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Abstract: Terpyridine-functionalized graphene oxides were
prepared for self-assembly into 3D architectures with various
metal ions (e.g., Fe, Ru). The resulting electrode materials
showed significantly improved electroactivities for efficient
energy conversion and storage. They showed promise for
application in the oxygen reduction reaction (ORR), photo-
current generation, and supercapacitance.

Owing to its excellent optical, thermal, mechanical, and
electric properties, graphene has attracted considerable
interest for a large variety of potential applications.! How-
ever, graphene sheets without functionalization are insoluble
and infusible, which has limited their large-scale practical
application. The covalent and/or noncovalent functionaliza-
tion of graphene with various soluble moieties (metal or
metal-oxide nanoparticles) has been widely reported to
improve its processibility (catalytic activity).’ Although
most of the reported covalent reactions for the functionaliza-
tion of graphene have improved its processibility to facilitate
applications, they often cause permanent structural/property
changes. For many applications (e.g., tunable electronic and
optical devices), the controllable and reversible functionali-
zation of graphene and its derivatives is highly desirable. Such
functionalization would not only increase our understanding
of structure—property relationships, but would also lead to
various multifunctional self-assemblies of the functionalized
graphene for novel applications.

Self-assembly is often driven by hydrogen-bonding, elec-
trostatic, and/or m—m stacking interactions.”) However, the
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complexation of 2,2":6',2"-terpyridine and its derivatives with
certain metal ions”! has also been utilized for the reversible
self-assembly of small molecules,”! polymers,”! and even
carbon nanotubes.'” As compared to other complexation
ligands (e.g., 2,2-bipyridine and 1,10-phenanthroline), terpyr-
idine complexes are often achiral and shape-controllable!'!!
with excellent optical and electrochemical properties. As far
as we are aware, however, neither terpyridine-functionalized
graphene nor the terpyridine-assisted self-assembly of gra-
phene through metal complexation has been reported. In the
present study, we designed and synthesized a class of
terpyridine-functionalized graphene oxides (tpy-GOs) for
the reversible formation of 3D self-assemblies as efficient
electrocatalysts for the oxygen reduction reaction (ORR) and
as new electrode materials for photocurrent generation and
energy storage.

To synthesize tpy-GO, we first prepared GO by the acid
oxidation of graphite powder according to the modified
Hummers method."*!'”! Subsequent reactions between an
amine-functionalized terpyridine, tpy-NH, (see the Support-
ing Information), and oxygen-containing groups (e.g., carb-
oxy and epoxy groups) in GO in the presence of dicyclohex-
ylcarbodiimide (DCC) led to the formation of tpy-GO
(Scheme 1). The tpy-GO thus prepared showed rapid and
fully reversible self-assembly with metal ions (e.g., FeCl,).
The resultant metal/tpy-GO complexes were shown to be
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Scheme 1. Schematic illustration of the synthesis of tpy-GO.
DMF = N,N-dimethylformamide.
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Figure 1. a) XPS spectra of GO and tpy-GO. b,c) High-resolution XPS
spectra of C 1s for GO (b) and tpy-GO (c). d) FTIR spectra of GO, tpy-
NH,, and tpy-GO. e) XRD spectra of GO and tpy-GO. f) TGA of GO,
tpy-NH,, and tpy-GO. g) Raman spectra of GO and tpy-GO.

promising for various potential applications, ranging from
ORR catalysis and photocurrent generation to energy
storage.

Figure 1a shows spectra from X-ray photoelectron spec-
troscopic (XPS) measurements of GO and tpy-GO. As
expected, the spectrum of GO shows only C and O peaks.
The appearance of an N 1s (398.8 eV) peak in the XPS
spectrum of tpy-GO and the decrease in the intensity ratio of
the O 1s to the C 1s peak with respect to that in the spectrum
of GO (Figure 1a) indicate the successful grafting of tpy-NH,
onto GO. The O content dropped from 34.4% for GO to
23.8% for tpy-GO owing to the reaction between carboxy
groups of GO with the amine group of tpy-NH, (Scheme 1).
However, partial reduction of GO as a result of the amidation
reaction cannot be ruled out.'”! Figure 1b,c shows the high-
resolution C 1s spectra of GO and tpy-GO, respectively. As
can be seen, the intensity of the C—O (286.6eV), C=0
(287.8 V), and O=C—OH peaks (289.2¢eV) all decreased
significantly upon amidation. The new component C—N at
approximately 286.1 eV in the C 1s spectrum of tpy-GO was
attributed to the C—N bond between GO and tpy-NH, as well
as the C—N bonds in the terpyridine group. Fourier transform
infrared (FTIR) spectra of GO, tpy-NH,, and tpy-GO are
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shown in Figure 1d. The spectrum of GO shows the charac-
teristic peaks at 3420 (C—OH), 1730 (C=0), 1628 (C=C), and
1058 cm ™! (C—0). For tpy-GO, the new peak at 1650 cm™"
corresponds to the stretching vibration of the amide bonds,
thus indicating the occurrence of the amidation reaction. The
functionalization of GO with tpy-NH, was further confirmed
by the appearance of CH, stretching vibrations at 2926 and
2856 cm™' along with C=N stretching vibrations at 1580 and
1560 cm™" associated with the newly attached terpyridine
moieties.

Figure 1e shows the X-ray diffraction (XRD) spectra of
GO and tpy-GO. The broad band for GO (26=10.72°,
corresponding to an interlayer distance of approximately
0.825 nm!"*!) was downshifted to 26 =7.46° (corresponding to
an interlayer distance of 1.184 nm) for tpy-GO. The observed
increase in the interlayer space indicates further exfoliation of
the graphene sheets as induced by functionalization with
terpyridine.™™ GO, tpy-NH,, and tpy-GO were subjected to
thermogravimetric analysis (TGA; Figure 1f). Whereas tpy-
NH, decomposed at around 300°C, both GO and tpy-GO
showed a much smaller weight loss at 180-200°C associated
with the oxygen content in GO.'*'”" Another new thermal
band attributable to thermal decomposition of the grafted
tpy-NH, was observed from 320 to 420°C for tpy-GO. The
functionalization of GO with tpy-NH, was further supported
by Raman spectra (Figure 1g). Upon the grafting of tpy-NH,
onto GO sheets, the band-intensity ratio I/ increased from
1.027 to 1.144, with a concomitant G-band shift from 1598.2 to
1592.7 cm™'. These changes in the Raman spectrum indicate
the structure distortions induced by the strong interaction
between GO and the tpy functional group.!'¥! The increase in
the ratio of I, to I is due to the formation of a higher number
of smaller defect domains as a result of partial reduction
induced by the reaction of GO with tpy-NH, (see above),
whereas the Raman peak shift arises from charge transfer
between the newly attached tpy moieties and GO (see
below).P

The self-assembly behavior of tpy-GO was studied by the
addition of FeCl, to a dispersion of tpy-GO in DMF
(Figure 2a, I). Upon the addition of Fe*' ions, a brown
precipitate appeared (Figure2a, II). The observed rapid
precipitation indicated the formation of a Fe-tpy-GO self-
assembly (Figure 2b). To test the reversibility of the self-
assembly process, we transferred the terpyridine—Fe complex
in a water/ethanol (1:1) mixture and used ethylenediamine-
tetraacetic acid (EDTA) as a competing ligand to break up
the complex (Figure 2a, IIT)." The tpy-GO was restored well
in DMF after treatment with EDTA and could be used again
for self-assembly by the readdition of Fe*" ions (Figure 2a,
IV). The complexation—-decomplexation cycle demonstrated
full reversibility of the self-assembly process, as shown
schematically in Figure 2b.

The complexation—decomplexation cycle was monitored
by UV/Vis spectroscopy. As expected, the tpy-GO exhibited
a featureless UV spectrum in DMF (Figure 2¢c, I). Fe** ions
were then added directly to the tpy-GO solution in the
cuvette, and a UV/Vis measurement was made immediately
before the complex precipitated. Upon the addition of Fe**
ions, two peaks characteristic of the terpyridine-Fe complex
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Figure 2. a) Photographs of the dispersion of tpy-GO in DMF during

a complexation—decomplexation cycle: 1) initial dispersion of tpy-GO in
DMF; Il) after the addition of FeCl,; 111) the complex was collected by
filtration, redispersed in a water/ethanol (1:1) mixture, and then
treated with EDTA, recollected, and redispersed in DMF for the
subsequent test (see the Supporting Information for details); 1V) after
the addition of FeCl, (again in DMF). b) Schematic illustration of the
complexation—-decomplexation (self-assembly) process of tpy-GO.

c) UV/Vis spectra of different stages of the complexation—decomplex-
ation cycle: ) initial dispersion of tpy-GO in DMF (3 mL;

0.05 mgmL™"); 1) after the addition of two drops of a 0.01 M FeCl,
solution in DMF; Ill) after treatment with EDTA and redispersion in
DMF (3 mL; 0.05 mgmL™); IV) after the addition of FeCl, (again in
DMF). The UV/Vis spectra have been shifted arbitrarily along the y axis
for clarity.

appeared at 320 and 569 nm (Figure 2 ¢, IT). These peaks are
due to ligand transition absorption and metal-to-ligand
charge transfer, respectively.””! After treatment with EDTA,
the featureless spectrum observed for tpy-GO was restored
(Figure 2 ¢, I1I), thus indicating the complete decomplexation
of the complex. Upon the addition of Fe*" ions again, the two
characteristic peaks for the complex reappeared (Figure 2c,
IV). Thus, the Fe*'-induced self-assembly of tpy-GO is highly
reversible. The formation of the 3D Fe—tpy-GO self-assembly
(Figure 2b) was also supported by our preliminary TEM and
SEM examination of the Fe-tpy-GO precipitate, with the
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corresponding tpy-GO sample as a reference (see Figure S1 in
the Supporting Information).

Inspired by our previous studies on nitrogen-doped
carbon nanomaterials for the ORR,*"*! we investigated the
ORR performance of Fe-tpy-GO by performing linear sweep
voltammetric (LSV) measurements on a rotating-disk elec-
trode (RDE) in an O,-saturated 0.IM KOH electrolyte
solution. Both the tpy-GO ligand and the Fe-tpy-GO
complex exhibited high ORR catalytic activities with respect
to GO (Figure 3a). The onset potential for the pristine GO
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Figure 3. a) Linear sweep voltammetric (LSV) curves for oxygen reduc-
tion at the GO, tpy-GO, Fe—tpy-GO, and Pt/C electrodes in an O,-
saturated 0.1m KOH solution at a scan rate of 10 mVs™". The
electrode rotation speed was 1600 rpm. b—d) Current—time (i—t) chro-
noamperometric response for the ORR at the Fe—tpy-GO and Pt/C
electrodes in an O,-saturated 0.1 M KOH solution at —0.3 V versus
SCE: b) addition of methanol (3.0m) at around 250 s; c) addition of
CO (9 v/v% mixed with O,) at around 200 s; d) time dependence at
—0.3 V versus SCE at a rotation rate of 900 rpm. SCE = saturated
calomel electrode.

was about —0.3 V, whereas the corresponding onset potential
for Fe-tpy-GO was shifted positively to about —0.2 V with
a concomitant increase in current density. Although the onset
potential of the Fe-tpy-GO complex is still not as high as that
of the commercial Pt/C electrocatalyst (C2-20, 20 % platinum
on Vulcan XC-72R; E-TEK), the diffusion-limited current
densities of the two catalysts are almost the same. We
reported previously that either nitrogen-doping-induced
intramolecular charge transfer® or polyelectrolyte-adsorp-
tion-induced intermolecular charge transfer® could improve
the ORR activity of graphitic carbon materials. Therefore, the
improved ORR activities observed in this study for the Fe—
tpy-GO complex over tpy-GO could be attributed mainly to
the intermolecular charge transfer between the amide nitro-
gen atoms (N atoms in tpy) and the partially reduced GO
sheet within the self-assembled 3D architecture (Figure 2b).
The self-assembled 3D structure played an important role in
enhancing the ORR activity,™ as the Fe-tpy-GO sample
after decomplexation with EDTA showed similar ORR
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activity to that of tpy-GO. However, possible contributions
from metal/tpy complexation within the 3D structure cannot
be ruled out.

The Fe-tpy-GO electrode was further subjected to testing
for possible cross-over and long-term stability toward the
ORR. Figure 3b,c shows the current-time (i—f) chronoam-
perometric responses for the ORR at the Fe-tpy-GO and Pt/
C electrodes. Upon the addition of methanol (3.0M), a sharp
decrease in current was observed for the Pt/C electrode
(Figure 3b). However, the corresponding amperometric
response at the Fe-tpy-GO electrode remained almost
unchanged after the addition of methanol, thus indicating
that the Fe-tpy-GO electrocatalyst shows higher fuel selec-
tivity toward the ORR than the commercial Pt/C electro-
catalyst. The effect of CO poisoning on the electrocatalytic
activities of the Fe-tpy-GO and Pt/C electrodes was also
examined by the introduction of CO gas into the electrolyte.
The Fe-tpy-GO electrode was insensitive to CO, whereas the
Pt/C electrode was rapidly poisoned under the same con-
ditions (Figure 3c¢). Finally, the durability of Fe-tpy-GO and
commercial Pt/C electrodes for the ORR was evaluated. The
current density of both the Fe-tpy-GO and the Pt/C electrode
decreased with time (Figure 3d). However, the Fe—tpy-GO
electrode exhibited a much slower decrease than Pt/C, thus
indicating that the Fe-tpy-GO electrocatalyst is much more
stable than the commercial Pt/C electrode.

To further explore the ORR catalytic activity quantita-
tively, we determined the electron-transfer number per
oxygen molecule involved in the ORR process by the
Koutechy-Levich equation (see the Supporting Information).
Linear relationships between i~ and ~*° were obtained for
GO, tpy-GO, and Fe-tpy-GO (see Figures S4b,d,f). The
electron-transfer numbers for the ORR were calculated to
be 3.63-3.79 for tpy-GO and 3.63-3.92 for Fe-tpy-GO at the
potential ranging from —0.7 to —0.5V, and are thus much
higher than that of the GO electrode (1.39-1.61; see Table S1
in the Supporting Information). The nearly four electron
process for the ORR and the relatively high kinetic current
density for tpy-GO and Fe-tpy-GO (see Table S1) showed,
once again, that tpy-GO and its iron complex are efficient
catalysts for the ORR.

Apart from the use of tpy-GO and Fe-tpy-GO as efficient
ORR catalysts, the as-synthesized tpy-GO ligand could also
complex with ruthenium ions. Our preliminary results showed
a photoelectrical response for the Ru-tpy-GO complex, as
observed for other similar complexes.”! Strong, steady, and
reversible photocurrent generation was observed from a Ru-
tpy-GO/ITO electrode (0.4 cm®) during on/off cycles of
illumination (500 W xenon lamp; Figure 4). Whereas the
pristine GO also exhibited a photocurrent response,”! and
the pure ruthenium-terpyridine complex did not,*® the
chemical attachment of tpy to GO significantly reduced the
photocurrent through photocurrent quenching and/or resist-
ance enhancement associated with the tpy moieties. Subse-
quent complexation of tpy-GO with Ru enhanced the photo-
current response to up to twice that of GO, most probably as
aresult of the improved optical absorption of the dye complex
(compare Figure 2c¢), and hence efficient charge transfer from
the excited dye moiety to graphene, in conjugation with
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Figure 4. Photocurrent response of GO, tpy-GO, and Ru—tpy-GO in
0.1 M aqueous KCl as observed for the corresponding samples on an
indium tin oxide (ITO) electrode (0.4 cm?) during on/off cycles of
illumination (500 W xenon lamp).

improved charge transfer through the self-assembled 3D
architecture. Therefore, the Ru-tpy-GO complex could be
useful as a new photoelectric material for a variety of
applications ranging from photodetection and dye-sensitized
solar cells (DSSCs) to H, evolution.’”? Furthermore, the
newly developed self-assembled 3D metal-tpy-GO com-
plexes were also demonstrated to be useful as promising
electrode materials for energy storage (see Figure S5), in
analogy with other 3D carbon materials previously
reported.?*!

In summary, we have prepared a new class of terpyridine-
functionalized graphene by covalently grafting terpyridine
groups onto GO. The resultant tpy-GO can undergo rapid and
repeatable self-assembly upon the addition of iron ions to
form Fe-tpy-GO. Subsequent decomplexation by treatment
with EDTA releases the tpy-GO ligand. We have further
demonstrated that tpy-GO and Fe-tpy-GO can act as ORR
catalysts with superb electrocatalytic activity and superior
stability to those of commercial Pt/C catalysts, and are free
from CO-poisoning and MeOH-cross-over effects. The self-
assembled 3D architecture offers the additional advantage
that the metal-tpy-GO complexes can be used as electrode
materials for energy conversion (e.g., ORR, photocurrent
generation) and storage (e.g., supercapacitors).
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