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ABSTRACT: Metallopolymer nanowalls were prepared through a simple wet-
chemical process using reduced graphene oxides as heterogeneous nucleation
aids, which also help to form conductive electron paths. The nanowalls grow
vertically on graphene surface with 100 -200 nm in widths and ~20 nm in
thickness. The Fe-based metallopolymer nanowall-based electrode shows best
performance as O, cathode exhibiting high round-trip efliciencies and stable
cycling performance among other transition metal containing metallopolymer
counterparts. The electrode delivers discharge—charge capacities of 1000 mAh/
g for 40 cycles and maintains round-trip efficiencies >78 % at SO mA/g. The 1*-
cycle round-trip efficiencies are 79%, 72%, and 65% at current densities of S0,
200, and 400 mA/g, respectively. The NMR analysis of the Fe-based
metallopolymer based electrode after 40 cycles reveals slow formation of the
side products, CH;CO,Li and HCO,Li.
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1. INTRODUCTION the coordination chemistry between nitrogen atom of pyrrole
Advances in rechargeable Li-ion batteries deliver on the units and the transition metal atoms to form the metal-N
promise of cycle life, safety, and mobility, making them gaining bonds.?®">* Such architectures endow them with excellent
wide acceptance as an ideal energy solution." Great efforts have catalytic activities towards the oxygen related reactions in
been devoted to further improving their electrochemical comparison to the precious metals, making them promising
performances. In recent years, new types of Li-based energy candidates for LOBs application.

systems, especially the Li—O, batteries (LOBs) has moved to
the frontline to meet the increasing-demand in the area of

electric vehicles and portable devices due to their exceptionally . .
high theoretical energy densities.2 ¢ However, LOBs suffers ductivity of the O, electrodes, reduced graphene oxide was

from the sluggish kinetics of the oxygen reduction reaction incorporated as the conductive scaffold of the metallopolymers.
(ORR) and the oxygen evolution reaction (OER) on O, The metallopolymers nanowall arrays with thickness of ~20 nm

In this work, the metallopolymers were synthesized as the

electrocatalysts for LOBs. To enhance the electrical con-
24-30

electrodes during cycling. Other requirements of O, electrodes were grown vertically on the graphene sheets. This unique
include high specific surface area, high electrical conductivity morphology is beneficial for efficient O, diffusion in
and high electrochemical stability, which are beneficial to LOBs'®*"** and to prevent graphene from restacking.
achieve excellent energy storage properties of LOBs. Among all of the as-synthesized samples, the Fe-based

To improve the ORR and OER kinetics, great efforts have
been devoted to exploring efficient electrocatalysts in pursuit of
technological breakthrough. In this regard, precious metals, rare
earth elements based materials and transition metal oxides have
been intensively investigated but their practical applications are
limited by prohibitively high cost, tedious synthesis procedures
and toxicity of the heavy metal-containing compounds.>'”~" Received: January 10, 2014
Alternatively, the metallopolymers that possess metal-N sites Accepted: April 24, 2014
emerged as a new class of efficient electrocatalysts by exploiting Published: April 24, 2014

metallopolymer composite exhibited better catalytic efficiency
and excellent electrochemical stabilities for LOBs, e.g.
delivering discharge/charge capacities of 1000 mAh/g for 40
cycles with energy efficiency (round-trip efficiency) of >78 %.
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Figure 1. (a) SEM image, (b, c) TEM images of Fe-based metallopolymer/reduced graphene oxide. Image c is the magnified area of the red square

in b.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Reduced Graphene Oxide (rGO). Graphite

oxide was prepared by a modified Hummer’s method.** > The
aqueous solution of concentrated H,SO, (12 g), K,S,05 (2.5 g), and
P,0; (2.5 g) was heated to 80°C, followed by the addition of graphite
powder (3 g). The mixture was kept at 80°C for 4.5 h. The preoxidized
product was washed with deionized water and dried in a vacuum oven
for overnight. The graphite powder was then added into concentrated
H,S0, (120 mL) in an ice bath, followed by slow addition of KMnO,
(15 g). After the mixture was kept at 35°C for 2 h, de-ionized water
(250 mL) was put into the mixture and stirred for 2 h. Then de-
ionized water (0.7 L) and 30 % H,0, (20 mL) was added. The
mixture was washed with diluted HCI aqueous solution and de-ionized
water. The product (graphite oxide) was dried in vacuum oven for
overnight.

The graphite oxide (100 mg) was dispersed in de-ionized water
(100 mL) and sonicated for 1 h. An aqueous solution of cetrimonium
bromide (4 mL, 0.5 wt %) and NaBH, (2 g) was added and kept at
100°C for 4 h. The final product was washed dried in vacuum oven.

2.2. Synthesis of Polypyrrole/rGO. An aqueous solution of rGO
(100 mL, 1 mg/mL) was prepared and mixed with pyrrole (20 mg). 10
% H,0, (100 uL) was added into the solution and stirred at room
temperature for 3 h. Then the product was washed with de-ionized
water and dried in vacuum.

2.3. Synthesis of Fe-Based Metallopolymer/rGO (FMG). The
polypyrrole/rGO composite (45 mg) was mixed with de-ionized water
(10 mL) and heated under reflux for 30 min. Fe(NO;); (24.7 mg in
250uL de-ionized water) was added into the solution and kept at 80°C
for 30 min, followed by the addition of the aqueous solution (12.5
mL) of NaBH, (130 mg) and NaOH (9.2 mg), which was heated to
80°C beforehand. Then the mixture was kept at 80 °C for 30 min. The
product was washed and dried in vacuum. The amount of Fe in the
composite can be calculated to be ~82 wt % by the weight of the
composite. Besides, the contents of polypyrrole and reduced graphene
oxide are calculated to be ~15.3 and ~76.5 wt %, respectively.

In the synthesis of Co-based metallopolymer/rGO (CMG) and
Mn-based metallopolymer/rGO(MMG), Co(NOs),, and Mn(NO;),
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(24.7 mg in 250uL of deionized water) were used to replace
Fe(NOs;),, respectively.

2.4, Materials Characterization. The morphological information
on the samples was collected using field-emission scanning electron
microscopy (FESEM) (JEOL, model JSM-7600F) and transmission
electron microscopy (TEM) (JEOL, Model JEM 2100). The crystal
information was examined on powder X-ray diffraction (XRD)
(Shimadzu XRD-6000 X-ray diffractometer with Cu Ke irradiation
with 2 = 1.5406 A). Raman spectroscopy was performed on WITec
CRM 200 with 488 nm wavelength and the spot size was 0.5 mm. The
nuclear magnetic resonance (NMR) analysis was carried out on a
Bruker 300 NMR spectrometer.

2.5. Electrochemical Characterization. For oxygen reduction
reaction tests, Pt foil and HgO/Hg (6M KOH) were used as counter
and reference electrode. A glassy carbon electrode with S mm diameter
was used as the working electrode. The sample was prepared by
mixing catalyst dispersion with 0.05 wt % Nafion solution, and
dropping the mixture to the glassy carbon electrode.

For Li—O, battery tests, the electrodes slurry was prepared by
mixing the samples (90 wt %) and poly(vinylidene fluoride) (10 wt %)
in N-methyl-2-pyrrolidone. After stirring for 1 day, the slurry was
coated onto microfiber filter paper (Whatman GF/D) and dried in a
vacuum oven for overnight. In a typical LOB cell, Li metal foil was
used as the counter and reference electrode. A microfiber filter paper
(Whatman GF/D) was applied as the separator and 1 M LiCF;SO; in
tetra(ethylene) glycol dimethyl ether (TEGDME) as the electrolytes.
The construction of the Li—O, cells is the same as a previous work."”
The electrochemical properties of the samples were studied using
NEWARE system. All discharge/charge capacities are calculated on
the total weight of the composites.

3. RESULTS AND DISCUSSION

The schematic representation of metallopolymer structure
shows the linkage between the transition metal atoms and the
nitrogen atoms in pyrrole units (see the Supporting
Information, Figure $1).>* Prior to the microscopy character-
ization, the transmission electron microscope (TEM) electron

dx.doi.org/10.1021/am500158s | ACS Appl. Mater. Interfaces 2014, 6, 7164—7170



ACS Applied Materials & Interfaces

Research Article

beam radiation is used to exam the exact location of the
metallopolymers (see the Supporting Information, Figure S2a,
b). It demonstrates that the poor stability of the metal-
lopolymers induce their transformation from the nanowalls to
the nanoparticles after the high energy radiation.*® The
scanning electron microscope (SEM) image (Figure la) and
the TEM image (Figure 1b) show that the Fe-based
metallopolymer nanowalls with 100—200 nm widths grow
vertically on the graphene surface. The high-magnification
TEM image (Figure 1c) reveals that the thickness of the Fe-
based metallopolymer nanowalls is ~20 nm. The crystal
information on the composites is examined by X-ray diffraction
patterns (see the Supporting Information, Figure S3). The
peaks at ~26 and ~43° can be indexed to the (002) and (100)
crystal planes of graphene, respectively. No peaks correspond-
ing to crystalline impurities are detected.

To study the metal-N sites with different metal species, Co-
based metallopolymer/rGO (CMG) and Mn-based metal-
lopolymer/rGO (MMG) are also prepared. The SEM images
(see the Supporting Information, Figure S4a, b) show that Co-
based and Mn-based metallopolymer nanowalls with widths of
200—300 nm are vertically attached on graphene. Similar
morphology of FMG, CMG, and MMG hints the growth of
metallopolymers is independent of the metal species.

From the Raman spectra shown in Figure 2, typical peaks
corresponding to the D and G band of graphene-based
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Figure 2. Raman spectra of (a) graphene oxide, (b) reduced graphene
oxide, and (c) Fe-based metallopolymer/reduced graphene oxide.

materials appear at around 1365 and 1580 cm™’, respectively

for graphene oxide (GO), rGO, and FMG. Typically, two broad
peaks at ~1200 and ~1510 cm™' are associated with the
integrated five-member rings or heteroatoms in the graphene
structures.”’ The intensities of these two broad peaks at ~1200
and ~1510 cm™" are increased for FMG. This characteristic is
manifested in the Raman spectrum of FMG, indicating the
successful incorporation of the metallopolymers into the
graphene structures. Besides, according to the previous studies,
the intensity ratios of the D band and the G band, Ip/Ig,
reflects the defect level of graphene-based materials.”” Here, the
I,/1; values for GO, rGO and FMG are 1.0, 1.1 and 1.1,
respectively, in which the reduction of process has imposed
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higher defect level in rGO and FMG as compared to GO. The
Ip/Ig of rGO and FMG is slightlgr higher than that of GO
because of the reduction process.>> The X-ray photoelectron
spectroscopy (XPS) is performed to investigate the valence
state of the major elements in FMG (Figure 3a and b). Peaks of
the Fe 2p;/, and Fe 2p,/, locates at 711.5 and 724.8 eV,
respectively, with a satellite peak at ~719.3 eV, indicating the
presence of Fe**.** Fe’" is also detected in the FMG composite
as evidenced by the peaks of the Fe 2p;/, at 713.6 eV and the
Fe 2p,,, at 727.4 €V, respectively.®® It is consistent with the
previous study which shows that Fe** and Fe** normally coexist
in such composite.”” The presence of N is confirmed by XPS,
in which the peak at 400.1 eV in the N 1s spectra corresponds
to the pyrrolic N (Figure 3b).** On the other hand, the Fe-
based metallopolymer without rGO is also prepared and
examined (see the Supporting Information, Figure SSa and b).
The X-ray diffraction patterns of Fe-based metallopolymer
show no peaks. The XPS results confirm the presence of Fe’"
and Fe**, which is similar to FMG. The BET analysis (see the
Supporting Information, Figure S6) indicates the specific
surface area of FMG is ~131 m® ¢! and the average pore
diameters of FMG is ~2.3 nm.

Prior to the LOB test, the catalytic activities of CMG, MMG
and FMG are examined by rotating-disk setup (see the
Supporting Information, Figure S7). The onset potential of
the FMG electrode (~0.04 V vs. HgO/Hg) is higher than the
CMG (~ -0.08 V vs. HgO/Hg) and the MMG (~ —0.06 V vs.
HgO/Hg), indicating the stronger catalytic activity of the FMG.
Furthermore, the electrochemical performance of the FMG
composites is investigated in LOBs at various current densities
(Figure 4). In a typical discharge process of LOBs, O, is
reduced and reacts with Li ions to form Li,O, at a standard
potential of ~3 V (vs. Li), which is then reversibly oxidized and
releases O, during the charge process with high overpotentials
(above 4 V vs. Li). It is noticed that the open circuit voltage
(OCV) of Li—0, cells is higher than the theoretical values (~3
V), reflecting a mixed potential effect due to the interaction
between Li ions in the electrolytes and O,. The underlying
reason for significant increase in the electrochemical potential
as well as the OCV could be attributed to the enhanced activity
of O, in the presence of catalysts. The OCV reflects a mixed
potential effect due to the interaction between Li ions in the
electrolytes and O,.* The activity of O, is enhanced by the
catalysts in the electrodes and so the actual electrochemical
potential of the electrodes is increased as well as the OCV.”*°
The round-trip efficiencies, defined as the ratio between the
discharge energy and the charge energy, are introduced to
evaluate the catalytic effect of the electrodes. The specific
discharge—charge capacities of the samples are limited to 1000
mAh/g. The 1*-cycle round-trip efficiencies of the FMG
electrodes at current densities of 50, 200, and 400 mA/g are 79,
72, and 65%, respectively. In comparison, the first=cycle round-
trip efficiencies of the CMG and MMG electrodes (see the
Supporting Information, Figure S8) at 200 mA/g are 67 and
65%, respectively. Therefore, it is concluded that FMG exhibits
higher catalytic activities than CMG and MMG. In addition, the
round-trip efficiencies of the FMG electrodes are also higher
than some of the reported oxygen cathodes, including
mesoporous NiCo,O, nanoflakes,” porous Lag;sSro,sMnO;
nanotubes,'® and CoMn,0O, nanoparticles.** On the other
hand, the FMG electrodes deliver discharge voltages of ~2.7 V
and charge voltages of ~3.5 V for 40 cycles at SO mA/g (Figure
4a). The low charge voltages of the FMG are beneficial to
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Figure 3. X-ray photoelectron spectra of the Fe-based metallopolymer/reduced graphene oxide: (a) Fe 2p and (b) N 1s spectra.
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Figure 4. Electrochemical performance of Fe-based metallopolymer/reduced graphene oxide electrodes for Li—O, batteries at (a) 50, (b) 200, and

(c) 400 mA/g.

suppress the formation of the side products.*> Moreover, after
40 cycles, the discharge voltages at 200 mA/g are ~2.65 V and
the charge voltages are ~3.8 V with a round-trip efficiency of 72
% (Figure 4b), whereas the values at 400 mA/g are ~2.6 V,
~4.1'V, and 65%, respectively (Figure 4c). Such a stable cycling
performance under high current densities reveals the superior
cathode performance of the FMG electrodes.

To investigate the products after the charge—discharge
process, we performed nuclear magnetic resonance (NMR)
analysis on the electrodes after 40 cycles (Figure S). The peaks
at 3.3 and 3.6 ppm are generated by TEGDME and the peak at
4.7 ppm corresponds to D,O. The peaks at 1.8 and 8.3 ppm
reveal the presence of CH;CO,Li and HCO,Li, respectively.**
These two compounds are the side products formed during the
cycling process, which can decrease the electrical conductivity
and impair the electrochemical properties of the O, electrodes.
To study the side products quantitatively, equal amounts of
D,0 and electrode material of different samples are used in the
NMR test. The intensity ratios between the side products and
the D,O (Icpsconisncoan/Inso) are compared to estimate the
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contents of the side products generated on the electrodes. The
values of Icysconrisrcoasi/ Inao are 0.005, 0.003, and 0.001 for
the CMG, the MMG and the FMG electrodes, respectively.
Therefore, the FGM shows the slowest formation rate of the
side products.

The morphologies of the discharged products are also
examined. The electrodes discharged to 1000 mAh/g are
washed with TEGDME and are handled with care to avoid
prolonged exposure to the air. The discharged CMG and MMG
show thick and smooth coating layer on the surface of the
electrodes (see the Supporting Information, Figure S9a, b). In
comparison, the surface of the discharged FMG electrode is
rough with numerous bumps (see the Supporting Information,
Figure S9c). The formation of the bumps on top of the Fe-
based metallopolymer nanowalls may be due to the high
catalytic activity of FMG, which induces faster growth of the
discharge products near the Fe-based metallopolymer nano-
walls (see the Supporting Information, Figure S10a). On the
contrary, the growth rates of the discharge products near or far
away from the Co-based metallopolymer and Mn-based
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Figure 5. "H NMR spectra of (a, b) Co-based metallopolymer/rGO, (c, d) Mn-based metallopolymer/rGO, and (e, f) Fe-based metallopolymer/

rGO after 40 cycles. b, d, and f are the magnified spectra.

metallopolymer nanowalls do not show much difference
because of their moderate catalytic activities (see the
Supporting Information, Figure S10b). Hence no obvious
bumps are formed on the surface of CMG and MMG. Besides,
the rough surface of the discharge products on the FMG
electrode increases the contact area of the discharged electrode
with the electrolytes and thereby could further facilitate the
subsequent charging process.

4. CONCLUSIONS

In conclusion, we have synthesized different metallopolymer
nanocomposites as O, electrodes for LOBs. The samples show
interesting morphology as nanowalls grow vertically on the
graphene surface, which is beneficial to achieve good
performance as O, electrodes. The as-prepared Fe-based
metallopolymer sample exhibits better round-trip efficiencies
and cycling performance. It can repeatedly deliver discharge—
charge capacities of 1000 mAh/g for 40 cycles and maintain
round-trip efficiencies >78%. It also shows high first-cycle
round-trip efficiencies of 79, 72, and 65% at current densities of
50, 200, and 400 mA/g, respectively.
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TEM image and XRD patterns of Fe-based metallopolymer/
rGO, SEM images and electrochemical performance of Co-
based metallopolymer/rGO and Mn-based metallopolymer/
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