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Abstract: We report a facile synthetic method for the preparation of a terpyridine-containing imine-rich
graphene (IrGO-Tpy) using an acid-catalyzed dehydration reaction between graphene oxide (GO)
and 4’-(aminophenyl)-2,2":6'2"-terpyridine. Owing to the presence of terpyridine ligands, cobalt ions
(Co?*) were readily incorporated into the IrGO-Tpy structures, affording a metal complex, denoted
IrGo-Tpy-Co. Cyclic voltammetry and linear sweep voltammetry measurements confirm the noticeable
oxygen reduction reaction (ORR) activities of the IrGo-Tpy and IrGo-Tpy-Co electroacatalysts in alkaline
electrolytes, along with the additional merits of high selectivity, excellent long-term durability, and good
resistance to methanol crossover. In addition, a remarkable improvement in the ORR performance was
observed for IrGO-Tpy-Co compared with that of IrGo-Tpy, arising from the significant contribution of
the cobalt-terpyridine complex in facilitating the ORR process.

Keywords: terpyridine; imine-rich graphene; oxygen reduction reaction; electrocatalyst;
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1. Introduction

Given the rising global energy demand and various environmental problems, the development
of clean and sustainable energy resources has attracted great interest in both academia and
industry. Above all, fuel cell technology has become popular because of its advantages such as
high energy conversion efficiency, lack of pollutant emission, long life cycle, and safety [1,2].
However, the performances of fuel cells are often impeded by the sluggish oxygen reduction reaction
(ORR) at the cathode side. Platinum (Pt)-based materials have served as the most promising catalyst
for the ORR, but they still suffer from many critical issues such as high cost, susceptibility to CO,
poisoning and methanol crossover, and poor long-term stability [3,4]. Hitherto, enormous efforts have
been devoted to developing non-precious metal or metal-free electrocatalysts for ORRs with high
performance [3,5]. Among various candidates, nitrogen-doped (n-doped) graphene has emerged as a
promising alternative to conventional Pt-based electrocatalysts, due to its unique advantages including
low-cost, high selectivity, good electrocatalytic activity, and excellent long-term stability [3,6,7].
The facile generation of strong charge polarization between nitrogen atoms (x = 3.04) and carbon
atoms (x = 2.55) greatly increases the ORR activity of n-doped graphene [8]. Once incorporated into
the graphitic network, nitrogen atoms often possess three distinct configurations of pyridinic N,
pyrrolic N, or graphitic N (or quaternary N) [9]. However, other specific arrangements of nitrogen
atoms, including imine and pyrazine groups, can also be introduced into graphene structures to afford
high-quality n-doped graphene for the ORR [10,11]. In addition, n-doped graphene electrocatalysts
usually exhibit good ORR performance in alkaline electrolytes, while their activities are inferior in
acidic media [12,13]. This result can be attributed to the facile conversion of active nitrogen species
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into inactive ones, or the domination of less efficient two-electron process involved with intermediates
during the ORR process of n-doped graphene in an acidic environment [14,15].

Despite these recent progresses, further enhancement in the ORR activity of n-doped graphene
is highly demanding for large-scale commercialization. For example, the co-doping of transition
metals into n-doped graphene can trigger a marked improvement in the overall ORR performance [16].
The additional doping of n-doped graphene with transition metals can induce not only the sharp
increase in active sites but also facile intramolecular charge transfer between metal-bound nitrogen
atoms [17]. However, complicated processes and harsh conditions at elevated temperatures are often
required to prepare these multi-component n-doped graphene-based electrocatalysts [18]. Therefore,
a simple but efficient approach, such as complex formation between transition metal ions and
nitrogen-containing ligands on graphene structure [19], is strongly recommended for the development
of high performance n-doped graphene-based electrocatalysts for the ORR.

Herein, we demonstrate the synthesis of terpyridine-containing imine-rich graphene (IrGO-Tpy)
using an acid-catalyzed dehydration reaction between graphene oxide (GO) and 4’-(aminophenyl)-
2,2":6'2"-terpyridine (Figure 1). Owing to the efficient incorporation of imine linkages and terpyridine
moieties into the graphene network, IrGO-Tpy displays promising electrocatalytic activity for the
ORR with good selectivity, high resistance to methanol crossover, and excellent long-term stability.
Moreover, the introduction of cobalt ions (Co?*) into the structure of IrGo-Tpy through the existing
terpyridine-mediated complexation [20,21] affords IrGO-Tpy-Co (Figure 1), which further enhances the
ORR activity in an alkaline electrolyte. Therefore, the simple but efficient approach developed in this study
provides not only a versatile technique to synthesize high-performance graphene-based electrocatalysts
but also in-depth structure—property relationships for various applications.

Figure 1. Synthesis of terpyridine-containing imine-rich graphene (IrGO-Tpy) and the related Co(II)

complex (IrGO-Tpy-Co).

2. Results

2.1. Synthesis and Characterization

As schematically shown in Figure 1, IrGO-Tpy was prepared by an acid-catalyzed dehydration
reaction between GO and 4’-(aminophenyl)-2,2":6'2"-terpyridine. The facile condensation reaction
between monoketones (-C=0) and primary amines (-NH;) yielded typical imine (-C=N-) linkages
in IrGO-Tpy. The elemental analysis (EA) data clearly show the compositional changes during the
reactions. As summarized in Table S1, the pristine graphite possesses carbon atoms (98.74 wt%) as
the main constituent, while a large population of oxygen atoms (42.10 wt%) with a concomitant
decrease in carbon content (from 98.74 to 53.19 wt%) was observed in GO. This significant
structural change is caused by the generation of various oxygenated functional groups such as
hydroxyl, epoxy, and carboxylic groups during the severe oxidation process. Furthermore, additional
compositional changes, including a sharp increase in nitrogen content (6.45 wt%) and a significant
reduction of oxygen content (from 42.10 to 11.54 wt%) occurred after the acid-catalyzed dehydration
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reaction between GO and 4'-(aminophenyl)-2,2":6'2”-terpyridine. These results are consistent with the
synthetic route to IrGO-Tpy shown in Figure 1.

Fourier transform infrared (FT-IR) spectra were measured to verify the structural changes during
reaction, and the results are shown in Figure 2a. In comparison with the featureless spectrum of pristine
graphite, that of GO exhibited several peaks characteristic of various oxygenated functionalities.
However, IrGO-Tpy displayed two major characteristic peaks at 1576 and 1200 cm~!, which are
related to the in-plain vibrations of aromatic C=C sp? hybridized carbon and stretching modes of C=N,
respectively [11]. In addition, the oxygenated peaks observed in GO decreased after its conversion
to IrGO-Tpy, because of the efficient intramolecular and intermolecular acid-catalyzed dehydration
reactions [22]. Thermogravimetric analysis (TGA) was also conducted in air, and the results are shown
in Figure 2b. Pristine graphite was stable up to 600 °C, but GO displayed a noticeable weight loss
near 200 °C because of the presence of numerous oxygenated functional groups. On the other hand,
greatly improved thermal stability was observed for IrGO-Tpy, which can be attributed to the efficient
removal of oxygenated moieties, as well as the formation of imine linkages during the acid-catalyzed
dehydration reactions. Therefore, the obtained results from FT-IR and TGA measurements strongly
support the proposed scheme in Figure 1.
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Figure 2. (a) FT-IR spectra, (b) TGA thermograms in air, (c) Raman spectra with Ip /Ig ratios, (d) XPS
survey spectra of graphite, graphene oxide (GO), and IrGO-Tpy.

As shown in Figure 2¢, the Raman spectrum of pristine graphite contains G and 2D bands at 1567
and 2685 cm ™!, respectively, with a negligible Ip /I ratio. However, a broad and strong D band at
1352 cm ™! with a high I /I ratio of 0.97 was obtained from that of GO, because of the size reduction
in the in-plane sp? domains, and the large structural distortion induced by the harsh oxidation process.
The spectrum of IrGO-Tpy also contains a strong D band, but its Ip /I ratio is further increased to 1.09.
Similar to other n-doped graphenes [23,24], the incorporation of iminic nitrogen into the graphene
structure can cause large topological defects or distortions. In addition, the power X-ray diffraction
patterns (XRD) of all samples were collected, and the results are shown in Figure S1. As expected,
a strong [002] peak at 20 = 26.5° (d-spacing of 0.33 nm) was obtained from pristine graphite, whereas
GO showed a broad peak at 20 = 11.0° (d-spacing of 0.80 nm). The large lattice expansion caused by
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diverse oxygenated functional groups can induce a sharp increase in the d-spacing of GO. Interestingly,
the XRD peak of IrGO-Tpy recovered, moving to 20 = 24.5° (d-spacing of 0.35 nm), which clearly
reveals the efficient restoration of the graphitic structure during acid-catalyzed dehydration reaction.
For further elucidation of compositional changes during reaction, X-ray photoelectron spectroscopy
(XPS) measurements were conducted, and the results are shown in Figure 2d. In contrast to the pristine
graphite used as a starting material, GO exhibited strong C 1s and O 1s peaks around 284 and 530 eV,
respectively, arising from the generation of various oxygenated groups. Furthermore, the spectrum of
IrGO-Tpy showed a sharp additional N 1s peak at around 400 eV with a noticeable reduction in the
intensity of the O 1s peak. This result indicates the successful introduction of nitrogen atoms via the
acid catalyzed dehydration reaction. Thus, the structure proposed in Figure 1 was fairly confirmed by
Raman, XRD, and XPS measurements.

To investigate the morphology and microstructure of IrGO-Tpy, field emission scanning electron
(FE-SEM), transmission electron microscopy (TEM), and surface area measurements were conducted.
As shown in Figure 3a, large clusters of densely packed thin sheets were observed in the SEM image
of GO, whereas that of IrGO-Tpy displayed wrinkled paper-like structures with a high electron
transparency (Figure 3b). The low magnification TEM image of IrGO-Tpy also revealed similar
crumpled film-like morphologies (Figure 3c). In addition, high-magnification TEM images of the edge
and basal areas showed highly crystalline structures with the corresponding symmetric hexagonal
selected area electron diffraction (SAED) patterns (Figure 3d,e), an indication of the efficient restoration
of the graphene network during the acid-catalyzed dehydration reaction. Finally, the surface areas of
GO and IrGO-Tpy were measured by the Brunauer-Emmett-Teller (BET) method, and the calculated
values were 24.86 and 30.80 m? g~ !, respectively. The surface area of IrGO-Tpy is relatively smaller
than those of other n-doped graphenes [25,26], due to the significant restacking of IrGO-Tpy layers
through the strong attractive forces between them [27].

Figure 3. SEM images of (a) GO and (b) IrGO-Tpy; TEM images of IrGO-Tpy (c) at low-magnification
and (d) at high-magnification on the edges with selected area electron diffraction (SAED) pattern.
(e) High-magnification TEM images of the basal area with selected area electron diffraction (SAED) pattern.

Owing to the existence of terpyridine groups in IrGO-Tpy, various transition metal ions
can be incorporated into its structure via complexation [17,28]. Among numerous candidates,
Co?* was selected, because carbon-based electrocatalytst with nitrogen-coordinated cobalt complexes
usually exhibit superior electrocatalytic activities for the ORR [29,30]. The addition of Co?* into
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IrGO-Tpy readily led to the formation of cobalt-nitrogen co-doped graphene-based materials, denoted
IrGO-Tpy-Co (Figure 1). As shown in Figure 4a, the XPS survey spectrum of IrGO-Tpy-Co clearly
contains a Co 2p peak as well as peaks corresponding to oxygen, nitrogen, carbon, and chlorine.
The related elemental compositions obtained from the XPS analysis are summarized in Table S2.
In addition, the high-resolution Co 2p spectra displayed two main peaks at 781.5 and 796.8 eV for
Co 2p3,, and Co 2pq /», respectively, with two corresponding satellite peaks at 786.3 and 803.5 eV,
respectively (Figure 4a, inset). These results indicate the presence of Co?* in IrGO-Tpy-Co [31,32].
Furthermore, the high-resolution N 1s spectra indicate the complexation of Co?* ions with terpyridine
moieties in IrGO-Tpy. As shown in Figure 4b (upper), the spectrum of IrGO-Tpy contains two
main peaks at 398.6 and 399.9 eV, corresponding to pyridine-N and imine-N, respectively [27].
In addition, the relative percentages of pyridine-N (69.9%) and imine-N (30.1%) were calculated
from the high-resolution XPS N 1s spectra, which agrees well with the chemical structure of
4’-(aminophenyl)-2,2:6'2”-terpyridine used in this study. However, noticeable intensity enhancements
in the higher binding energy region were observed for IrGO-Tpy-Co (Figure 4b (lower)), which
agrees well with the typical N 1s peak shifts before and after metal complexation [33]. Once again,
XPS analyses confirm the proposed structures and compositions of IrGO-Tpy-Co shown in Figure 1.

() IrtGO-Tpy-Co  co2p 781.5 (b)

796.8

N1s Pyridinic-N

398.6

Imine-N
399.9

810 805 800 795 790 785 780 775 770 399.9
H Binding Energy (eV) 398.9
5 IrGO-Tpy-Co
*c1s
D
g 404 402 400 398 396
(&] Binding Energy (eV)

IrGO-Tpy-Co Ci2p

900 800 700 600 500 400 300 200 100 O
Binding Energy (eV)

Figure 4. (a) XPS survey spectrum of IrGO-Tpy-Co, (inset) high-resolution Co 2p XPS spectrum of
IrGo-Tpy-Co, and (b) N 1s XPS spectra of IrGO-Tpy (upper) and IrGO-Tpy-Co (lower).

2.2. Electrochemical and ORR Characteristics

The electrocatalytic activities of IrGO-Tpy and IrGO-Tpy-Co for the ORR were investigated using
cyclovoltametric (CV) measurements in Np- and O,-saturated 0.1 M KOH electrolyte. As shown
in Figure 5ab, the CV curves of IrGO-Tpy and IrGO-Tpy-Co, respectively, show an apparent
ORR peak near —0.20 V with an enhanced voltammetric current in the O,-saturated electrolyte.
In contrast, almost featureless smooth curves were observed in the corresponding Np-saturated conditions,
which reveals their profound electrocatalytic selectivity toward the ORR. For further investigation of
the ORR characteristics of the samples, linear sweep voltammetry (LSV) measurements were carried
out using a rotating ring disk electrode (RRDE) in O,-saturated 0.1 M KOH electrolyte. As shown in
Figure 5¢, [rGO-Tpy-Co exhibited better ORR performances than those of IrGO-Tpy at a rotation speed
of 1600 rpm. In particular, the onset potential and current density at —0.6 V of IrGO-Tpy were restricted
to —0.18 V and —2.71 mA /cm?, respectively, while those of IrGO-Tpy-Co were shifted to —0.11 V and
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—3.80 mA /cm?, respectively (Table S3). Although the onset potential and current density of IrGO-Tpy-Co
are still lower than those of Pt/C (0.01 V and —5.18 mA/ cm?, respectively), these results demonstrate
the significant contributions of complexation between Co?* ion and terpyridine for facilitating the ORR.
LSV curves of IrGO-Tpy-Co at different rotation speeds (625-2500 rpm) were also measured to analyze
the ORR kinetics. The current densities of IrGO-Tpy-Co were found to be proportional to the rotating
speeds, whereas the related onset potentials were almost identical (Figure 5d). Moreover, a good linear
correlation between j~! and w1/ at —0.5 V was observed from the well-known Koutecky-Levich (K-L)
plots of all samples [34], implying first-order ORR reactions kinetics (Figure 5e) [24]. As one of the most
important kinetic parameters in the ORR process, the electron transfer number (1) can be calculated by
either the K-L equation or the relevant equation using the ring and disk currents of RRDE measurement
(see Equations (S1)—(S3) in the Supplementary Materials). As shown in Figure 5f and summarized in
Table S3, the n values of IrGO-Tpy-Co obtained from RRDE voltammograms were much higher than
those of IrGO-Tpy at all applied voltages. Although, the n values of IrGO-Tpy were limited to 3.0,
those of IrGO-Tpy-Co were larger (3.6), indicating that the ORR process was close to an ideal four electron
pathway (1 = 4). As expected, the n values of Pt/C are close to 4.0 in all applied potentials (Figure 5f).
In addition, the n values of all samples obtained from K-L equation agree well with those determined
from RRDE voltammograms (Table S4). Furthermore, the yields of hydrogen peroxide (HO, ™) during
ORR were calculated from the relevant equation (see Equation (S4) in the Supplementary Materials)
and the results were shown in Figure 52. The commercial Pt/C displayed negligible HO, ™ generation,
while HO, ™ yield increases sharply in the order of IrGO-Tpy-Co < IrGO-Tpy. These clear enhancements
in the ORR performances of IrGO-Tpy-Co can be attributed to the increased density of active sites and
facile intramolecular charge transfer caused by complexation between Co?* ions on terpyridine moieties
in IrGO-Tpy.
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Figure 5. CV curves of (a) IrGO-Tpy and (b) IrGO-Tpy-Co in Op- and Nj-saturated 0.1 M KOH
solution at a scan rate of 10 mV/s, (c) RRDE voltammograms of all samples at a rotation speed of
1600 rpm, (d) linear sweep voltammetry (LSV) curves of IrGO-Tpy-Co at different rotation speeds
(from 625 to 2500 rpm), (e) K-L plots of all samples obtained from LSV curves at —0.5 V, and (f) electron
transfer number (1) of all samples calculated from RRDE voltammograms. Ag/AgCl (saturated KC1
filled) was used as a reference electrode for all electrochemical measurements.

Long-term durability tests were carried out using chronoamperometric measurements at —0.40 V
in Op-saturated 0.1 M KOH electrolyte at a rotation rate of 1600 rpm. As shown in Figure 6a,
87.8% and 92.2% of initial currents were maintained by IrGO-Tpy and IrGO-Tpy-Co, respectively,
even after 10,000 s, whereas the commercial Pt/C exhibited a great reduction of initial current (69%)
under the same conditions. Furthermore, IrGO-Tpy and IrGO-Tpy-Co showed outstanding tolerance
to methanol crossover. Once methanol had been added to electrolyte at around 360 s, an abrupt drop in
the current density was observed from the Pt/C electrode, while no discernable changes in the current
density were detected from IrGO-Tpy and IrGO-Tpy-Co upon the addition of methanol (Figure 6b).
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Figure 6. (a) Durability tests for IrGO-Tpy, IrGO-Tpy-Co, and Pt/C at a rotation rate of 1600 rpm in
Oy-saturated 0.1 M KOH solution, and (b) current-time (j-t) ORR chronoamperometric responses of
IrGO-Tpy, IrGO-Tpy-Co, and Pt/C upon the addition of 3 M methanol at around 360 s.

3. Materials and Methods

3.1. Synthesis of [rGO-Tpy and IrGO-Tpy-Co

4’-(Aminophenyl)-2,2":6'2"-terpyridine (1) and GO were prepared according to previously
reported methods [35,36]. For the synthesis of IrGO-Tpy, 0.60 g of GO was firstly dispersed in 300 mL of
dimethylformamide (DMF) using sonication, and an acetic acid (10 mL) catalyst and amine-terminated
terpyridine (1, 0.20 g) were then added consecutively. The mixture was stirred overnight at 120 °C.
Once the reaction had completed, IrGO-Tpy was collected by filtration using a 0.45 um PTFE
membrane and further purified via continuous Soxhlet extraction with water, tetrahydrofuran (THF),
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and methanol. Finally, [rGO-Tpy was obtained as a black powder (0.32 g) after vacuum-drying at 50 °C.
For the synthesis of IrGO-Tpy-Co, 120 mg of IrGO-Tpy was dispersed in 150 mL DMF, and a 5 mL
DMEF solution of CoCl,-6H,0 (0.01 M) was slowly added to form the cobalt complex. After sonication
for 2 min, the mixture was stirred for 3 h to complete complexation. IrGO-Tpy-Co was collected by
filtration and washed with plenty of DMF, followed by drying in a vacuum oven.

3.2. Characterization and Electrochemical Study

EA was conducted using a Thermo Scientific Flash 2000 (Thermo Fisher, Waltham, MA, USA).
FI-IR spectra were collected using a Perkin-Elmer Spectrometer 100 with a KBr Pellet
(Perkin Elmer Company, Waltham, MA, USA). TGA measurements were carried out using a TA Q200
at a heating rate of 10 °C/min in air (Perkin Elmer Company, Waltham, MA, USA). Raman spectra and
XRD patterns were recorded on a confocal Raman microscope (Alpha 200S, WITec, Ulm, Germany) and a
Rigaku D/MAZX 2500V /PC (Rigaku, Tokyo, Japan), respectively. XPS measurements were made with
a Thermo Fisher K-alpha spectrometer (Thermo Fisher, Waltham, MA, USA). FE-SEM and TEM were
conducted using an FEI Nanonova 230 (FEI, Hillsboro, OR, USA) and a JEOL JEM-2100F microscope
(JEOL, Tokyo, Japan), respectively. The surface area was determined by the Brunauer-Emmett-Teller (BET)
method using a Micromeritics ASAP 2504N (Micromeritics, Norcross, GA, USA). CV measurements were
carried out using a PARSTAT multichannel potentiostat (AMETEK, Berwyn, PA, USA). LSV with a rotating
ring disk electrode (RRDE, glassy carbon disk with a 4 mm diameter and a Pt ring with 5 mm/7 mm
inner/outer diameters) was conducted using an RRDE-3A electrode rotator (BAS Inc., Tokyo, Japan)
connected to a potentiostat. For the preparation of catalyst ink, 3 mg of sample was well dispersed in
a mixed solution of N-methyl-2-pyrrolidone (285 pL) and a 3% Nafion ethanol solution (15 pL) using
sonication. The catalyst loading levels on the GC electrode were adjusted to 0.20 mg/cm?, and the rotating
speeds varied from 625 to 2500 rpm. A typical three-electrode cell was used for the CV and RRDE analyses,
in which a glassy carbon electrode coated with the sample, a platinum wire, and Ag/AgCl (saturated KCl
filled) were used as working, counter, and reference electrodes, respectively. A 0.1 M aqueous solution of
KOH was used as an electrolyte for electrochemical study. N, and O, gases were bubbled into the KOH
solution to produce oxygen-free and oxygen-saturated conditions.

4. Conclusions

We report here a facile synthetic approach to prepare terpyridine-containing imine-rich
graphene (IrGO-Tpy) via an acid-catalyzed dehydration reaction between GO and 4’-(aminophenyl)-
2,2:6/2"-terpyridine. The unique features of IrGO-Tpy, including the incorporation of imine-N and
pyridine-N, and the good structural restoration of the graphene network, were clearly demonstrated
by numerous spectroscopic and microscopic analyses. In addition, Co?" was incorporated into
IrGO-Tpy through terpyridine-meditated complexation, affording the formation of cobalt-nitrogen
co-doped graphene-based material, denoted here as IrGO-Tpy-Co. Owing to their unique structures
and compositions, IrGO-Tpy and IrGO-Tpy-Co exhibited several adventurous ORR features, such as
good selectivity to the 4-electron pathway, superior long-term stability, and excellent tolerance to
methanol crossover. Interestingly, a great enhancement in electrocatalytic ORR performance was observed
for IrGO-Tpy-Co in comparison to that of IrGO-Tpy, implying the significant contribution of the
cobalt-terpyridine complexation in facilitating the ORR. Therefore, the results obtained from this study not
only pave the way for the development of high-performance ORR electrocatalysts but also offer meaningful
insights into the structure—property relationships of metal-nitrogen co-doped graphene-based materials.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/11/338/s1. Figure S1:
XRD diffraction patterns of graphite, GO, and IrGO-Tpy with d-spacing; Figure S2: Peroxide percentages of IrGo-Tpy,
IrGO-Tpy-Co, Pt/C; Table S1: Elemental analyses of graphite, GO, and IrGo-Tpy; Table S2: Elemental compositions of
IrGo-Tpy and IrGO-Tpy-Co; Table S3: Onset potentials and current densities of samples; Table S4: Electron transferred
numbers (1) of all samples from K-L plots and RRDE measurements.
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