluted into two doublets in form
of Gaussian—Lorentzian curves, suggesting the coexistence of
two different oxidation states Mo®* and Mo®" of molybdenum.
The dominant peaks at 232.8 and 236 eV were ascribed to the
3ds, and 3ds), core level components for the Mo®",* while the
smaller peaks at 231.9 and 235.4 eV were attributed to the
Mo**.*° With elevating the annealing temperature from 140 to
230 °C, the surface content of Mo®" is gradually decreased
relative to Mo® content, indicating that some Mo®" is oxidized
at higher annealing temperature. The XPS spectra of O 1s
exhibited asymmetric bands, as shown in Figure 2, panels d—f.
However, as reported, the O 1s peak generally appears between
529.5 and 530.5 €V in transition metal oxides.>* The O 1s peaks
of the Mo bronzes films were fitted into two peaks at 530.5 and
531.5 eV, which were assigned to Mo—O bond and hydroxyl
groups bonded to metal atoms (Mo—OH),>* respectively.

As an anode interfacial layer, the surface electronic structure
of the as-synthesized Mo bronzes may strongly influence its
contact with the active layer and hence the final photovoltaic
performance of the polymer solar cells (PSCs). Figure 3, panel
a shows the secondary electron cutoft region of the UPS spectra
from the Mo bronzes annealed at different temperatures with
the commonly used PEDOT:PSS as reference. The work
functions (W) of individual films are calculated from their
corresponding values of secondary electron cutoff. The Mo
bronzes displayed comparable or higher Wy values (5.2—5.4
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Figure 3. UPS spectra of Mo bronzes films measured at three annealed
temperature. The UPS spectra of PEDOT:PSS were shown for
comparison. (a) Secondary electron cut-off region, (b) density of
states near the VB edge.

eV) than that of the PEDOT:PSS, especially for those annealed
at higher temperatures. However, these Wy, values do not show
distinctly linear dependence on the Mo®" content on the Mo
bronzes surface. The corresponding density of states near the
valence band (VB) edge spectra of those samples are 2.90, 3.16,
and 3.20 eV below the Fermi level, respectively, for the Mo
bronzes annealed at 140, 180, and 230 °C (Figure 3b).
Therefore, the ionization energies (IEs) of the Mo bronzes
were estimated to be 8.10, 8.56, and 8.49 eV, respectively. A set
of gap states near the Fermi level were presented for the Mo
bronzes (Figure 3b). These gap states were originated from the
O vacancies and inserted hydrogen atoms in molybdenum
oxide. The intervalence electrons were transferred from
hydrogen atoms, which formed covalent bonds with oxygen
atoms in the hydrogen molybdenum bronzes, to the initially
empty Mo 4d states.”>>* The optical band gap (E,) of the Mo
bronzes was about 3.65—3.75 eV derived from Tauc’s formula
(Figure S3, Supporting Information). On the basis of these
results, the corresponding energy level diagram for the
fabricated PSCs is presented in Figure 4. Compared with the
PEDOT:PSS, the Wy values of the Mo bronzes were higher in
favor of increasing the local electric field and thereby facilitating
the hole extraction. Furthermore, n-type characteristic of the
Mo bronzes was also important for their application. Owing to
the deep VB edge of the Mo bronzes and large hole barriers at
the Mo bronzes/polymer donor interfaces, it was not possible
for holes to be extracted via VB of the Mo bronzes. The gap
states of the Mo bronzes near the Fermi level would provide a
profitable path for the hole extraction.

The photovoltaic properties of PSCs using the Mo bronzes
annealed at different temperatures as the hole extraction layer
were evaluated. These devices had the basic structure of ITO/
Mo bronzes or PEDOT:PSS/active layer/LiF/Al, as illustrated
in Figure 4. The blends of PCDTBT:PC,;BM and PBDTTT-
C-T:PC,,BM are selected to serve as the active layer since the
PCDTBT and PBDTTT-C-T are representative wide and
narrow bandgap polymer donors, respectively. The illuminated
J—V characteristics of the PSCs based on the
PCDTBT:PC;,BM or PBDTTT-C-T:PC,BM blends are
depicted in Figure 5, panels a and b, respectively, and their
detailed photovoltaic parameters are summarized in Table 1. As
seen in Figure 5, panel a, all the PCDTBT:PC,,BM PSCs with
the Mo bronzes annealed at different temperatures showed
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Figure 4. (a) Molecular structures of PBDTTT-C-T, PCDTBT, and
PC,;BM. (b) Device structure of the OPVs. (c) Energy diagram of the
materials involved in the OPVs.

superior photovoltaic performances compared with the
PEDOT:PSS-based control devices. Both the short-circuit
current density (Jc) and fill factor (FF) were significantly
increased with Mo bronzes to replace the PEDOT:PSS. For
example, the PEDOT:PSS-based PCDTBT:PC,;BM PSCs
showed an open-circuit voltage (Vo) of 0.85 V, a Jsc of 9.05
mA/cm? and a FF of 66.4%, leading to an overall PCE of
5.11%. When the Mo bronzes annealed at 180 °C was used to
replace the PEDOT:PSS, the resultant PSC showed a V¢ of
0.86 V, a Jgc of 9.88 mA/cm? and a FF of 70.9%, giving a PCE
of 6.02%. The EQE spectra of these devices are provided in
Figure S4 of the Supporting Information. The calculated Jgc
values of the PEDOT:PSS-based PCDTBT:PC,;BM cell and
the PCDTBT:PC;,BM cells with Mo bronzes annealed at three
different temperatures are 9.05, 9.65, 9.83, and 9.76 mA/ cm?,
respectively, which are well matched with the measured values
of 9.05, 9.59, 9.88, and 9.67 mA/cm®. The Mo bronzes were
also tested as hole extraction layer in the PBDTTT-C-
T:PC,;BM BHJ PSCs. As depicted in Figure 5, panel b, the
PBDTTT-C-T:PC,,BM BH]J cell with PEDOT:PSS anode
interfacial layer demonstrated a Vio¢ of 0.78 V, a Jsc of 14.73
mA/cm? and a FF of 51.2%, resulting in an overall PCE of
5.89%. However, in contrast to the PCDTBT:PC,,BM PSCs,
the PBDTTT-C-T:PC,;BM BHJ cells with Mo bronzes as
anode interfacial layer are very sensitive to the annealing
temperatures of the Mo bronzes. The Mo bronzes annealed at
140 °C may result in large interfacial resistance with PBDTTT-
C-T donor and thus inferior photovoltaic performance of the
PBDTTT-C-T:PC;BM cell compared to the PEDOT:PSS-
based control device. The photovoltaic performance of the
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Figure S. Illuminated J—V characteristics of the (a) PCDTBT:
PC,BM and (b) PBDTTT-C-T:PC,;BM PSCs using Mo bronzes
annealed at different temperatures as anode interfacial layer. The
reference PSCs using PEDOT:PSS as anode interfacial layer are
included for comparison.

Table 1. Device Parameters of OPVs Based on the PCDTBT
and PBDTTT-C-T System That Used PEDOT:PSS and Mo
Bronzes as HTL

devices Voc (V) Jsc (mA/ecm?)  FF (%) PCE (%)

PCDTBT:PC,,BM

PEDOT:PSS 0.85 9.05 66.4 S.11
Mo bronzes (140 °C) 0.86 9.59 68.4 5.64
Mo bronzes (180 °C) 0.86 9.88 70.9 6.02
Mo bronzes (230 °C) 0.86 9.67 70.4 5.85
PBDTTT-C-T:PC,,BM

PEDOT:PSS 0.78 14.73 S1.2 5.89
Mo bronzes (140 °C) 0.78 14.48 39.9 4.50
Mo bronzes (180 °C) 0.81 15.79 58.6 7.49
Mo bronzes (230 °C) 0.81 15.06 57.5 7.01

PBDTTT-C-T:PC,;BM BH]J cells with Mo bronzes annealed at
higher temperatures (180 and 230 °C) was dramatically
enhanced compared with the PEDOT:PSS-based control
device. For instance, the PBDTTT-C-T:PC,;BM cell with
Mo bronzes annealed at 180 °C showed the best photovoltaic
performance with a Vi of 0.81 V, a Jsc of 15.79 mA/cm?, and
a FF of 58.6%, giving a PCE of 7.49%. In fact, the effect of
different temperature annealed Mo bronzes has similar trends
on the photovoltaic performance of the PSCs based on the
PCDTBT:PC,;BM and PBDTTT-C-T:PC,;BM blends, but
with more pronounced influence on the PBDTTT-C-
T:PC, BM PSCs. The highest photovoltaic performance is
achieved with Mo bronzes annealed at 180 °C for the two kinds
of PSCs. With further increasing the Mo bronzes annealing
temperature to 230 °C, the photovoltaic performance of both
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the two kinds of solar cells is a little decreased. Although a little
higher transmittance of Mo bronzes relative to the
PEDOT:PSS may contribute to the Jg- enhancement to some
extent (Figure SS, Supporting Information), the significant
increase of FF indicated that the charge extraction efficiency
was improved by using Mo bronzes to replace PEDOT:PSS.
The charge extraction efficiency is strongly correlated to the
charge recombination status in the BHJ PSCs. The efficient
interfacial layer may suppress the charge recombination and
improve the charge extraction efficiency. Herein, taking the
PBDTTT-C-T:PC,;BM PSCs with the PEDOT:PSS and Mo
bronzes interfacial layers as an example, the bimolecular
recombination status of the cells with different anode interfacial
layers was analyzed in virtue of the white light-biased internal
quantum efficiency (IQE) measurement. Figure 6, panels a and
b display the measured IQE curves of the PBDTTT-C-
T:PC,;BM PSCs with the PEDOT:PSS and Mo bronzes
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Figure 6. Measured IQEs of the PBDTTT-C-T:PC,;BM PSCs using
(a) PEDOT:PSS and (b) Mo bronzes annealed at 180 °C as the anode
interfacial layers under various intensities of bias white light. (c) The
IQE dependence (4 = 550 nm) on bias light intensity for the two kinds
of PSCs.

interfacial layers under different intensities of bias white light.
Both of the devices employing the PEDOT:PSS and Mo
bronzes annealed at 180 °C as hole extraction layer exhibited
more flat IQE response with the highest values of about 70%
without bias light. Along with increase of the bias light
intensities, the IQE responses of the two devices were gradually
decreased, indicating that the bimolecular recombination
existed in both devices. Figure 6, panel c illustrates the IQE
variance of the two devices as a function of bias light intensity.
Relative to the PEDOT:PSS-based device, the Mo bronzes-
based device revealed a much slower decrease, indicating that
the bimolecular recombination was suppressed to some extent
with the Mo bronzes instead of the PEDOT:PSS. This may be
attributed to high hole extraction efficiency of the Mo bronzes
since the fabrication conditions were identical for the two
devices except the anode interfacial layers.

The stability of the PCDTBT:PC,;BM BH]J cells with Mo
bronzes was also tested in comparison with the control device
with PEDOT:PSS interfacial layer. These solar cells were stored
in a N,-filled glovebox without encapsulation, and their
photovoltaic performance was measured every certain time at
ambient condition. The normalized PCE values of the two
devices are plotted as a function of the store time in Figure 7,

e
%

—a=— PEDOT:PSS
—4— Mo bronzes annealed at 180 °C

Normalized PCE
_c >
- (=)

54
~
T

0 1000 2000 3000 4000 5000
Time (h)

Figure 7. Stabilities of normalized PCE of the PCDTBT:PC,;BM
PSCs using the PEDOT:PSS and Mo bronzes as the anode interfacial
layers, respectively. These nonencapsulated devices were stored in N,-
filled glovebox and measured under ambient condition every certain
time.

and the detailed degradations of Jsc, FF, and V¢ are given in
Figure S6 of the Supporting Information. The
PCDTBT:PC,;BM BHJ cell with Mo bronzes exhibited more
enhanced stability than the control device with PEDOT:PSS.
The PCE of the Mo bronzes-based cell still maintained more
than 62% of its initial value after storing for about 5000 h, with
FF and Js¢ retaining about 92% and 70% of their initial values,
respectively. However, the PEDOT:PSS-based cell degraded
rapidly, remaining only 11% of the initial PCE after storing for
about 5000 h. The FF and Jg values of the PEDOT:PSS-based
control device were significantly decreased to 60% and 31.7% of
their initial values. These results highlight that the prepared
solution-processed Mo bronzes behave as an efficient and stable
anode interfacial material. Thanks to its facile and green
synthesis and compatibility with roll-to-roll solution-processing,
the solution-processed Mo bronzes are expected to be a
promising hole extraction material for PSCs.
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4. CONCLUSIONS

In summary, a facile and green one-pot strategy is proposed to
synthesize solution-processable Mo bronzes nanoparticles
through reducing the fractional self-aggregated ammonium
heptamolybdate with mild reducing agent ascorbic acid at low
temperatures. The results disclosed that the synthesized Mo
bronzes exhibited strong n-type semiconductor characteristics
with a work function of 5.2—5.4 eV, and the presented gap
states near the Fermi level were beneficial for facilitating hole
extraction. The polymer solar cells with the Mo bronzes as
anode interfacial layer exhibited remarkably enhanced photo-
voltaic performance compared to the control cells using the
PEDOT:PSS as anode interfacial layer. Moreover, the ambient
stability of polymer solar cells was greatly improved by using
Mo bronzes to replace PEDOT:PSS as the anode interfacial
layer. The facile and green synthesis of solution-processable Mo
bronzes nanoparticles and compatibility with low-temperature
wet processing render it a promising anode interfacial material
for polymer solar cells.
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