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An Efficient Ternary Organic Solar Cell with a Porphyrin Based Small
Molecule Donor and Two Fullerene Acceptors

Sun, Yanna Gao, Huanhuan Zhang, Yamin Wang, Yunchuang Kan, Bin

Wan, Xiangjian Zhang, Hongtao Chen, Yongsheng™
(“ State Key Laboratory of Elemento-Organic Chemistry, Centre of Nanoscale Science and Technology and Key Laboratory of
Functional Polymer Materials, College of Chemistry, Nankai University, Tianjin 300071)

Abstract Recently, ternary organic solar cells have emerged as a promising strategy to achieve both high performance and
fabrication simplicity for organic solar cells. It has been proved that this strategy is an effective way to achieve improved
short-circuit current density (J;.) with complementary absorption or to get enhanced open-circuit voltage (V,.) through forming
energy level cascade. In this work, we designed and synthesized a thieno[3,2-b]thiphene-substituted porphyrin molecule
flanked with two diketopyrrolopyrrole units by ethynylene bridges, named DEP-TT, which exhibited a very low energy
bandgap of 1.31 eV and a broad light absorption to 898 nm. The power conversion efficiency (PCE) of binary devices based on
DEP-TT and the acceptor [6,6]-phenyl-C71-butyric-acid-methyl-ester (PC;BM) achieved 7.46% with a relatively low V. of
0.75 V. Futhermore, the ternary solar cells with 10% indene-C60 bis-adduct (ICBA) achieved high PCE of 8.15%, with higher
Voer Js. and a relatively higher PCE based on organic solar cells with a porphyrin-small molecule as the donor. This improved
performance is believed to be due to the energy level cascade and synergistic effects of the two acceptors of PCBM and ICBA,
which suggestes that the ternary bulk heterojunction (BHJ) strategy is a promising way to improve both V. and J;. simultane-
ously and thus overall performance for the same donor material.

Keywords porphyrin small molecule donor; two fullerene acceptors; ternary organic solar cell

In the past decade, great efforts have been devoted on version efficiencies (PCEs) of over 12% have been
the organic solar cells (OSCs).l' ® Recently, power con- achieved based on single junction organic solar cells due to
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the evolution of novel donor materials including polymer
and small-molecule, and device optimization.”” **! How-
ever, further improvement of the single junction OSCs is
limited by two factors. One is the insufficient absorption of
the active layers and another is the trade-off of the V. and
Jsc when low band gap materials with broad absorption are
used for harvesting more photons.”**"! Although the tan-
dem cell strategy could offset the above problems, efficient
subcells with matched absorption and complicated fabrica-
tion techniques are needed.”® **! As an alternative ap-
proach, the ternary-blend structure organic solar cells in
which either two donors and one acceptor or one donor and
two acceptors as the active layer materials have attracted
much more attention owing to its advantages of combining
the simplicity of binary structure and complementary opti-
cal absorption from tandem devices. It has been proved
that the ternary structure strategy is an effective way to
achieve improved J, with complementary absorption* *
or to get enhanced ¥, through forming energy level cas-
cade.t'™*

It is well known that porphyrins have strong absorptions,
unique electronic and redox properties due to their large
delocalized m-conjugated system.*® Polymers or small
molecules incorporating porphyrin units have shown great
potential in the OSC applications.”*”! Recently, Peng et al.
reported a series of porphyrin based small molecules as
donor materials and obtained PCEs of 7%~9%.** ! Alt-
hough with low energy loss, the above porphyrin based
small molecules still suffer the low V. in contrast to other
small molecules due to their relatively high HOMO.!" For
bulk-heterojunction OSCs, the V. is usually correlate with
the difference between the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor and the high-
est occupied molecular orbital (HOMO) energy level of the
donor. Introduction of the second acceptor materials with
high LUMO to form ternary active layers might be an ef-
fective way to increase the V> >* Meanwhile, high de-
vice performances could be expected through device opti-
mization without sacrificing the Jy, or with improved J. or
fill factor (FF) due to forming the energy level cascade and
synergistic effects.!*>*¥

In this work, we designed and synthesized a thieno-
[3,2-b]thiphene-substituted porphyrin molecules flanked
with two diketopyrrolopyrrole units by ethynylene bridges,
namely DEP-TT (Scheme 1). This material exhibited a
very low energy bandgap of 1.31 eV and a broad light ab-
sorption to 898 nm. The DEP-TT:PC;BM binary blend
active film based devices gave a PCE of 7.46% with an
open-circuit voltage (V,) of 0.75 V. When indene-C60
bis-adduct (ICBA) with higher LUMO (—3.70 eV, Figure
1c) as the second acceptor was introduced, a PCE of 8.15%
with improved V. and J,. was achieved. These results
demonstrated that ternary active layer by introduction of
higher LUMO acceptor is an effective strategy to improve
the device performance of low band gap materials.
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1 Results and discussion

1.1 Synthesis and characterization

The target molecule 5,15-Bis(2,5-bis-(2-ethyl-hexyl)-3,
6-di-thienyl-2-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-di-
one-5'-yl-ethynyl)-10,20-bis(5-(2-hexyldecyl)-thieno[3,2-
b]thienyl)porphyrin zinc(Il) (DEP-TT) was synthesized by
a Sonogashira coupling reaction according to the reported
procedures."*®! The synthesis routes were shown in Scheme
1. The target compound DEP-TT was synthesized in 80%
yield and purified by column chromatography on silica gel
and fully characterized.

1.2 Optical absorption and electrochemical proper-
ties

The absorption spectra of DEP-TT in solution and thin
film showed a broad spectral coverage in the visible and
near-infrared (NIR) regions as shown in Figure 1b and
some important optical data are listed in Table 1. In dilute
chloroform solution, three strong absorption peaks at 470,
565, and 724 nm were observed. Such strong absorption in
the NIR region at a short backbone length indicates that the
n-electron delocalization between constituent units is very
effective. In thin film, DEP-TT exhibited red-shifted ab-
sorption peaks at 473, 572, and 788 nm with a shoulder
peak at 732 nm. While 473 and 572 nm peaks come from
the porphyrin Soret band and the absorption of the DPP
moiety, the long-wavelength absorption peaks at 732 and
788 nm are attributed to the intramolecular charge transfer
and intermolecular n-m stacking, respectively. Moreover,
the significant red-shift of 64 nm from 724 nm in solution
to 788 nm in film is attributed to the strong intermolecular
n-n stacking in the solid state. The optical band gap is cal-
culated to be 1.38 eV based on the onset of the thin film
absorption spectrum (898 nm). The HOMO energy level
and LUMO energy level are —4.81 and —3.50 eV for
DEP-TT estimated from cyclic voltammetry measurements
(see the Supporting Information).

1.3 Photovoltaic properties

Solution-processed bulk heterojunction solar cells using
DEP-TT as the donor material with a device structure of
glass/ITO/PEDOT:PSS/DEP-TT:PC7BM/PrCeMA/Al
were fabricated. PrCysoMA is a methanol-soluble fuller-
ene-surfactant developed by Alex et al. as an efficient in-
terfacial layer for cathodes,” and its structure is shown in
Figure 2S. The optimized donor/acceptor weight ratio was
1 0.8, and pyridine was used as additive. Typical current
density-voltage (J-V) curves of solar cells with different
post-treatments and different donor concentrations and the
corresponding device parameters were presented in the
Supporting Information. With 4% (V/V) pyridine, the de-
vice shows a PCE of 3.47%, with a V. of 0.87 V, a J of
9.72 mAscm %, and a FF of 0.41. After thermal annealing
(TA) at 100 ‘C for 10 min, the PCE increased to 5.48%.
As an effective approach, solvent vapor annealing (SVA)
has been used in small molecule based OSCs devices to
fine-tune the morphology of the active layer.”® Thus, this
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approach was employed in the following device optimiza-
tion. After TA, the active layer was exposed to chloroform
vapour for 90 s, the PCE significantly improved to 7.46%,
with an outstanding J,, of 15.31 mAscm 2, and a high FF
of 0.65, however, these devices exhibited a relatively lower
Ve

As discussed above, although with low energy loss, the
porphyrin based small molecule donors still exhibits low
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CgHy7
DEP-TT (4)

Synthesis routes for DEP-TT

Voe. In order to improved V., adding the second acceptor
materials with high LUMO to form energy level cascade
might be an effective way.>*?! Considering the higher
LUMO level and the similar chemical structure of ICBA
relative to PC;BM, ICBA was introduced to the
DEP-TT:PC7BM binary devices to form the ternary solar
cells. As shown in Figure 2, we investigated the influence
of ICBA with different weight ratios on the performances
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Table 1 Optical and electrochemical data of DEP-TT*

UV-Vis CcV

Aina.sol/ ML £/(10° Lemol e cm™) A film/THTY HOMO/eV LUMO/eV ES eV
470 1.045 2;;
565 0.978 3 -4.81 -3.50 1.31
724 0.946 788

“HOMO and LUMO are estimated from cyclic voltammetry measurements referenced by the energy level of Fe/Fe™(—4.4 eV below vacuum).

of the ternary device. As we expected, the V,. was im-
proved linearly with increasing ICBA content, gradually
increased from 0.75 V to 0.87 V with the ICBA content
from 0 to 100%. However, the J,, FF and PCE demon-
strate a different relationship with the ICBA ratios. At low
ICBA ratios, the three parameters are less sensitive to the
ICBA content when the ICBA content is below 20%. But
they decreases significantly while further increasing of
ICBA content from 20% to 100%. Figure 3b shows the J-V
curves in OSCs with three different representative ICBA
contents. Thus, the optimized PCE of 8.15% is achieved
for the ternary organic solar cells (OSCs) with 10% ICBA
content with improved V., J,. and FF due to forming the
energy level cascade and synergistic effects. Detailed pho-
tovoltaic parameters are also listed in Table 2.

Figure 3a exhibits that with low increasing content of
ICBA, the DEP-TT:PC;BM:ICBA films show nearly the
same absorption profiles, which indicates that the introduc-
tion of small amount ICBA does not interrupt much the
packing modes of the donor molecules. As shown in Fig-
ure 3c, the trend of EQE with different ICBA loading is
similar to that of Jy. The J, values integrated from the
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EQE curves were 15.09, 15.27, 12.79 mAscm > , corre-
sponding to the ICBA 0%, 10%, 50% device respectively,
which are consistent with the data from the J-V curves (the
average error is less than 5% mismatch). The improvement
of the J,. might be due to the slightly improved morpholo-
gy as discussed below.

1.4 Morphology

As reported in previous studies, the addition of a third
component into a binary BHJ blend would affect its phase
separation morphology.”*%! Thus, the performance of ter-
nary OSCs is closely related to the contents of the third
component. To investigate the influence of the third com-
ponent on the film morphology in ternary blends, we in-
vestigated the phase-separation morphologies of the blends
by tapping-mode atomic force microscopy (AFM) and
transmission electron microscopy (TEM), as shown in
Figure 4. Smaller domain sizes and more smooth surfaces
were observed in DEP-TT:PC;BM:ICBA films than the
DEP-TT:PC7BM films and the RMS roughness signifi-
cantly decreases from 1.39 nm to 0.556 nm with the con-
tents of ICBA increasing from 0 to 100%. From the TEM,
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Figure 3 (a) UV-Vis absorption spectra of active-layer materials, (b) J-V curves and (c) EQE based on devices with varying ICBA

weight ratios (0%, 10%, 50%) in the acceptor.

Table 2 Summary of solar cell parameters of ternary
DEP-TT:PC;;BM:ICBA blend with different ICBA content (wt%)
in the acceptor”

coInCt;/;% Vol V (mA{Sél/’Ifz) FE PCOEA)W/ HCIH
0 0.75 1531 0.65 746  7.42%0.04
5 0.75 1594 065 782  7.79%0.03
10 0.77 1603  0.66 815  8.06%0.09
20 0.79 1436 068 771  7.59%0.12
30 0.80 1420 062 7.04  6.96%0.08
50 0.83 1342 056 624  62240.02
100 0.87 0.41 033 0.2  0.11£0.01

“The average PCE values were calculated from ten devices for each condition.
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it can be seen that the film with 10% ICBA (Figure 4e)
shows much more obvious nanofiber and interpenetrating
structures in contrast to the films without and with ICBA
content 50%. Consequently, the ternary blend film could
form well-mixed aggregated domains to effectively
transport electrons with bicontinuous interpenetrating net-
works.

2 Conclusions

In summary, we have fabricated a ternary OSC with
DEP-TT as the donor, PC;;BM and ICBA as the acceptors.
A PCE of 8.15% was achieved for the ternary devices with
10% ICBA content, which was enhanced by 9% compared
with the binary OSCs based on DEP-TT:PC;;BM. Due to
the higher LUMO energy levels of ICBA compared to
PC7BM, the ¥, of the ternary device increases with the
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improved contents of ICBA. It is believed that the overall
improved performance of the ternary devices compared
with the binary devices is contributed to the synergistic
effects of improved V.. and J,. without sacrificing the FF
due to forming the energy level cascade and favorable ac-
tive layer morphology. The results demonstrate that the
ternary BHJ strategy is a promising way to develop high
efficiency OSCs since the synergistically improved photo-
voltaic parameters such as V.. and J, can be attained
through dedicate component design and selection, and
morphology control.

3 Experimental section

3.1 Instruments and reagents

Instruments includes Keithley 2400 source-measure
unit, Axen-on-lamp-based solar simulator [SAN-EI
XES-70S1(AM 1.5G)], Stanford Research Systems
SR810 lock-in amplifier, JASCO V-570 spectropho-
tometer, LK98B II microcomputer-based Electro-
chemical Analyzer, MultiMode 8 atomic force micro-
scope, Philips Technical G2 F20 at 200 kV. All rea-
gents and solvents were purchased from the commer-
cial corporation and used without further purification.
3.2 Synthesis and characterization

5,15-Bis-(5-(2-hexyldecyl)-thieno[3,2-b]thienyl)-porph-
yrin (1): A solution of 5-(2-hexyldecyl)-thieno[3,2-b]thio-
phene-2-carbaldehyde (1.60 g, 4.075 mmol) and dipyrro-
methane (596 mg, 4.075 mmol) in dichloromethane
(DCM) (800 mL) was purged with argon for 30 min, and
then trifluoroacetic acid (TFA) (0.27 mL) was added. The
mixture was stirred for 12 h at room temperature, and then
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1.38
g) was added. After the mixture was stirred at room tem-
perature for an additional 2 h, the reaction was quenched
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by triethylamine (5 mL). Then the solvent was removed
under reduced pressure, and the residue was purified by
flash column chromatography on silica gel using di-
chloromethane/petroleum ether (V/V=1/2) as the eluent.
Recrystallization from DCM/methanol (MeOH) gave 1 as
a purple solid. m.p. 202~205 C; 'H NMR (400 MHz,
CDCly) d: 10.25 (s, 2H), 9.40 (d, J=4.6 Hz, 4H), 9.35 (d,
J=4.6 Hz, 4H), 8.03 (s, 2H), 7.21 (s, 2H), 3.03 (d, J=6.6
Hz, 4H), 1.84~1.91 (m, 2H), 1.52~1.45 (m, 14H), 1.41~
1.33 (m, 34H), 0.95 (m, 12H), —3.01 (s, 2H); "C NMR
(101 MHz, CDCI3) ¢: 148.06, 147.28, 145.40, 141.71,
141.44, 137.33, 131.82, 131.13, 126.15, 117.11, 111.14,
106.10, 40.19, 35.80, 33.36, 31.99, 30.08, 29.76, 29.73,
29.41, 26.73, 22.75, 14.19, 14.17. HR-MS (MALDI) calcd
for C64H82N4S4 10345422, found 1034.5424.
5,15-Dibromo-10,20-bis-(5-(2-hexyldecyl)-thieno[3,2-
b]-thienyl)-porphyrin zinc(II) (2): Porphyrin 1 (820 mg,
0.792 mmol) and pyridine (5 mL) were dissolved in 150
mL of dichloromethane. Then N-bromosuccinimide (NBS)
(310 mg, 1.742 mmol) was added and the mixture was
stirred at room temperature for another 2 h. Then the reac-
tion was quenched by 5 mL of acetone, and the mixture
was washed with water and dried over anhydrous Na,SOj,.
After the solvent was removed, the residue was purified by
flash column chromatography on silica gel using petroleum
ether/DCM (V/V'=73/1) as the eluent. Recrystallization
from DCM/MeOH gave a purple solid. To a solution as
mentioned above (500 mg, 0.419 mmol) in chloroform (80
mL), was added a solution of Zn(OAc),*2H,0 (460 mg,
2.095 mmol) in MeOH (10 mL). The reaction mixture was
stirred at room temperature for 2 h and then washed with
water and dried over anhydrous Na,SO,. After the solvent
was removed, the residue was recrystallized from
DCM/methanol to afford a dark green solid 2. m.p. 148~
153 “C. '"H NMR (400 MHz, CDCl;) d: 9.29 (d, J=4.6
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Hz, 4H), 9.00 (d, J=4.2 Hz, 4H), 7.80 (s, 2H), 7.15 (s,
2H), 3.02 (s, 4H), 1.92~1.81 (m, 2H), 1.51~1.44 (m,
14H) 1.42~1.33 (m, 32H), 0.99~0.91 (m, 14H); *C
NMR (101 MHz, CDCl;) ¢6: 151.33, 149.86, 147.28,
142.10, 141.02, 136.87, 133.29, 132.99, 126.08, 116.96,
113.58, 105.63, 40.18, 35.79, 33.34, 32.03, 32.00, 30.11,
29.78, 29.76, 29.43, 26.73, 22.78, 22.76, 14.22, 14.19.
HR-MS (MALDI) caled for CgqH7sBroN4S4Zn 1252.2768,
found 1252.2768.
5,15-Bis(trimethylsilyethynyl)-10,20-bis(5-(2-hexylde-
cyl)-thieno[3,2-b]thienyl)-porphyrin zinc(II) (3): Porphyrin
2 (720 mg, 0.573 mmol) was dissolved in THF (40 mL)
and triethylamine (8 mL) was added. The mixture was
purged with argon for 30 min. Then Pd(PPh;),Cl, (40 mg,
0.0573 mmol), Cul (11 mg, 0.0573 mmol), and trime-
thylsilylacetylene (281 mg, 2.865 mmol) were added. The
mixture was stirred at room temperature for 12 h under
argon, and then the reaction was quenched with saturated
brine. After the mixture was extracted with dichloro-
methane a few times, the combined organic layers were
dried with anhydrous Na,SO, and concentrated. Finally,
the residue was purified by column chromatography (silica
gel, DCM/petroleum ether (V/V=1/2) to afford 3 as a
green solid. m.p. 55~60 °‘C; "H NMR (400 MHz, CDCl5)
0: 9.63 (d, J=4.6 Hz, 4H), 9.22 (d, J=4.6 Hz, 4H), 7.97
(s, 2H), 7.18 (s, 2H), 3.02 (d, J=6.6 Hz, 4H), 1.90~1.83
(m, 2H), 1.50~1.43 (m, 14H), 1.40~1.32 (m, 32H),
1.01~0.88 (m, 14H), 0.61 (s, 18H); °C NMR (101 MHz,
CDCl;) o: 152.10, 150.77, 146.88, 142.06, 140.69, 136.64,
132.52, 131.18, 125.64, 116.71, 114.03, 106.63, 102.07,
101.90, 39.86, 35.46, 33.04, 31.70, 31.68, 29.77, 29.45,
29.42, 29.10, 26.41, 22.45, 22.44, 13.88, 13.87. HR-MS
(MALDI) caled for C74H95N4S4SiQZn 1288.5348, found
1288.5348.
5,15-Bis(2,5-bis-(2-ethyl-hexyl)-3,6-di-thienyl-2-yl-2,5-
dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione-5'-yl-ethynyl)-
10,20-bis(5-(2-hexyldecyl)-thieno[3,2-b]thienyl)-porphyrin
zinc(II) (4): Tetrabutylammonium fluoride (1.75 mL, 1
mol/L in THF) was added to a stirred solution of porphyrin
3 (670 mg, 0.584 mmol) in THF (40 mL). After the mix-
ture was stirred for 15 min, 5 mL of water was added to
quench the reaction. Then the solution was extracted with
chloroform and dried over anhydrous Na,SO,. After evap-
oration of the solvent, the residue was purified by column
chromatography (silica gel, CHCls/petroleum ether (V/V=
3/1) to give a deep blue needle crystals. To a 50 mL two
necked round-bottom flask were added 5,15-diethynyl-
10,20- bis(5-(2-hexyldecyl)-thieno[3,2-b]thienyl)-porphy-
rin zinc (80 mg, 0.0697 mmol), 3-(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-pyrrolo[3,4-c]pyrr-
ole-1,4(2H,5H)-dione (126 mg, 0.209 mmol), anhydrous
THF (12 mL) and triethylamine (3 mL), and the mixture
was deoxygenated with argon for 30 min before Pd,(dba);
(6 mg, 0.00655 mmol) and AsPh; (42 mg, 0.139 mmol)
were added. Then the mixture was stirred at 60 ‘C for 24
h under the protection of argon. After cooled to room tem-
perature, the mixture was washed with water and dried
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over anhydrous Na,SO,4. Then the solvent was removed,
and the residue was purified first by column chromatog-
raphy on silica gel to give a black solid DEP-TT. m.p.
112~118 ‘C; '"H NMR (400 MHz, CDCly/DMSO-d) J:
9.03 (s, 4H), 8.90 (d, /=18.9 Hz, 4H), 8.87~8.79 (m,
2H), 8.77~8.69 (m, 2H), 8.23~8.16 (m, 2H), 7.78~7.72
(m, 2H), 7.38~7.25 (m, 6H), 4.02~3.89 (m, 4H), 3.61~
3.56 (m, 4H), 3.20~3.11 (m, 4H), 2.02~1.96 (m, 2H),
1.90~1.84 (m, 2H), 1.82~1.76 (2H), 1.64~1.53 (m,
15H), 1.48~1.24 (m, 65H), 1.03~0.86 (m, 36H). HR-MS
(MALDI) caled for CjpsH;56Ns04SsZn 2188.9307, found
2188.9308.

3.3 BHJ-OSC devices fabrication

Solar cells based on DEP-TT:PC;BM:ICBA ternary
blend with various ICBA contents were fabricated with a
device configuration of ITO/PEDOT:PSS/ternary BHJ
blend/PrCsgMA/Al. PC; BM (purity >99.0%) was pur-
chased from American Dye Inc. The indium tin oxide
(ITO)-coated glass substrates were cleaned by ultrasonic
treatment in detergent, deionized water, acetone, and iso-
propyl alcohol under ultrasonication for 15 min each and
subsequently dried by a nitrogen blow. A thin layer of
PEDOT:PSS (Clevios PVP Al 4083, filtered at 0.45 um)
was spin-coated at 3000 r/min onto the ITO surface. After
being baked at 150 C for 20 min, the substrates were
transferred into an argon-filled glovebox. The donor mate-
rials of DEP-TT and the acceptor material PC;\BM and
ICBA were dissolved in chloroform to generate 18 mge
mL ™' blend solutions. The weight ratios of ICBA to
PC;BM were 0%, 10%, 20%, 30%, 50% and 100%, re-
spectively and with an overall ratio of donor to acceptor
ratio kept at 1 . 0.8. In fabrication, an additive pyridine
(4%, V/V) was used to optimize the devices, the active lay-
er was sequentially handled with thermal annealing (TA) at
100 ‘C for 10 min and then exposed to chloroform vapor
for 90 s to optimize the morphology. A thin layer of
PrCsMA and an 80 nm Al layer were deposited on the
active layer under high vacuum (<2 10~ Pa).

3.4 Characterization and measurement

The current density-voltage (J-V) curves of photovoltaic
devices were obtained by a Keithley 2400 source-measure
unit. The photocurrent was measured under illumination
simulated 100 mWecm > AM 1.5G irradiation using a
xen-on-lamp-based solar simulator [SAN-EI XES-70S1
(AM 1.5G)] in an argon filled glove box. External quantum
efficiencies (EQE) were measured using Stanford
Re-search Systems SR810 lock-in amplifier. UV-Vis spec-
tra were obtained with a JASCO V-570 spec-trophotome-
ter. Cyclic voltammetry (CV) experiments were performed
with a LK98B II microcomputer-based Electro-chemical
Analyzer. All CV measurements were carried out at room
temperature with a conventional three-electrode configura-
tion employing a glassy carbon electrode as the working
electrode, a saturated calomel electrode (SCE) as the ref-
erence electrode, and a Pt wire as the counter electrode.
Dichloromethane was distilled from calcium hydride under
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dry nitrogen immediately prior to use. Tetrabutylammo-
nium phosphorus hexafluoride (BusNPFs, 0.1 mol/L) in
dichloromethane was used as the supporting electrolyte;

the scan rate was 100 mVes

1 . .
. Atomic force microscope

(AFM) was performed using MultiMode 8 atomic force
microscope in tapping mode. The transmission-electron
microscope (TEM) investigation was performed on Philips
Technical G* F20 at 200 kV.

Supporting Information Details of device fabrication
and characterization. The Supporting Information is avail-
able free of charge via the Internet at http://sioc-journal.cn.
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