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devices, and many industrial processes. [ 1–4 ]  
ORR can be a single-electron reduction to 
the oxygen radical anion, a two-electron 
reduction to hydrogen peroxide, H 2 O 2 , or 
fi nally a four-electron reduction to H 2 O. 
Of these, H 2 O 2  represents a versatile, high 
energy [ 5 ]  product, capable of participating 
in numerous further redox reactions and 
is an active species in a plethora of bio-
logical processes. [ 6 ]  Conversion of solar 
irradiation to hydrogen peroxide has been 
proposed for energy storage. [ 5,7 ]  Hydrogen 
peroxide is a preferred “green” oxidant for 
industrial chemistry, as its only products 
are H 2 O and O 2 . The incumbent anth-
raquinone oxidation industrial process 
for H 2 O 2  synthesis, however, is far from 
green, employing high temperatures, 
noble metal catalysts, high-pressure hydro-
genation with H 2 , and large volumes of 
organic solvents. This motivates research 
to develop alternative processes for H 2 O 2  
synthesis. [ 8 ]  Some inorganic semiconduc-
tors in colloidal form (notably ZnO and 

CdS) are known photocatalysts for photochemical O 2  reduction 
to H 2 O 2  (in the presence of a sacrifi cial electron donor). [ 9–12 ]  
Recently, graphitic carbon nitrides (g-C 3 N 4 ) have been found to 
photocatalyze reduction of O 2  to H 2 O 2  with concurrent ethanol 
oxidation [ 13 ]  or water oxidation. [ 14 ]  Observation of photocatalytic 
generation of H 2 O 2  by a semiconductor photocathode has never 
been reported. This approach is advantageous as it is a truly 
heterogeneous catalysis that is accompanied by the generation 
of photocurrent which can do additional work, thereby allowing 
the photocathode to be incorporated into a photoelectrochem-
ical cell. In this paper, we have successfully demonstrated 
that an emerging class of organic semiconductors, hydrogen-
bonded pigments, is suitable as catalytic semiconductor photo-
cathodes for selective ORR to produce hydrogen peroxides in 
an unprecedented pH range with nearly two orders of mag-
nitude higher catalytic activity compared with the best known 
H 2 O 2 -producing photocatalysts. Organic semiconductors, 
which have evolved over the past decades to be established 
materials for xerography [ 15 ]  and light-emitting diodes, [ 16 ]  are 
also promising for photovoltaics. [ 17,18 ]  Due to limited stability 
in aqueous environments, especially under photoirradiation, 
they have been largely unexplored in aqueous (photo)electro-
chemistry applications. Aqueous photocathode behavior of the 
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  1.     Introduction 

 Oxygen reduction reactions (ORR) of dissolved O 2  in water 
are important in biology, fuel cells, other energy conversion 
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archetypical organic semiconductor poly(3-hexylthiophene), or 
P3HT, was fi rst reported in 1996 and attributed to the hydrogen 
evolution reaction (HER). [ 19 ]  These results were later elaborated 
in 2013, [ 20 ]  however it has recently been contended that in fact 
HER does not occur, but instead ORR dominates. [ 21 ]  A single-
electron reduction to produce O 2  !  radical was postulated as a 
mechanism. [ 21 ]  P3HT is known to react reversibly with oxygen 
generating charge-transfer species, but also does degrade irre-
versibly especially when absorbing photons with  "  < 500 nm. [ 22 ]  
Bulk heterojunction blends [ 23 ]  of semiconducting polymers 
with a C 60  fullerene acceptor were recently reported as being 
photoelectrochemically active for ORR, with application for 
oxygen sensing in aqueous solutions. [ 24 ]  Reduction products 
were not evaluated, however. [ 19,20,24 ]  Aside from these reports, 
organic semiconductors have not been explored as photo-
cathodes for ORR. Herein we have found promising aqueous 
photocathodic properties of polycrystalline thin fi lms of 
hydrogen-bonded organic pigments of the epindolidione (EPI) 
and quinacridone (QNC) family ( Figure    1  a). These materials 
are low-cost and robust organic semiconductors, and are mass-
produced as colorants for inks. They are known to be nontoxic 
and environmentally benign, [ 25,26 ]  and appear to be biocompat-
ible. EPI and QNC are ambipolar organic semiconductors [ 27,28 ]  
with charge carrier mobility in the range 0.1–1 cm 2  V !1  s !1 , and 
are capable of effi cient photocarrier generation (EQE # 10%) 
in the absence of a classic donor–acceptor heterojunction. [ 29,30 ]  
Recently thin-fi lm transistors with EPI as an active material 
were found to be stable while operating in contact with aqueous 
solutions in a pH range from 2 to 10. [ 28 ]  These results encour-
aged us to explore the (photo)electrochemistry of EPI and QNC 
in aqueous electrolytes. 

    2.     Results and Discussion 

  2.1.     Selective Photocathodic Oxygen Reduction Reaction to 
Hydrogen Peroxide 

 EPI and QNC semiconductor electrodes were prepared by 
vacuum evaporation of polycrystalline fi lms onto thin-fi lm Au 
electrodes deposited on glass (Figure  1 b). Details on sample 
preparation can be found in the experimental section. Photo-
electrochemical measurements were conducted using a con-
fi guration as shown in the schematic in Figure  1 c. Cyclic 
voltammetry and chronoamperometry experiments were carried 
out using a potentiostat, with the semiconductor-modifi ed Au 
as the working electrode, a Pt wire as the counter electrode, and 
an Ag/AgCl quasi-reference electrode. A scan rate of 25 mV s !1  
was used throughout. The electrodes were illuminated with a 
tungsten halogen lamp equipped with a fl uorine-doped tin 
oxide coated glass to function as an IR and UV-blocking fi lter. 
The photoelectrodes were measured in aqueous electrolyte 
consisting of HCl (or NaOH for pH > 7) with Na 2 SO 4  added 
to keep the ionic strength of the electrolyte constant at 0.1  M  
as the pH was changed. Cyclic voltammograms in the dark 
and under illumination for EPI and QNC at pH 1 and 7 are 
shown in  Figure    2  a,b. A photocathodic effect was observed 
in all cases, and was measured up to pH 12. We compared 
both oxygenated and deoxygenated (O 2 -bubbled, N 2 -purged) 

conditions, concluding that the photocurrent magnitude scales 
with the oxygenation of the electrolyte (Figure S1–S3, Sup-
porting Information). Thoroughly deoxygenated electrolytes 
gave photo currents 10–20 times lower than measurements 
in air, signaling that ORR is the dominant photo cathodic pro-
cess. The remaining photocurrent may originate from HER, 
as suggested in previous work with organic photo cathodes. [ 21 ]  
In ambient conditions, illuminated photoelectrodes gave ORR 
photocurrent densities up to 12–15 µA cm !2  at pH 1 with an 
illumination intensity of 60 mW cm !2  at 0 V vs. Ag/AgCl. 
Under these conditions oxidation of chloride to chlorine as 
well as reoxidation of ORR reduction products occurs at the 
counter electrode. Photocathodic on/off transient currents at 
0 V, pH 1, are shown in the inset of Figure  2  for both EPI and 
QNC. Rapid rise and fall times with stable photocurrent under 
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 Figure 1.    a) Hydrogen-bonded pigment semiconductors epindolidione 
(EPI) and quinacridone (QNC), with dashed red lines indicating inter-
molecular hydrogen bonding. Frontier orbital energy values (optical and 
electrochemical) are from Ref.  [ 28 ]  b) EPI (left) and QNC (right) photo-
electrodes, consisting of polycrystalline fi lms evaporated on Au-coated 
glass slides c) Photoelectrochemical measurement confi guration with EPI 
semiconductor electrode shown. Aqueous electrolytes in the pH range 
1–12 were used. ORR reactions at low and high pH values occur via the 
different equations shown.
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devices, and many industrial processes. [ 1–4 ]  
ORR can be a single-electron reduction to 
the oxygen radical anion, a two-electron 
reduction to hydrogen peroxide, H 2 O 2 , or 
fi nally a four-electron reduction to H 2 O. 
Of these, H 2 O 2  represents a versatile, high 
energy [ 5 ]  product, capable of participating 
in numerous further redox reactions and 
is an active species in a plethora of bio-
logical processes. [ 6 ]  Conversion of solar 
irradiation to hydrogen peroxide has been 
proposed for energy storage. [ 5,7 ]  Hydrogen 
peroxide is a preferred “green” oxidant for 
industrial chemistry, as its only products 
are H 2 O and O 2 . The incumbent anth-
raquinone oxidation industrial process 
for H 2 O 2  synthesis, however, is far from 
green, employing high temperatures, 
noble metal catalysts, high-pressure hydro-
genation with H 2 , and large volumes of 
organic solvents. This motivates research 
to develop alternative processes for H 2 O 2  
synthesis. [ 8 ]  Some inorganic semiconduc-
tors in colloidal form (notably ZnO and 

CdS) are known photocatalysts for photochemical O 2  reduction 
to H 2 O 2  (in the presence of a sacrifi cial electron donor). [ 9–12 ]  
Recently, graphitic carbon nitrides (g-C 3 N 4 ) have been found to 
photocatalyze reduction of O 2  to H 2 O 2  with concurrent ethanol 
oxidation [ 13 ]  or water oxidation. [ 14 ]  Observation of photocatalytic 
generation of H 2 O 2  by a semiconductor photocathode has never 
been reported. This approach is advantageous as it is a truly 
heterogeneous catalysis that is accompanied by the generation 
of photocurrent which can do additional work, thereby allowing 
the photocathode to be incorporated into a photoelectrochem-
ical cell. In this paper, we have successfully demonstrated 
that an emerging class of organic semiconductors, hydrogen-
bonded pigments, is suitable as catalytic semiconductor photo-
cathodes for selective ORR to produce hydrogen peroxides in 
an unprecedented pH range with nearly two orders of mag-
nitude higher catalytic activity compared with the best known 
H 2 O 2 -producing photocatalysts. Organic semiconductors, 
which have evolved over the past decades to be established 
materials for xerography [ 15 ]  and light-emitting diodes, [ 16 ]  are 
also promising for photovoltaics. [ 17,18 ]  Due to limited stability 
in aqueous environments, especially under photoirradiation, 
they have been largely unexplored in aqueous (photo)electro-
chemistry applications. Aqueous photocathode behavior of the 
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Hydrogen peroxide is: 
1.) a chemical fuel as propellant
2.) industry scale chemical oxidant
waste water treatment, desinfectant,
bleaching agent (chlor replacement),
etc…
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ABSTRACT: Mechanically interlocking redox-active anthraquinone onto single-
walled carbon nanotubes (AQ-MINT) gives a new and advanced example of a
noncovalent architecture for an electrochemical platform. Electrochemical studies of
AQ-MINT as an electrode reveal enhanced electrochemical stability in both aqueous
and organic solvents compared to physisorbed AQ-based electrodes. While
maintaining the electrochemical properties of the parent anthraquinone molecules,
we observe a stable oxygen reduction reaction to hydrogen peroxide (H2O2). Using
such AQ-MINT electrodes, 7 and 2 !mol of H2O2 are produced over 8 h under basic
and neutral conditions, while the control system of SWCNTs produces 2.2 and 0.5
!mol, respectively. These results reveal the potential of this rotaxane-type
immobilization approach for heterogenized electrocatalysis.
KEYWORDS: electrocatalysis, oxygen reduction, immobilization, non-covalent architecture, rotaxane, hydrogen peroxide production

1. INTRODUCTION
Great e!ort has been made worldwide on investigations of
appropriate electrocatalysts for energy storage stategies such as
batteries,1"3 supercapacitors,4 electrolysis of water,5,6 and/or
recycling of carbon dioxide (CO2).

5,7"9 Due to their high
e"ciency, noble and rare metals, like platinum, palladium, and
rhenium, serve as state-of-the-art electrocatalysts for various
energy storage reactions, for example, reduction of pro-
tons,10,11 CO2,

12 and oxygen (O2).
13"15 However, as these

metals are costly, one approach is to substitute these metals
with inexpensive and more abundant metals like nickel,16

iron,17 and manganese18 or to use fully metal-free systems.19

Especially regarding the oxygen reduction reaction (ORR),
numerous reports on organic catalysts20 and even small
molecules21 can be found in the literature.13 Among those,
anthraquinone (AQ) and its derivatives have been explored as
molecular electrocatalysts for the ORR, since AQ is low-cost,22

has suitable chemical functionality,23 and high selectivity for
H2O2.

24,25 Since physical deposition of AQ derivatives on
electrodes su!ered from low stability and slow reaction
kinetics,24 for long-term applications, immobilization and
stabilization of the molecules at the electrode is of crucial
importance.
To overcome this issue, various attempts were introduced,

like covalently linking to glassy carbon (GC) electrodes,26

using insoluble polymers,27 or covalently linking to carbon
nanotubes (CNTs).28 Regarding a broader scope in organic
electronics, organic molecules like AQ were also investigated in
battery research2,29,30 as well as in noncovalent enzyme-linking
immobilization.31

CNTs are favorable immobilization platforms due to their
attractive properties of being mechanically robust and having
high electrical conductivity and tunability upon synthesis.13,32

There are examples of antioxidant-linked CNTs in polymer
additives,33 and as they are supposed to be biocompatible,31

CNTs are also employed in medical applications.34 Park et
al.30 investigated nanohybrids of organic molecules adsorbed
onto single-walled carbon nanotubes (SWCNTs) for battery
application and reported signi#cant improvement of electrical
and electrochemical properties. Gong et al.35 investigated
similar adsorbed AQ on multiwalled CNTs (MWCNTs) for
the electrochemical ORR in neutral solution. However, the
direct covalent modi#cation of CNTs is avoided. In general,
SWCNTs have more uniform shapes and properties,36 but
their electrical conductivities are lower upon covalent
modi#cation compared to MWCNTs.37 Combining both,
high conductivity by noncovalent binding to the SWCNTs and
still achieving close catalytic sites, Pe !rez et al. developed an
advanced noncovalent rotaxane system wrapped around
SWCNTs.38"40 Recent studies from the Pe !rez group41 inspired
us to test those molecules for electrocatalytic application. In
general, noncovalent architectures toward supramolecular
molecular machines are of high interest in the scienti#c
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immobilization approach for heterogenized electrocatalysis.
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1. INTRODUCTION
Great e!ort has been made worldwide on investigations of
appropriate electrocatalysts for energy storage stategies such as
batteries,1"3 supercapacitors,4 electrolysis of water,5,6 and/or
recycling of carbon dioxide (CO2).

5,7"9 Due to their high
e"ciency, noble and rare metals, like platinum, palladium, and
rhenium, serve as state-of-the-art electrocatalysts for various
energy storage reactions, for example, reduction of pro-
tons,10,11 CO2,

12 and oxygen (O2).
13"15 However, as these

metals are costly, one approach is to substitute these metals
with inexpensive and more abundant metals like nickel,16

iron,17 and manganese18 or to use fully metal-free systems.19

Especially regarding the oxygen reduction reaction (ORR),
numerous reports on organic catalysts20 and even small
molecules21 can be found in the literature.13 Among those,
anthraquinone (AQ) and its derivatives have been explored as
molecular electrocatalysts for the ORR, since AQ is low-cost,22

has suitable chemical functionality,23 and high selectivity for
H2O2.

24,25 Since physical deposition of AQ derivatives on
electrodes su!ered from low stability and slow reaction
kinetics,24 for long-term applications, immobilization and
stabilization of the molecules at the electrode is of crucial
importance.
To overcome this issue, various attempts were introduced,

like covalently linking to glassy carbon (GC) electrodes,26

using insoluble polymers,27 or covalently linking to carbon
nanotubes (CNTs).28 Regarding a broader scope in organic
electronics, organic molecules like AQ were also investigated in
battery research2,29,30 as well as in noncovalent enzyme-linking
immobilization.31

CNTs are favorable immobilization platforms due to their
attractive properties of being mechanically robust and having
high electrical conductivity and tunability upon synthesis.13,32

There are examples of antioxidant-linked CNTs in polymer
additives,33 and as they are supposed to be biocompatible,31

CNTs are also employed in medical applications.34 Park et
al.30 investigated nanohybrids of organic molecules adsorbed
onto single-walled carbon nanotubes (SWCNTs) for battery
application and reported signi#cant improvement of electrical
and electrochemical properties. Gong et al.35 investigated
similar adsorbed AQ on multiwalled CNTs (MWCNTs) for
the electrochemical ORR in neutral solution. However, the
direct covalent modi#cation of CNTs is avoided. In general,
SWCNTs have more uniform shapes and properties,36 but
their electrical conductivities are lower upon covalent
modi#cation compared to MWCNTs.37 Combining both,
high conductivity by noncovalent binding to the SWCNTs and
still achieving close catalytic sites, Pe !rez et al. developed an
advanced noncovalent rotaxane system wrapped around
SWCNTs.38"40 Recent studies from the Pe !rez group41 inspired
us to test those molecules for electrocatalytic application. In
general, noncovalent architectures toward supramolecular
molecular machines are of high interest in the scienti#c
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ABSTRACT: Mechanically interlocking redox-active anthraquinone onto single-
walled carbon nanotubes (AQ-MINT) gives a new and advanced example of a
noncovalent architecture for an electrochemical platform. Electrochemical studies of
AQ-MINT as an electrode reveal enhanced electrochemical stability in both aqueous
and organic solvents compared to physisorbed AQ-based electrodes. While
maintaining the electrochemical properties of the parent anthraquinone molecules,
we observe a stable oxygen reduction reaction to hydrogen peroxide (H2O2). Using
such AQ-MINT electrodes, 7 and 2 !mol of H2O2 are produced over 8 h under basic
and neutral conditions, while the control system of SWCNTs produces 2.2 and 0.5
!mol, respectively. These results reveal the potential of this rotaxane-type
immobilization approach for heterogenized electrocatalysis.
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13"15 However, as these

metals are costly, one approach is to substitute these metals
with inexpensive and more abundant metals like nickel,16

iron,17 and manganese18 or to use fully metal-free systems.19

Especially regarding the oxygen reduction reaction (ORR),
numerous reports on organic catalysts20 and even small
molecules21 can be found in the literature.13 Among those,
anthraquinone (AQ) and its derivatives have been explored as
molecular electrocatalysts for the ORR, since AQ is low-cost,22
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24,25 Since physical deposition of AQ derivatives on
electrodes su!ered from low stability and slow reaction
kinetics,24 for long-term applications, immobilization and
stabilization of the molecules at the electrode is of crucial
importance.
To overcome this issue, various attempts were introduced,

like covalently linking to glassy carbon (GC) electrodes,26

using insoluble polymers,27 or covalently linking to carbon
nanotubes (CNTs).28 Regarding a broader scope in organic
electronics, organic molecules like AQ were also investigated in
battery research2,29,30 as well as in noncovalent enzyme-linking
immobilization.31

CNTs are favorable immobilization platforms due to their
attractive properties of being mechanically robust and having
high electrical conductivity and tunability upon synthesis.13,32

There are examples of antioxidant-linked CNTs in polymer
additives,33 and as they are supposed to be biocompatible,31

CNTs are also employed in medical applications.34 Park et
al.30 investigated nanohybrids of organic molecules adsorbed
onto single-walled carbon nanotubes (SWCNTs) for battery
application and reported signi#cant improvement of electrical
and electrochemical properties. Gong et al.35 investigated
similar adsorbed AQ on multiwalled CNTs (MWCNTs) for
the electrochemical ORR in neutral solution. However, the
direct covalent modi#cation of CNTs is avoided. In general,
SWCNTs have more uniform shapes and properties,36 but
their electrical conductivities are lower upon covalent
modi#cation compared to MWCNTs.37 Combining both,
high conductivity by noncovalent binding to the SWCNTs and
still achieving close catalytic sites, Pe !rez et al. developed an
advanced noncovalent rotaxane system wrapped around
SWCNTs.38"40 Recent studies from the Pe !rez group41 inspired
us to test those molecules for electrocatalytic application. In
general, noncovalent architectures toward supramolecular
molecular machines are of high interest in the scienti#c
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community due to the Nobel Prizes in 1987 for Cram, Lehn,
and Pederson,42 as well as recently in 2016 for Sauvage,
Stoddart, and Feringa.43!45

The main objective of this work has two aspects: the !rst
task was to investigate the electrochemical behaviors of a
mechanically interlocked anthraquinone on SWCNTs (AQ-
MINT) and compared it with an adsorbed anthraquinone
(AQ) analogue (simple supramolecular form, AQ@SWCNTs)
as well as with pure homogeneous AQ analogue cases. To do
so, the properties of AQ as redox-active species on CNTs in
aqueous solution and in organic solvents were compared with
the properties of adsorbed and pure AQ cases, similar to
reports on metal complexes.46,47 The second task was to
demonstrate the application of this immobilized AQ platform
as an electrocatalyst for the ORR to H2O2.

2. EXPERIMENTAL SECTION
2.1. Characterization Methods. Thermogravimetric analyses

(TGA) were performed using a TA Instruments TGA Q500 with a
ramp of 10 °C min!1 under air from 100 to 900 °C. Raman spectra
were acquired with a Bruker Senterra confocal Raman microscope
instrument equipped with a 532 nm excitation laser. UV!vis!NIR
spectra were obtained using an Agilent Technologies equipment!
Cary Series UV!vis!NIR spectrophotometer. Photoluminescence
excitation (PLE) intensity maps were obtained with a NanoLog 4
HORIBA instrument.
2.2. Synthesis of AQ-MINT. All chemicals were purchased and

used as received, unless reported otherwise. The synthesis and
characterization of macrocycle-AQ (mac-AQ)48 and AQ-MINT41

were done following previously reported procedures49,50 (see
Supporting Information Figures S1!S4 for further details). The
structures of mac-AQ and AQ-MINT are shown in Figure 1. Figure 1
shows the optimized geometry structure (b) as well as a characteristic
aberration-corrected high-resolution transmission electron micros-
copy (HR-TEM) image (c).
After the MINT-forming reaction, the SWCNTs showed a loading

of the macrocycle of 13% and 15% under a nitrogen atmosphere for
AQ-MINT and AQ@SWCNTs, respectively, by TGA analysis (Figure
S5, S6). We also synthesized AQ-MINT and AQ@SWCNT samples
with a low loading of the macrocycle to see the e"ect of
anthraquinone content (Figures S5, S6). In the case of the low-
loading synthesis of AQ-MINT and AQ@SWCNTs, the weight losses
corresponding to the AQ macrocycle were 4.3 and 5.8%, respectively
(under a nitrogen atmosphere).
2.3. Electrode Preparation. A 3 mm diameter GC disc-type

electrode (BASI) was used in all experiments as the working electrode
(WE), and prior to use, it was polished for 30 s each with Buehler
Micropolish II deagglomerated alumina with decreasing particle size
from 1.0 to 0.3 and 0.05 !m. In between, the surface was rinsed with

18 M! water (MQ water) and isopropanol (VWR Chemicals) to
remove excess alumina. To deposit nanotube samples onto the WE,
SWCNT suspensions in isopropanol with a loading of 5.0 mg mL!1

were prepared and sonicated for 2 h prior to use. Then, 20 !L aliquots
were drop-cast onto the glassy carbon WE and dried for 30 min under
ambient conditions.

Platinum plates (Pt) were used as the counter electrode together
with either commercially available Ag/AgCl (3 M KCl) (from BASI)
reference electrodes (REs) in aqueous solutions or Ag/AgCl quasi-
reference electrodes (QREs) in organic solutions for electrochemical
investigations. In the case of the QRE, the calibration against the
standard hydrogen electrode (SHE) was done by addition of
ferrocene (Sigma Aldrich, >98%) and the determination of the
position of this redox potential.

2.4. Electrochemical Experiments. All electrochemical meas-
urements were performed on a Jaissle Potentiostat!Galvanostat
PGU10V-100 mA. A three-electrode one-compartment (for organic
solution) or two-compartment (for aqueous solution) electrochemical
cell was used. The mentioned GC was employed as the WE. Platinum
(Pt) plates were used as the counter electrode. In aqueous solution, a
Ag/AgCl (3 M KCl) RE was used in the system, while in organic
solutions, a Ag/AgCl QRE was used. The QRE was prepared by
anodization in 1 M of HCl solution and the calibration against the
SHE was performed by testing with ferrocene. Throughout this whole
work, all potentials mentioned are referenced to the SHE.

For cyclic voltammetry (CV) experiments in organic solvents, 15
mL of acetonitrile (MeCN) (Roth, >99.9%) containing 0.1 M
TBAPF6 (Sigma Aldrich, >99.0%) was used as the electrolyte
solution. In aqueous solution, CV experiments were done in 20 mL
of 0.1 M Na2SO4 (Sigma Aldrich, >99.0%) or 0.1 M NaOH (Alfa
Aesar) as the electrolyte solution. Before measurements under N2-
saturated conditions, the cell was purged with N2 for 30 and 60 min
for MeCN and aqueous solutions, respectively. In the case of O2
saturation, the solutions were purged with O2 (Linde Gas GmbH 5.0)
for 30 min.

To prove the catalytic activities of AQ-MINT, AQ@SWCNTs, and
SWCNTs toward the reduction of O2 to H2O2, a constant potential at
!0.33 V (chronoamperometry) was applied for 8 h under two
conditions: neutral (0.1 M Na2SO4) and basic (0.1 M NaOH)
aqueous solutions. Before applying the potential as well as during
chronoamperometry, sample aliquots of 150 !L of the electrolyte
solution were taken for H2O2 quanti!cation. The H2O2 quanti!cation
was done following a previous report from Apaydin et al.51 using a
colorimetric detection method (see Supporting Information Figure S7
for further details).

For the rotating disc electrode (RDE) measurements, an IPS
Rotator 2016 rotating unit with IPS PI-ControllerTouch and an IPS
Jaissle PGU BI-1000 Bipotentiostat/Galvanostat were used. An 8 mm
diameter GC disc in poly(chlorotri#uoroethylene) (PCTFE) was
used as the WE and polished as mentioned above. A platinized
electrode and Ag/AgCl (3 M KCl) (Messtechnik Meinsberg) were

Figure 1. (a) Chemical structure of AQ-MINT, (b) minimum-energy geometry of AQ-MINT determined by DFT, and (c) the HR-TEM image of
AQ-MINT (scale bar = 0.5 nm). (b and c) are adapted from Blanco et al.41
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task was to investigate the electrochemical behaviors of a
mechanically interlocked anthraquinone on SWCNTs (AQ-
MINT) and compared it with an adsorbed anthraquinone
(AQ) analogue (simple supramolecular form, AQ@SWCNTs)
as well as with pure homogeneous AQ analogue cases. To do
so, the properties of AQ as redox-active species on CNTs in
aqueous solution and in organic solvents were compared with
the properties of adsorbed and pure AQ cases, similar to
reports on metal complexes.46,47 The second task was to
demonstrate the application of this immobilized AQ platform
as an electrocatalyst for the ORR to H2O2.

2. EXPERIMENTAL SECTION
2.1. Characterization Methods. Thermogravimetric analyses

(TGA) were performed using a TA Instruments TGA Q500 with a
ramp of 10 °C min!1 under air from 100 to 900 °C. Raman spectra
were acquired with a Bruker Senterra confocal Raman microscope
instrument equipped with a 532 nm excitation laser. UV!vis!NIR
spectra were obtained using an Agilent Technologies equipment!
Cary Series UV!vis!NIR spectrophotometer. Photoluminescence
excitation (PLE) intensity maps were obtained with a NanoLog 4
HORIBA instrument.
2.2. Synthesis of AQ-MINT. All chemicals were purchased and

used as received, unless reported otherwise. The synthesis and
characterization of macrocycle-AQ (mac-AQ)48 and AQ-MINT41

were done following previously reported procedures49,50 (see
Supporting Information Figures S1!S4 for further details). The
structures of mac-AQ and AQ-MINT are shown in Figure 1. Figure 1
shows the optimized geometry structure (b) as well as a characteristic
aberration-corrected high-resolution transmission electron micros-
copy (HR-TEM) image (c).
After the MINT-forming reaction, the SWCNTs showed a loading

of the macrocycle of 13% and 15% under a nitrogen atmosphere for
AQ-MINT and AQ@SWCNTs, respectively, by TGA analysis (Figure
S5, S6). We also synthesized AQ-MINT and AQ@SWCNT samples
with a low loading of the macrocycle to see the e"ect of
anthraquinone content (Figures S5, S6). In the case of the low-
loading synthesis of AQ-MINT and AQ@SWCNTs, the weight losses
corresponding to the AQ macrocycle were 4.3 and 5.8%, respectively
(under a nitrogen atmosphere).
2.3. Electrode Preparation. A 3 mm diameter GC disc-type

electrode (BASI) was used in all experiments as the working electrode
(WE), and prior to use, it was polished for 30 s each with Buehler
Micropolish II deagglomerated alumina with decreasing particle size
from 1.0 to 0.3 and 0.05 !m. In between, the surface was rinsed with
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remove excess alumina. To deposit nanotube samples onto the WE,
SWCNT suspensions in isopropanol with a loading of 5.0 mg mL!1

were prepared and sonicated for 2 h prior to use. Then, 20 !L aliquots
were drop-cast onto the glassy carbon WE and dried for 30 min under
ambient conditions.

Platinum plates (Pt) were used as the counter electrode together
with either commercially available Ag/AgCl (3 M KCl) (from BASI)
reference electrodes (REs) in aqueous solutions or Ag/AgCl quasi-
reference electrodes (QREs) in organic solutions for electrochemical
investigations. In the case of the QRE, the calibration against the
standard hydrogen electrode (SHE) was done by addition of
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urements were performed on a Jaissle Potentiostat!Galvanostat
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solution) or two-compartment (for aqueous solution) electrochemical
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solutions, a Ag/AgCl QRE was used. The QRE was prepared by
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SHE was performed by testing with ferrocene. Throughout this whole
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solution. In aqueous solution, CV experiments were done in 20 mL
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Aesar) as the electrolyte solution. Before measurements under N2-
saturated conditions, the cell was purged with N2 for 30 and 60 min
for MeCN and aqueous solutions, respectively. In the case of O2
saturation, the solutions were purged with O2 (Linde Gas GmbH 5.0)
for 30 min.

To prove the catalytic activities of AQ-MINT, AQ@SWCNTs, and
SWCNTs toward the reduction of O2 to H2O2, a constant potential at
!0.33 V (chronoamperometry) was applied for 8 h under two
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aqueous solutions. Before applying the potential as well as during
chronoamperometry, sample aliquots of 150 !L of the electrolyte
solution were taken for H2O2 quanti!cation. The H2O2 quanti!cation
was done following a previous report from Apaydin et al.51 using a
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For the rotating disc electrode (RDE) measurements, an IPS
Rotator 2016 rotating unit with IPS PI-ControllerTouch and an IPS
Jaissle PGU BI-1000 Bipotentiostat/Galvanostat were used. An 8 mm
diameter GC disc in poly(chlorotri#uoroethylene) (PCTFE) was
used as the WE and polished as mentioned above. A platinized
electrode and Ag/AgCl (3 M KCl) (Messtechnik Meinsberg) were

Figure 1. (a) Chemical structure of AQ-MINT, (b) minimum-energy geometry of AQ-MINT determined by DFT, and (c) the HR-TEM image of
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rate (v) and jP for both the AQ-MINT and the supramolecular
sample (see Supporting Information Figure S14 for further
details).
3.3. Electrochemical Oxygen Reduction. As AQ

derivatives are known as chemical22,52 as well as electro-
chemical24,26,28 catalysts for the ORR to H2O2 vide supra, the
AQ-MINT was investigated for its electrocatalytic activity
under O2-saturated conditions. AQ@SWCNTs and pristine
SWCNTs were also tested as controls. Figure 4a shows that
the characteristic AQ peak55 at around !0.68 V is observed
under all conditions. Upon O2 saturation, a reduction broad
peak around !0.10/!0.12 V as a result of oxygen reduction
was observed. Starting from +0.50 V, some oxidative processes
on the CNT occurred. Bare SWCNTs showed only the broad,
capacitive current with a small reductive step upon O2
reduction (Figure S12). To prove the catalytic activities of
AQ-MINT, AQ@SWCNTs, and SWCNTs toward the
reduction of O2 to H2O2, a constant potential at !0.33 V
was applied for 8 h under two conditions: neutral (0.1 M
Na2SO4) and basic (0.1 M NaOH) aqueous solutions (see
Supporting Information Table S1 for full details). The
transient curves in Figure 4b showed that the current in the
AQ-MINT case was stable over the 8 h period, whereas the
AQ@SWCNT sample revealed a drastic decrease in current
from !0.24 to !0.05 mA cm!2 within the 8 h reaction. This
decrease was attributed to the delamination of the AQ
electroactive species, which was in accordance with the cycle
stability experiments in Figure 3b. Furthermore, the CV curves
of AQ-MINT before and after the electrolysis showed nearly
no di!erence in terms of electroactive AQ peaks, which
supported the stable transient curve (Figure S15).
Table 1 reveals that basic conditions are more favorable for

oxygen reduction, compared to neutral pH, which is in

accordance with the literature.52 In the case of AQ-MINT, the
amount produced was increased from 1.9 !mol in neutral
conditions to 7.0 !mol in alkaline conditions. As observed in
control experiments, the pristine SWCNTs also showed a small
catalytic e!ect, which was also already reported in the
literature.13,56 This e!ect might be attributed to traces of

catalytically active metals or small defects as a result of the
CNT production process,13,57 as well as the intrinsic catalytic
activity of GC.58 However, both AQ modi"ed samples
presented enhanced catalytic activity over SWCNTs by a
factor of 2 for AQ@SWCNTs and a factor of 3 for AQ-MINT.
Considering the amount of AQ molecules in MINT and
supramolecular cases, turnover numbers (TON) were
calculated as reported in Table 1, which also substantiated
the improved catalysis. Including the total mass of MINT and
the activity from the supporting material, the average H2O2
production rate per mass was found to be 8.8 !mol mg!1 h!1

for AQ-MINT in basic aqueous solution. As outstanding
reports, the direct synthesis from the elements on Pd
nanoparticles52 was achieved with a rate of 1100 !mol mg!1

h!1and photoelectrocatalysis with epindolidione21 was re-
ported with a rate of 120 !mol mg!1 h!1. Since the mass of
CNTs was included in the total mass, the comparison of the
rate per mass observed in each catalyst might slightly distort
the performance of our systems.
To perform further electrocatalytic studies on the oxygen

reduction process, RDE experiments were performed with
SWCNTs, AQ@SWCNTs, and AQ-MINT at various rotation
speeds. The goal was to obtain preliminary mechanistic
insights by determination of the number of transferred
electrons per process. Figure 4c shows an increase in current
upon an increase in the rotational speed ("), and the most
pronounced behavior is observed for AQ-MINT. The
Koutecki!Levich analysis revealed that upon drop-casting
the samples, we substantially underestimated our electroactive
electrode surface area by considering only the geometrical one.
As this increase in the electrode surface area was related to the
organization of the NTs on the surface, di!erent ways of
organization between the samples might be because of the
attachments, which would be in accordance with the
reorganization through hybridization reported by Lee et al.30

Nevertheless, the intercepts of the Koutecki!Levich analysis
revealed that among the as-cast "lms, AQ-MINT showed the
highest iK compared to SWCNTs and AQ@SWCNTs (Figure
S16b).To prove this speculation of organization, advanced
studies with higher resolution SEM facilities than we have
would be necessary.

4. CONCLUSIONS
In this work, we explored the approach of interlocking the
organic molecule AQ around carbon nanotubes (MINTs) for
e#cient immobilization. Such advanced noncovalent architec-
tures could solve the problem of dissolution instability of
physically adsorbed organic molecules upon electrochemical
reduction. Besides the enhancement of stability while retaining

Figure 4. (a) Cyclic voltammograms of AQ-MINT in 0.1 M NaOH under air (green line), N2 (black line), and O2 (orange line) conditions. (b)
Chronoamperograms and accumulated charges of AQ-MINT and AQ@SWCNTs at a constant potential of !0.33 V vs SHE in 0.1 M NaOH. (c)
RDE-LSV results of AQ-MINT, AQ@SWCNTs, and SWCNTs in 0.1 M NaOH at a rotation speed of 1200 rpm.

Table 1. Comparison of the Total Amounts of H2O2
Produced over 8 h Electrolysis Reaction Time

In 0.1 M Na2SO4 In 0.1 M NaOH

nH2O2
in 8 h !mol!1 TON nH2O2

in 8 h !mol!1 TON

AQ-MINT 1.9 116 7.0 417
AQ@SWCNTs 1.4 75 4.4 236
SWCNTs 0.5 2.2
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a.) Methanol can be mixed to gasoline

b.) Methanol is used in fuel cells

c.) Methanol is starting chemical for
Many other derivatives

George Olah, Nobel Prize 1994
Univ. of Southern California, USA
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IS IT POSSIBLE TO RECYCLE CO2?
The answer is yes! 
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http://www.solar-fuel.net/
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Courtesy of Dr. Pengg, Audi Corp.
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For CO2 reduction to Methanol

Engelbert Portenkirchner et.al 2013 21



Photochemical Reduction of CO2

K. Oppelt, D. Egbe, U. Monkowius, M. List, M. Zabel, N.S. Sariciftci, G. Knör
Journal of Organometallic Chemistry 696 (2011), 2252

Homogeneous photocatalysts as well as heterogenous electrocatalysts
based on organic semiconductors
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Halime Coskun et al Science Advances 2017, 3

Dopamin based polymers

23



From CO2 and H 2O to CH3
OH at rt

• CO 2 aq à HCOO - Formate dehydrogenase

• HCOO - à H2CO       Formaldehydedehydrogenase

• H2CO  à CH3OH Methanoldehydrogenase

• NAD+/NADH is the source of energy . 
• Key issue : how to reverse the NAD +/NADH couple after

oxidation ?
• Use of chemical systems for solar light harvesting 

and conversion
or r

Coupling Chemistry and Biotechnology:
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Scheme of the enzymatic reduction of CO2

CO2

H
C O

HO

H
C O

H
H3C OH

NADH NAD+ NADH NAD+ NADH NAD+

FatoDH Fald DH ADH

Reaction conditions

Solution buffered at pH 7

T = 37 °C
P = 1 atm
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Stefanie Schlager et al;
ChemSusChem

Vol.9, p. 631 (2016)

Bio-electrochemical Catalysis

!

!
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Stefanie Schlager et al; ChemCatChem (2015), Vol. 7, 967

Bio-electrochemical Catalysis
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Bacterio-electrochemical Catalysis
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Stefanie Schlager (2016)

Bacterio-electrochemical Catalysis
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Bacterio-electrochemical Catalysis

Bacteria utilize electrons
directly injected from the

electrode
30
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Graphene as Bio-Nano-Platform



LIOS

Linz Institute for Organic Solar Cells
Physics of Organic Semiconductors:
1.) Photoexcited spectroscopy
2.) Photoconductivity
3.) Thin film characterization
4.) Nanoscale engineering
5.) Nanoscale microscopy (AFM, STM...)
6.) In situ spectro-electrochemistry

Organic/Hybrid 
Solar Cells CO2 Recycling into

Synthetic Fuels

Spectroscopy
and

Electrochemistry

„Incubator“ for small high tech spin-off companies

Bio-Organic
Electronic Devices
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