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Abstract

Advanced electrical energy storage systems play a vital role in efficient use of electricity in micro-
grids or smart-grids to bridge the gaps between demand and supply, especially for renewable energy
sources of intermittent and cyclic nature (e.g., solar, wind, and geothermal energy). In the
transportation sector, the transition from the current hybrid electric vehicles to all-electric vehicles
hinges critically on the development of electrical energy storage systems with dramatically improved
energy and power density, durability, and reduced cost. Therefore, new electrochemical systems with
higher energy density are being sought, and metal-air batteries with conversion chemistry have the
greatest potential to offer the highest energy density and to meet the ever-increasing demands for
clean and secure energy. However, the commercialization of metal-air batteries depends critically on
the creation of novel air-breathing electrodes with much higher levels of functionality and
performance. For example, efficient catalysts for oxygen reduction reaction (ORR) at the air-electrode
are yet to be developed to significantly reduce the polarization loss in metal-air batteries. In this thesis,
| started with a brief overview of the critical issues relevant to overall zinc-air batteries in chapter 1
and then discussed fundamental aspects of ORR and highlight some recent advancement in the
development of non-precious catalysts for ORR in zinc-air batteries, including transition metal oxides,
low-dimensional carbon-based structures, and other catalysts in chapter 2. Finally, | introduced my
research papers studying electrocatalysts for ORR in alkaline solutions in the rest chapters.
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List of figures

Figure 1-1. Theoretical and practical energy densities of various types of rechargeable battery. Note
that the theoretical specific energy density (€M= -nFE/XM, where F is the Faraday constant, E is the
reaction potential and M is the molar mass of reactants) is calculated excluding O, for metal-air
batteries."

Figure 1-2. Working principle and each electrode reaction of zinc-air battery. Note the red circle
where three phase reaction (oxygen (gas), catalysts (solid) and electrolyte (liquid)) occur in air

cathode.

Figure 1-3. a) Schematic representation indicating that the potential of an electrode is independent of
its composition, and thus of the state of charge, if the residual value of the degree of freedom is zero.)
b) Schematic representation of the variation of the electrical potential as a function of the overall

composition when the residual value of F is not zero.?
Figure 1-4. Pourbaix diagram for zinc at 25°C and [Zn(aq)]w: = 10° molal .

Figure 1-5. Strategy for designing more efficient electrocatalysts of unique architecture to facilitate
higher cativity for oxygen reduction reaction (ORR) and rapid transport of electroactive species
through the porous electro-catalysts in an alkaline solution. In addition to high catalytic activity and
sufficient electronic conductivity, an efficient electrode architecture must allow fast transfer of other
reactants (such as oxygen molecules) to and the reaction products (such as hydroxide ions) away from

the catalytically active sites for ORR to minimize electrode polarization.*

Figure 2-1. General reaction scheme for O, reduction in alkaline solutions. k; is the overall rate
constant for the ith step. The subscripts sa, a, b, and * denote strongly adsorbed, weakly adsorbed,

bulk, and vicinity of the electrode, respectively.’

Figure 2-2. (a) Different configurations of O, adsorption on catalyst surfaces: on top end-on, bridge
end-on, bridge side-on one site, and bridge side-on two sites, from left to right. Simplified
electrochemical catalysis process of the ORR on metal surfaces in the case of (b) end-on O,
adsorption, and (c) bidentate O, adsorption, corresponding to the 2e reduction (with generated
peroxide species) and the direct 4e reduction, respectively. (d) One of the proposed catalytic ORR

pathways at a metal oxide/alkaline electrolyte interface.’

viii



Figure 2-3. Typical discharge curve of a battery, showing the influence of the various types of

polarization.’

Figure 2-4. (a) Schematic description of RDE and RRDE (b) possible reaction at RRDE during ORR
in alkaline electrolyte.

Figure 2-5. (a) Significantly reduced diffusion layer resulting from artificial convection under
rotating condition and (b) Schematic representation of the RDE and RRDE, and of the possible
reactions that takes place at the RRDE during ORR.

Figure 2-6. Schematic illustration of the Tafel plot of log| i [against overpotential (1) for the anodic

and cathodic reactions of an electrode.®

Figure 2-7. Brief history of ORR catalysts for (a) non-precious metal and metal-free catalysts and (b)

Pt-based metal catalysts.’

Figure 2-8. a) SEM and b) TEM images of MnOx/CNTs composite. ¢) Linear sweep voltammograms
of MnOx composite and commercial Pt catalyst at a rotation speed of 1600 rpm and a scan rate of 10
mV s, in an O,-saturated 0.1 M KOH solution. d) Polarization curves of Zn-air batteries with

MnOx/CNTs composite, commercial cathode, and commercial Pt catalysts, respectively.

Figure 2-9. a) Wolcano trend of ORR activity for perovskite-based oxides. b) the proposed ORR

mechanism on perovskite oxide catalysts.™

Figure 2-10. Fabrication of graphene-based carbon nitride (G—-CN) and CN nanosheets for ORR.

Reproduced with permission.™

Figure 3-1. (a) Schematic representation of the functionalization of the surface of graphene oxide and
subsequent formation of nanoparticles. (b) Diagram of a Zn—air battery cell with a photograph of the

actual cell tested.

Figure 3-2. Deconvoluted high-resolution C1s XPS spectra of samples in this study. (a) GO, (b) GO-
IL, (c) rGO-IL, and (d) rGO-IL/Mn304 (10:1).

Figure 3-3. Deconvoluted high-resolution N1s XPS spectra of samples in this study. (a) GO, (b) rGO-
IL and (c) rGO-IL/Mn30, (10:1).



Figure 3-4. (a) SEM and (b) TEM images of rGO-IL/Mn;O, composites with size distribution of
Mn;O,4 nanoparticles. (c) HR-TEM image of Mn;O, nanoparticles with the inset of the corresponding
SAED pattern and (d, e, f) STEM and the EDX elemental mapping images of hybrid rGO—IL/Mn;0,
(10 : 1) composites.

Figure 3-5. (a,b) High-magnification SEM images and (c) TEM image of rGO-IL/Mn;O, (2:1)
composites with size-distribution of Mn;O,4 nanoparticles. (d) HRTEM image of Mn;O,4 nanoparticles
and the inset is the corresponding SAED pattern and (e) Elemental mapping image of hybrid rGO-IL/
Mn;0, (2:1).

Figure 3-6. X-ray diffraction pattern of prepared hybrid rGO-IL/Mn;O, (2:1) with the reference
Mn;0O, diffraction pattern.

Figure 3-7. X-ray diffraction pattern of all samples used in this study.

Figure 3-8. Rotating disk electrode (RDE) experiments of various samples prepared in this study. (a)
Half-cell data and (b) comparison of the onset potential and limiting current of each sample of GO,
GO-IL, rGO-IL, rGO-IL/Mn304 (2 : 1), and rGO-IL/Mn3O,4 (10 : 1). The rotation rate is 3200 rpm
and the scan rate is 10 mV s™; 0.10 M KOH is used as an electrolyte. Pt wire and Hg/HgO are used as
counter and reference electrodes with a 3 mm diameter working electrode, respectively. Onset

potential was measured at -0.002 mA and limiting current was measured at -0.45 V.

Figure 3-9. TGA thermograms of all samples used in this study. rGO-IL/Mn30,4 (2:1) and rGO-IL/
Mn3O, (10:1) show the relative percentage of Mn3;O, within the composite is 52.5% and 19.2%,

respectively. The thermograms were obtained at a scan rate of 10 °C/min under air.

Figure 3-10. Half-cell data of rGO-IL/Mn;0O,4 samples with different Mn contents expressed by the
normalization with the Mn content. Rotating disk electrode (RDE) experiments were conducted with
the rotation rate 3200 rpm and the scan rate 10 mV/sec; 0.10 M KOH is used as an electrolyte. Pt wire
and Hg/HgO is used as a counter and reference electrode with a 3-mm diameter working electrode,

respectively.

Figure 3-11. RDE experiments and the corresponding Koutecky—Levich plots of (a, b) rGO-
IL/Mn3O, (2 : 1) and (c, d) rGO-IL/Mn3O,4 (10 : 1). The experiments were conducted at a scan rate of

10 mV s in an O,-saturated 0.10M KOH solution. Theoretical slopes for n = 2 and 4 are also
X



constructed for comparison.

Figure 3-12. Schematic representation of the potential pathway of electrons during oxygen reduction
reaction on the surface of rGO-IL/Mn30O, electrocatalysts.

Figure 3-13. Single cell performance of the Zn—air battery assembled with hybrid rGO-IL/Mn304
electrocatalysts compared with 20% Pt/C and commercial cathode materials. (a) Polarization curve of
zinc-air cell and (b) corresponding power density plot of (black) rGO-IL/Mn;O, (2 : 1), (red) rGO—
IL/Mn30O4 (10 : 1), (blue) 20% Pt/C, and (green) commercial cathode (MEET) under the current
density from 0 to 200 mA cm™.

Figure 4-1. Schematic rates in general metal-air battery (also applied to Zinc-air battery).

Figure 4-2. (a) Schematic description of amorphous MnOXx particles (a-MnOx) and nanowires on
ketjenblack composite (a-MnOx NWs on KB) (b) X-ray diffraction patterns of amorphous MnOXx
particle, ketjenblack (KB), and amorphous MnOx nanowires on Ketjenblack composites. TEM images
of (c) pristine ketjenblack and (d) amorphous MnOx nanowires on Ketjenblack composites, and (e)
magnified TEM image of (d).

Figure 4-3. TEM images of amorphous MnOx nanowires on Ketjenblack and the corresponding
EDAX spectra.

Figure 4-4. SEM image of as-prepared amorphous manganese oxides particles (A) and the

corresponding EDS spectrum (B).

Figure 4-5. Rotating disk electrode (RDE) experiments of Mnz;O,4, amorphous MnOx particle (a-
MnOx), ketjenblack (KB), amorphous MnOx nanowires on ketjenblack composites (a-MnOx NWSs on
KB), and 20% Pt on Vulcan XC-72 (E-tek) under oxygen saturation condition at 3200 rpm; scan rate
was 10mV/sec; 0.10 M KOH was used as an electrolyte. Pt wire and Hg/HgO was used as a counter
and reference electrode with a 3-mm diameter working electrode, respectively. Onset potential (red

color) was measured at -0.002 mA and limiting current (blue color) was measured at -0.45 V.

Figure 4-6. X-ray diffraction patterns of amorphous MnOx particles synthesized at 80°C and
asprepared Mn;0O, at 160°C with the reference Mns;O, diffraction pattern (JCPDS #: 80-0382).

Figure 4-7. Possible configuration of oxygen molecule interaction with a metal: 1) Griffith, 2)
Xi



Pauling, and 3) Yeager’s model.

Figure 4-8. (a) A schematic of a zinc-air battery, (b) polarization and (c, d) discharge curve at 200 and
250 mA/cm?, respectively, of zinc-air full cells with different air electrodes: amorphous MnOx
nanowires on ketjenblack composites and 20% Pt on Vulcan XC-72 (E-tek). A commercial air
electrode (Meet) was used for comparison.

Figure 5-1. (a) Architectural features of tetrapod structures to minimize damage caused by a tsunami
at a coast, commercially available melamine foam (inset), and an cross-sectional view (SEM image)
of a fractured melamine foam after pyrolysis at 800°C in Ar for 2hr. It is noted that the interconnected
large pores may facilitate fast mass transport. (b) Schematic scheme for the synthesis of Fe/FesC

functionalized melamine foam infiltrated with N-doped ketjenblack (KB). (1) Melamine foam was

soaked with FeCl,-4H,0 solution. (2) Adding Ketjenblack EC-600JD and dry. (3) Heat treatment in

Ar atmosphere for 2 hours at 800, 900, and 1000°C. (4) Acid leaching with 2M H,SO,.

Figure 5-2. SEM images of (A) commercial ketjenblack carbon and (B) melamine foam pyrolyzed at
800°C under Argon.

Figure 5-3. (a) Steady-state RRDE experiments of (1) ketjenblack EC-600JD, (2) carbonized
melamine foam, (3) Fe/FesC-melamine+ KB mixture, (4) Fe/FesC-melamine/N-KB composite
catalyst, (5) 9.55ugpdcm?, and (6) 28.6pge/cm?, respectively, in O, saturated 0.1M KOH at 2000rpm.
Non-precious metal catalysts loading are 0.286mg../cm* and the Fe/Fe,C-melamine was prepared at
800°C under Ar (denoted as Ar-800). Ring current (top) and disk (bottom) current density were
separated for convenience. (b) Peroxide yields (%) (top) and the number of transferred electrons (n)

(bottom) of as-prepared samples.

Figure 5-4. A) XPS high resolution N 1s and (B) Steady-state LSV curve of Ketjenblack EC-600JD
(KB) and N-doped KB, in O, saturated 0.1M KOH at 2000rpm. The catalyst loading was
0.286MQc./cm?.

Figure 5-5. (a) chronoamperometric response with 10% (W/W) methanol (b) chronoamperometric
response of Fe/Fe;C-melamine/N-KB (Ar-800) and 20% Pt/C in O,-saturated 0.1M KOH solution at -
0.2V (vs Hg/HgO) and 1600 rpm. 10% (W/W). Methanol was injected into electrolyte at 150 sec and
both catalysts loading density were 85ug/cm®. Before both tests, linear sweep voltammetry was

performed in the voltage range from 0.15V to -0.7V (vs Hg/HgO) for 4 times under the same above

Xii



conditions. Data of (A) was constructed by adding each cycle data. 1 cycle was maintained for 300
sec and 4 cycles were tested under the same conditions.

Figure 5-6. (a) Current-voltage and (b) power-voltage curves of Zn-air cells with as-prepared
composite Fe/Fe;C-melamine/N-KB (Ar-800) and 20% Pt/C catalysts. Gad diffusion layer without
any catalysts was used as the baseline air-electrode for comparison. Catalysts loading density of
Fe/Fe,C-melamine/N-KB  (Ar-800) and 20% Pt/C were 0.212mg./cm’® and 28.2uge/cm?
(0.141mgc./cm?), respectively.

Figure 5-7. (a) X-ray diffraction patterns of a Fe/Fe;C-melamine/N-KB (Ar-800) sample. (b) an SEM
image of ground melamine foam structures after carbonization, (c) an SEM image of Fe/FesC-

melamine/N-KB (Ar-800) sample, and (d) a higher magnification of the image of (c).

Figure 5-8. A) X-ray diffraction patterns and (B) Raman spectra of the composite Fe/Fe;C-
melamine/N-KB samples paralyzed at different temperatures (Ar-800, 900, and 1000°C).

Figure 5-9. (A) A typical SEM image of a composite Fe/FesC-melamine/N-KB (Ar-800) and (B) the
corresponding Energy-dispersive X-ray spectrum (EDS) (Fe peaks at about 0.71 and 6.39 KeV).
Further, in energy-dispersive X-ray spectroscopy (EDS), the Ar-800 sample was composed of 75.1
wt. % carbon, 14.2 wt. % nitrogen, 4.99 wt. % oxygen, 3.30 wt. % iron, and 2.30 wt. % sulfur,
respectively. The sulfur was originated from bisulfite group of the commercial melamine foam,

formaldehyde-melamine-sodium bisulfite copolymer.

Figure 5-10. A) A magnified SEM image of a composite Fe/FesC-melamine/N-KB (Ar-800), (B)
Typical TEM image of Ar-800, (C) a magnified TEM image of (B), and (D) corresponding HR-TEM
image of Ar-800.

Figure 5-11. Dependence of ORR activity on pyrolysis temperature and chemical composition of the
composite Fe/FesC-melamine/N-KB ORR catalyst. (a) Steady-state LSV curves of composite
Fe/FesC-melamine/N-KB samples pyrolyzed at different temperatures: 800°C (Ar-800), 900°C (Ar-
900), and 1000°C (Ar-1000), as compared to that for19.1pgp/cm? catalyst, tested in O, saturated 0.1M
KOH at 2000 rpm. Non-precious metal catalysts loading are 0.286mg../cm?. (b) XPS survey and high
resolution (c) N 1s, (d) S 2p, (e) C 1s, and () O 1s spectra, respectively, of as-prepared samples.

Figure 5-12. Cyclic voltammograms of the composite Fe/Fe;C-melamine/N-KB (Ar-800) coated on a

glassy carbon electrode tested in Ar saturated 0.1M KOH solution at different potential scan rates.
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This result is consistent with the physical characterization of our catalysts: they are composed of iron

metal and iron carbide, not iron oxides.

Figure 6-1. Schematic representation of a randomly stacked 3D hybrid structure of polyelectrolyte
functionalized multiwalled carbon nanotubes (pPMWNTSs) with reduced graphene oxide (rGO)
nanosheets.

Figure 6-2. High-resolution C 1s XPS spectra of all samples used in the study. (a) GO, (b) pMWNT,
(c) rGO/pPMWNT(0.5:1), and (d) rGO.

Figure 6-3. FT-IR spectra of rGO, pMWNT, rGO/pMWNT(0.5:1), and pure PDAC. All peaks are

assigned with the data of previous literature.

Figure 6-4. High-resolution N 1s XPS spectra of all samples used in the study. Negative shift of N 1s
peak from 402 eV (pure PDAC) to 401.5 eV (pPMWNT) can be attributed to intermolecular charge-

transfer of quaternary ammonium nitrogen.

Figure 6-5. (2) Raman spectra of all samples used in the study, (b) ratio of Ip/lg, (¢) D-band shift, and
(d) G-band shift of all samples. The Ip/lg ratio increased from 1.14 in pMWNT to 1.35 in
rGO/pMWNT(0.5:1) and even to 1.49 in rGO/pMWNT(10:1), indicating the disordered graphitic
structures of hybrid electrocatalysts upon introduction of rGO into pMWNT. The Ip/lg ratio was
measured at least 5 different points of each sample. Up-shift of G bands from 1594.2 cm-1 in
PMWNT to 1588.6 cm™ in rGO/pMWNT(10:1) illustrated the charge transfer between rGO and
PMWNT.

Figure 6-6. Photograph of each suspension prepared in this study at a concentration of 0.50 mg/mL.

The stability of the suspension remained over 8 months.

Figure 6-7. Representative (a) SEM and (b) TEM images of rGO/pMWNT(0.5:1). (c—e) Contact
angle images of a water droplet on (c) pMWNT, (d) rGO/pMWNT(0.5:1), and (e) rGO films.

Figure 6-8. (a) Average number of electrons (n,g) transferred per O, molecule at different
rGO/pMWNT ratios, measured at -0.4, -0.5, and -0.6 V using the Koutecky—Levich plot. A
comparison with control sets of pMWNTSs and rGO is also presented. (b—e) Steady-state RRDE
experiments of pMWNTS, rGO, hybrid rGO/pMWNT(0.5:1) and Pt/C, respectively, in O,-saturated

0.1 M KOH at 2000 rpm. (b) Disk current density and (c) ring current were separated for convenience.
Xiv



(d) Peroxide yields (%) and (e) the number of electrons (n) transferred from as-prepared samples. (f)
CV curves of pMWNTSs, rGO, and hybrid rGO/pMWNT(0.5:1) in N»- and O,-saturated 0.1Maqueous
KOH electrolyte solution at a scan rate of 50 mV s™.

Figure 6-9. Linear sweep voltammetry (LSV) curves of (a) pPMWNT, (b) rGO/pMWNT(0.5:1), (c)
rGO/pMWNT(1:1), (d) rGO/pMWNT(2:1), (e) rtGO/pMWNT(5:1), (f) rGO/pMWNT(10:1), and (g)
rGO measured in O,-saturated 0.1 M KOH solution.

Figure 6-10. Current-time (i-t) chronoamperometric response of rGO/pMWNT(0.5:1) in O,-saturated
0.1 M KOH at -0.4 V (vs. SCE). 3 M of methanol was added at about 300 s to show crossover effect

does not occur.

Figure 6-11. The chronoamperometric durability response for 20000 s verified that the
rGO/pMWNT(0.5:1) composite exhibited a very slow attenuation with high current retention of 619%,
a value which is higher than that of Pt/C in the O,-saturated 0.1 M KOH solution at -0.25 V (vs. SCE).

Electrode rotation rate: 1600 rpm.

Figure 7-1. Schematic view of the synthesis of Ketjenblack incorporated nitrogen doped irregular
stacked carbon sheets. (a) Mixing Ketjenblack with gelatin solution via simple aqueous solution, and
(b) Pyrolysis at high temperature above 800°C under inert atmosphere. Note that as-prepared catalysts

yields are above 50 wt % and large scale synthesis is possible.

Figure 7-2. Pictures for synthetic process of GK-series. (a) Gelatin solution, (b) Gelatine-Ketjenblack

jelly, (c) After pyrolysis process at 900 C, GK-900 catalyst on weighing machine.

Figure 7-3. Physical morphology of nitrogen-doped gelatin with Ketjenblack carbon composites
(GK). TEM images of GK composites (a), Ketjenblack nanoparticles (b), carbonized gelatin (c) and
respective magnified images of a, b, and ¢ (d, e, and f), respectively. Inset is FFT of (d). Scale bars for

(a-c) and (d-f) are 100 nm and 5 nm, respectively.

Figure 7-4. XRD data of GKs samples.

Figure 7-5. Chemical state of nitrogen species in GKs catalysts using XPS analysis. (a) N1s XPS
analysis of GK-900. Labeled pyridinic nitrogen as (N-6), pyrrolic as (N-5), quarternary as (N-Q), and

oxidized nitrogen as (N-X), (b) Overall nitrogen contents and (c) the ratio of Quarternary N to

XV



Pyridinic N depends on pyrolysis temperature.
Figure 7-6. (a) XPS high resolution spectrums of C1s and (b) Raman data of GKs samples.

Figure 7-7. Electrochemical characterization for GKs catalysts. (a) Steady-state RRDE experiments
of GKs (0.238mg.x/cm?) and Pt/C 20% (47.6ugy/cm’) in O,-saturated 0.1M KOH at 1600 rpm and
10mV/s scan rate. (b) The number of transferred electrons (n) of GKs, physically mixture of gelatin
and KB, and Pt/C catalysts. (c), (d) Zn-air full cell discharge curve for discharge current density at

50mA/cm? and 25mA/cm?, respectively.
Figure 7-8. Calculated peroxide yields (H,O") of GKs samples.

Figure 7-9. (a) Current-voltage and (b) power-current curves of Zn-air cells with GK-900, 20% Pt/C

catalysts and air electrode without any catalyst.

Figure 7-10. Chronoamperometric response of (a) GK-900 and 20% Pt/C in O,-saturated 0.1M KOH
solution at -0.2 V (vs Hg/HgO) at 1600 rpm each. (b) CV curves at initial and after 1000 cycle at 50
mV/s of scan rate in O,-saturated 0.1M KOH solution.

Figure 7-11. Chronoamperometric response of 10% (w/w) methanol of GK-900 and 20% Pt/C in O,-
saturated 0.1M KOH solution at -0.2 V (vs Hg/HgO) at 1600 rpm and 10mV/s scan rate.
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Chapter 1. Electrochemical energy storage and conversion devices

Note: This chapter is partially and totally adapted with permission from “Metal-Air Batteries with
High Energy Density: Li—Air versus Zn-Air”, Advanced Energy Materials, 2011, 1(1), pp 34-50.
Copyright © 2011 John Wiley & Sons, Inc.

1.1 Background

Fluctuation of oil prices and the effects of global warming have forced us to look for
alternative energy storage and conversion systems, such as the smart grid. In addition, portable
electronic equipment and devices have been developing at a rapid pace, and this progress demands
ever-increasing energy and power density in power sources. Due to their energy density, which is
higher than that of previous power sources such as Ni-MH batteries, lithium-ion batteries are being
considered in the hope of being able to meet these demands. However, the maximum energy density
of current lithium-ion batteries is limited owing to electrode materials having intercalation chemistry,
and thus such batteries are not satisfactory for the practical application of electric vehicles. Therefore,
metal-air batteries have attracted much attention as possible alternatives, because their energy density
is extremely high compared to that of other rechargeable batteries, as shown in Figure 1-1.

12000 o Theoretical specific energy (Wh/kg)
10000 ' _
» Practical specific energy (Wh/kg)
8000
6000
4000
2000 ,
O O Q> R N $
6\?9\ é\\C,v e\\@ \.},\0 4}\,‘? \‘,\,‘?
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Figure 1-1. Theoretical and practical energy densities of various types of rechargeable battery. Note
that the theoretical specific energy density (eM= -nFE/XM, where F is the Faraday constant, E is the
reaction potential and M is the molar mass of reactants) is calculated excluding O, for metal-air

batteries.! 1



For example, theoretical specific energy can be calculated with the following equation, where the

denominator is the summation of the molecular weights of the reactants.'’
: - Wh
Theoretical specific energy (K—g) = —AG(=nFE)/ Z Mw

Therefore, it is possible to maximize the theoretical specific energy by having a large negative value
for AG and a small value for ) Mw. The value of AG can be made large by selecting for the
negative electrode located on the left-hand side of the periodic chart of the elements and for the
cathode on the right-hand side. In this regard, using weightless oxygen gas is absolutely favorable in
increasing energy density of batteries.

Therefore, to use oxygen in atmosphere, not be stored in the battery, a notable characteristic
of metal-air batteries is their open cell structure where oxygen gas can be accessed to cathode and act
as unlimited active materials, otherwise, conventional rechargeable batteries such as Li-ion battery is
a closed system where energy storage and conversion occur in the same compartment.” This is big
difference between Li-ion and metal-air battery. There are several kinds of metal-air batteries based
on different metal species; their reaction mechanisms are variable, resulting in requests for different
types of cell components. Typically, metal-air batteries are divided into two types according to their
electrolytes. One is a cell system using an aqueous electrolyte; such a system is not sensitive to
moisture. The other is a water-sensitive system using an electrolyte with aprotic solvents. This system
is degraded by moisture. Among metal-air batteries, metals such as Ca, Al, Fe, Cd, and Zn are
appropriate for the aqueous system. Zinc-air batteries in particular have powerful potential for use as
alternative energy storage devices. Al can be more easily corroded than zinc in alkaline solution,

1.8 Also, zinc metal

although an aluminum-air cell has much more energy density than a zinc-air cel
has various advantages such as low cost, abundance, low equilibrium potential, environmental

benignity, a flat discharge voltage and long shelf life."

1.2. Overview of Zinc-air battery

1.2.1 Working principle and energy density of Zinc-air battery
Zinc-air cells are composed of three parts; zinc metal as an anode, an air electrode as the
cathode, which is divided into a gas diffusion layer and a catalytic active layer, and a separator, as

shown in Figure 1-2.*
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Zn =+ Zn2* + 2e- _ B
Zn?* + 40H- — Zn(OH),- O, + 2H,0 + de” — 40H

Zn(OH),;- — ZnO + H,O + 20H- (Oxygen Reduction Reaction)

Figure 1-2. Working principle and each electrode reaction of zinc-air battery. Note the red circle
where three phase reaction (oxygen (gas), catalysts (solid) and electrolyte (liquid)) occur in air
cathode.*

Because the solubility of oxygen is very low at atmospheric pressure, it is necessary to use
oxygen in the gas phase, not liquid.?® Oxygen from the atmosphere diffuses into the porous carbon
electrode by difference in pressure of oxygen between the outside and inside of the cell, and then the
catalyst facilitates the reduction of oxygen to hydroxyl ions in the alkaline electrolyte with electrons
generated from the oxidation of zinc metal as the anode reaction. This is why we call this process a
three-phase reaction: catalyst (solid), electrolyte (liquid), and oxygen (gas).? Note in Figure 1-2 the
red circle where this three phase reaction occurs. This structure favors the gain of oxygen in zinc-air
batteries. Generated hydroxyl ions migrate from the air cathode to the zinc anode to complete the cell
reaction; this overall procedure during discharge can be described as the following electrochemical
reactions of anode and cathode in alkaline solution, respectively.

Anode: Zn — ZIn** + 2¢
Zn** + 40H — Zn(OH),* (E° = -1.25V vs. NHE)
Zn(OH),> — ZnO + H,O + 20H
Zn + 2H,0 — Zn(OH), + H,71(also possible)

Cathode: O, + 2H,0 + 4¢ — 40H (E° = 0.4V vs. NHE)
Overall reaction: 2Zn + O, — 2Zn0 (E° = +1.65V)



The theoretical capacity of an electrochemical cell, based only on the active materials participating in
the electrochemical reaction, is calculated from the equivalent weight of the reactants. Hence, the
theoretical specific energy density of Zn-air batteries is 1095 Wh-kg™ (including oxygen) and 1361
Wh kg™ (excluding oxygen), respectively, that is,> %

Anode: 2Zn — 2Zn*" + 4e (Theoretical capacity of Zn: 0.82Ah/gy,,)

4mole~ 1molZn 9.64x10*C(A-s) mAh 820mAh 0.824h 1.21g
X X X = = -
2molZn  65.38g 1mol e~ 3.6C 9zn 9zn Ah

Cathode: O, + 2H,0 + 4¢" — 40H" (Theoretical capacity of O,: 3.3Ah/g,)

4mol e~ o 1mol 0, y 9.64 x 10*C(A - s) o mAh 3347mAh  3.3Ah  0.303g
= = -
1mol 0, 32g 1mol e~ 3.6C Jo, Jo, Ah

Overall: 2Zn (1.21g/Ah) + O, (0.303g/Ah) — 2Zn0O (1.51g/Ah — 0.66Ah/g)

Therefore, theoretical specific energy density of Zn-air battery can be calculated, this is,
0.66Ah  1000g 1095Wh
X 1.66V = ———

7 X 1Xg (including oxygen) or
0.824h y 1000g % 166V = 1361Wh (Excludi )
7 1Xg . = "Xg xcluding oxygen

1.2.2 Thermodynamic discussion on Zinc-air battery
Thermodynamic potential of Zn-air battery based on the Nernst equation?
If no interaction with species in the electrolytes can be assumed, the virtual reaction that will
determine the potential is
2Zn + O, = 2Zn0O
Therefore, it is possible to determine the voltage of Zn-O, cell by the difference in the chemical
potential of oxygen in the two electrodes in following relations
Au(O,) = -zFE (where z is -2, the charge number of oxygen ions)
If oxygen pressure can be assumed to be one atmosphere, the chemical potential of oxygen is the
same as that at standard condition, p(O,) = u°(O,), whereas the chemical potential of oxygen at zinc
electrode can be determined by the value of just Zn because ZnO is in equilibrium with Zn. Therefore,
the difference in chemical potential of oxygen between Zn and pure oxygen is the totally same to the
formation of ZnO. Thus,
Au(0y) = AGP(Zn0)= -zFE
The Gibbs free energy of formation of ZnO at 298K is 320.5kJ/mol. Therefore, if there is no loss in
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the system, the electrical work done is equal to the Gibbs free energy change and the theoretical open
circuit voltage of the Zn-air battery can be calculated by the following formula:
_ 4G

% " nF
Where:
Ey, = Theoretical voltage of zinc-O, fuel cell, V.
AGy = The Gibbs free energy of formation of ZnO, KJmol™.
n = Number of electrons transferred in the external circuit.
F = Faraday’s constant, 96485C.

In the case of zinc-air battery operated in pure oxygen, n =2 thus the equation becomes:
_AG,
2 2F

Eo

_ —(-320.5x10%)

E~ =
02 2 X 96485

KJmol™1C™1 = 1.66V at 1 atm of oxygen

The activity of oxygen, however, would be 0.21 in air, not pure oxygen. Thus, we can calculate the
cell voltage using the Nernst equation.

wpo T, Pay _ _ RT 021
T T 2F " Pgen TR

AE = —(0.012845) x —1.56 = 0.02
Eqir = 1.66V — 0.02V = 1.64V at ambient air condition
Where R is 8.315J/mol deg, T is 298K, z is -2, and F is 96500C Couloms/mol. Thus, the voltage at air
condition would be reduced by about 0.02V, making an open circuit voltage 1.64V in a Zn-air cell

operated in atmosphere, not pure oxygen. This theoretical voltage, however, is typically not found in
actual Zn-air cells, but open circuit voltage is about 1.3V. It indicates that a formation of potassium
zinc oxide phase reduce the chemical potential of oxygen, making the difference in the chemical

potential of oxygen is not as large as we assumed.

Gibbs phase rule of a zinc/oxygen cell®
The application of Gibbs Phase rule can be used to understand the voltage across in Zn-air
cells and how it will vary with the state of charge. The Gibbs Phase rule is often written as
F=C-P+2
Where C is the number of components present and P is the number of phases present. F is the number
of degrees of freedom. In Zinc-oxygen cell, both anode and cathode have no degrees of freedom left if

two intensive thermodynamic parameters, such as temperature and pressure, are specified.” It means



that the electric potential will have a constant value as a function of the composition of these
electrodes, as seen in Figure 1-3. In other words, its voltage will be independent of the state of charge
if the oxygen pressure keeps at a constant value, resulting in its voltage profile have characteristics of
a plateau, otherwise, if a degree of freedom is left, the cell voltage can vary and changes during

discharge in common battery systems.’

a) b) —— Potential varies with composition
—— Potential Plateau
— ®
8 =
= c
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= o
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Figure 1-3. a) Schematic representation indicating that the potential of an electrode is independent of
its composition, and thus of the state of charge, if the residual value of the degree of freedom is zero.)
b) Schematic representation of the variation of the electrical potential as a function of the overall

composition when the residual value of F is not zero.?

For the alkaline Zn/MnO, battery, the only different battery chemistry is the cathode reaction
compared to Zn/air battery. In the former, MnO, participate in cathode reaction and its phase is
changed via one and two electron discharge.”®
First electron discharge of cell could be expressed as following equations:

Cathode: y-MnO; + H,0 + & — MnOOH + OH’
If the electrode continues to discharge, cathode and anode are further irreversibly reduced at the
second step:

Cathode: MNnOOH + H,0O + & — Mn(OH), + OH"
Therefore, these phase change based on the Gibbs phase rules can explain the big difference in

voltage profile between them.’

1.3. Components of Zinc-air battery

1.3.1 Electrochemical behavior of zinc electrode based on a pourbaix diagram

Zinc-air batteries use pure zinc metal itself as an anode active material; oxidation of the zinc
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occurs during discharge. This is why most studies have focused on improving the air electrode, not the
zinc anode. Before discussion on electrochemical behavior of zinc in aqueous electrolyte, construction

of pourbaix diagram is appropriated in Figure 1-4 and Appendix Figure 3-1.%

Revised Pourbaix diagrams for Zn
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Figure 1-4. Pourbaix diagram for zinc at 25°C and [Zn(aq)]: = 10°® molal.® Adapted with permission
from “Revised pourbaix diagrams for zinc at 25-300 °C”, CORROSION SCIENCE SOCIETY, 2011,
39(1), pp 107-114. Copyright © 1997 PERGAMON.

Zn is thermodynamically stable below ca. -0.98 V with a large pH range in revised pourbaix
diagrams for Zn.># Unfortunately, the area is below the region of water stability. Therefore, this
corrosion process generates hydrogen gas with the following three parts:

Zn — Zn** + 2¢” (anodic reaction)
2H,0 + 2e"— H, + 20H" (cathodic reaction)
Zn?* + 20H — Zn(OH), (product formation)

The overall corrosion reaction can be written as:



Zn + 2H,0 — Zn(OH), + H,1
Clearly, hydrogen evolution reaction (HER), according to Zn + 2H,O0 — Zn(OH), + H,1,
spontaneously occurs in natural and acidic solution although the zinc corrosion rate is slower than that
of aluminum in an alkaline solution. Furthermore, in an electrolyte with high pH, Zn®* ions are reacted
with hydroxide ions to form Zn(OH),. The zinc hydroxide has low K, and it is precipitated in
aqueous medium. Hence, the formation of zinc hydroxide rather than zincate ion causes to capacity
fading of the cell because the precipitate, Zn(OH), as a passive layer, could not participate in the
reversible electrochemical reactions, making reversible zinc electrode very difficult. In a mild pH
electrolyte with Zn?* ions, the electrochemical behavior of zinc can be described as the simple and fast
reversible dissolution/deposition process and following equation:?®

Zn** +2e” « Zn (below pH 8)

Because this HER is not supposed to occur during discharge, methods to retard the hydrogen
evolution reaction have been regarded as the most important research area: it is hoped that it will be
possible to consume zinc metal completely during discharge, which will eventually increase the
capacity of the zinc-air battery.

As mentioned above, because zinc metal participates in the anode reaction during discharge,
the most practical method of improving the performance of the zinc anode is to increase the surface
area of the zinc particles so that the zinc can react with the alkaline electrolyte more efficiently.
Accordingly, zinc particles with large surface area, such as Zn/MnQ, and Zn/NiOOH™* are the best
choices, and morphology control of zinc metal, such as Zinc flakes® and ribbons® in alkaline zinc-
MnO, cells and zinc dendrites %’ and zinc fibers?® in zinc-air cells have been reported. Although it is
not exactly a case of a zinc-air cell, Minakshi et al. also showed that in the alkaline electrolyte LiOH,
a porous anode electrode composed of zinc powder improves the rate capability and has a higher
capacity in alkaline Zn-MnO, cells than that of a zinc planer electrode.?® Recently, a study of porous
electrodes with various shaped zinc particles, not just planner zinc electrodes, has also received
attention.®

Generally, when preparing a zinc anode with powder, mercury has been added to the zinc
anode to give better electrical conductivity between the zinc particles and the current collectors.
However, removing the mercury in the zinc anode, due to environmental problems, has negative
effects on discharge performance, and results in leakage problems associated with hydrogen gas and
shock resistance.”® These problems are fairly well alleviated by introducing gelling agents such as
cross linked carboxymethyl cellulose (CMC), starch graft copolymers, cross linked polyacrylic acid
polymer® or organic binders.*” Muller et al used cellulose as a gelling agent to optimize and stabilize
the porosity of the zinc electrode,® and Othman et al. introduced hydroponics gels such as agar to
increase the capability of the storing electrolyte.®

When a porous zinc anode reacts with an alkaline electrolyte, the corrosion effect of the zinc
8



metal can be another criterion for stabilizing a zinc anode with large surface area. Hydrogen evolution
on the surface of the zinc anode deteriorates the utilization efficiency of the zinc, resulting both in
increased internal pressure in the cell and water electrolysis. These side reactions eventually decrease
the cycle life of a zinc-air battery.*® Two methods to overcome hydrogen evolution have been studied
in zinc-air batteries. One is to alloy the zinc with other metals (Hg, Pb, and Cd) with high hydrogen
evolution overvoltage.*® However, these toxic heavy metals cause another environmental problem. As
an alternative, Lee et al. reported that alloying zinc metal with nickel and indium with different weight
percentages is effective in shifting to more negative potential for hydrogen evolution.*® Zhang et al.
suggested that introducing metallic bismuth to a pasted zinc electrode improved the discharge
performance because of the formation of an electronic conductive material.*’

Another method of suppressing hydrogen evolution is to coat the zinc metal with other
materials; Cho et al. suggested that the zinc surface coated with Li,O-2B,0; (lithium boron oxide,
LBO) could increase discharge capacity and decrease hydrogen evolution. It is believed that the
coating layer prevents the zinc surface from facing the alkaline electrolyte directly, which enables the

zinc to avoid side reactions in the cell.®

Zhu et al. reported that neodymium conversion films have
also been applied to coat pristine zinc metal depending on the ultrasonic impregnation method. Their
work demonstrated a positive effect on increasing corrosion resistance, in turn stablizing the cycle
behavior of the zinc electrode.® The other method is to put additives into the electrolytes to stabilize
the zinc anode. Ein-Eli et al. introduced polyethylene glycol (PEG) and phosphate ester acid form
(GAFAC RAG600) as an organic corrosion inhibiter. Their results showed that PEG had better
inhibiter properties than GAFAC RA600.* Using anions of organic acids,®® and phosphoric acid,
tartaric acid, succinic acid and citric acid “* exhibited positive effects on suppressing gas evolution
and dendrite formation to some extents.

Making electrically a rechargeable zinc-air battery is still challenging. However, it is a very
promising task to develop a secondary cell for practical use in the market if we consider the many
advantages of a hypothetical zinc-air battery. Although a proper bifunctional catalyst is required to
charge the zinc-air battery with lower electrical potential, it is also critical to make reversible zinc
anode. It is well known that zinc metal undergoes shape changes such as the formation of dendrites in
the charge-discharge cycling process.™ Zinc metal is oxidized to release electrons and then changed
to zinc(Il) ion. Oxidation process of zinc proceeds until the solubility of the zincate ion, Zn(OH),*
(aqg), reaches a saturation point in the hydroxide electrolyte. After exceeding this point, zincate ions
are decomposed to ZnO, a white solid powder that acts as an insulater. Because supersaturation of the
zincate ion in alkaline solution is time-dependent, it is very difficult to make a rechargeable zinc-air
battery.*” Therefore, understanding the chemistry of the zincate ion, Zn(OH),*(aq) in alkaline solution
is necessary to develop a secondary zinc electrode. There have been several fundamental efforts to

19a, 43

understand the behavior of the zincate ion in an alkaline electrolyte and also to understand the
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electrodeposition of the zincate ion.** Dirkse suggested that Zn(OH),, Zn(OH)s;(H,0),
Zn(OH),(H,0), or polynuclear species may exist in supersaturated zincate solutions and that the
existence of these species depends on the availability of OH™ and free H,O molecules in the
electrolyte.*** Peng studied the mechanism of zinc electroplating and suggested that Zn(OH), became
Zn(OH),q by gaining one electron and then Zn(OH),s was reduced to Zn by gaining a second
electron.** Einerhand et al. used a rotating ring disk electrode (RRDE) to determine the amount of
hydrogen produced from the electrodeposition of zinc in alkaline solution and showed that hydrogen

evolution increased with decreasing concentration of KOH and zincate.*'

1.3.2 Separator for Zn-air batteries
The function of the separator used in a zinc-air battery is to transport the hydroxyl ion, OH",
from the air electrode to the zinc electrode.® Considering the basic requirements of a proper
separator, stability in the alkaline solution, proper pore sizes and porosity, highly ionic conductivity

and electrical non conductivity should be fulfilled. Since a zinc-air cell uses the migration of the
+45

hydroxyl ion, not the proton, H™ ™, separators are made of polyethylene, polyvinyl alcohol, polyolefin
and polypropylene.* Porosity in the separator, however, makes it possible for the zinc cations to
migrate from the anode to the cathode, which results in decreased capacity in the cell. Kiros
developed a novel method to control the permeability of the zincate ion by introducing an inorganic
material, Mn(OH),, to the microporous membrane.*’ Dewi et al. showed that cationic polysulfonium,
poly(methylsulfonio-1,4-phenylenethio-1,4-phenylene trifluoromethanesulfonate) could be effectively
applied to prevent the permeation of Zn*" from the anode to the cathode as compared to commercial
separators such as polypropylene.*®®Wu et al. suggested that sulfonation treatment of the microporous
membrane could increase the high anionic transport number to 0.89 in a 1M KOH alkaline solution.
This separator demonstrated better performance than the unsulfonated samples.*® Besides the basic
requirements mentioned above, others are needed for the secondary zinc-air battery; the separator
should be inert to oxidation, and should remain stable during charge and discharge. Further, it has
high absorption for electrolytes and has a fine porous structure to sustain electrolytes in the pores

and retard zinc dendrite growth.*®

1.3.3 Electrolyte for Zn-air batteries
The alkaline electrolytes used in zinc-air batteries are potassium hydroxide, sodium

hydroxide and lithium hydroxide,™® all basic except for neutral NH,CI*°. Among these, KOH has been

widely used in zinc-air cells because of thebetter ionic conductivity of K*(73.50 Q™'cm?® /equiv)

compared to Na'(50.11 Q*cm? /equiv)® In addition, ~30% KOH is usually used because it shows

maximum ionic conductivity at this concentration.’®® To reduce the resistance of the electrolyte,
10



increasing the concentration of KOH can be a solution, but too high a concentration of KOH could
lead to increased viscosity in the electrolyte. Besides this, high concentration of the electrolyte leads
to the formation of ZnO, according to the reaction (Zn(OH),> — ZnO + H,O + 20H), in turn
increasing the viscosity.*

Because a zinc-air battery is operated in an alkaline solution and is exposed to air, the
electrolyte is very sensitive to CO,, which can react with hydroxyl ions to form carbonates (CO, +
20H — CO5* +H,0); ** also, concentration of the hydroxyl ion decreases naturally during this
process. Furthermore, the poor solubility of carbonates in alkaline media may cause clogging of
electrode pores and thereby blocking of electrolyte channels, causing decreased cell capacity. To
circumvent this drawback of CO, sensitivity, it is helpful to feed purified air or employ a selective
membrane that is permeable to O,. Moreover, the use of a circulating electrolyte is beneficial as the
saturation of carbonate is attained much more slowly than that in immobilized electrolyte. Therefore,
the carbonation of the alkaline electrolyte causes decreased cell capacity. Kim et al. reported that the
concentration of potassium carbonate in the electrolyte deteriorated cell capacity linearly and that pore
size of the hydrophobic membrane mainly affected the rate of carbon dioxide absorption.®? Drillet et
al. investigated the effect of CO, concentration in the air on the lifetime of the bifunctional electrode
in alkaline solution by using solid adsorbents, including soda lime. In this study, an LiOH and LiOH-
Ca(OH), mixture was used to remove CO,. Further, they showed that increasing the concentration of
carbon dioxide in synthetic air up to 10000 ppm made oxygen reducing electrode rather than an
oxygen evolving electrode. They suggested that the reduced lifetime of the air electrode was due to
carbonate precipitation inside the pores of the air electrode.*®

Chen et al. used the technique of combining chemical absorption with Higee (high gravity) as
a CO,-scrubber. They showed that under the same experimental conditions, piperazine (PZ) was more
effective than 2-(2-aminoethylamino) ethanol (AEEA) and monoethanolamine (MEA) in reducing the

concentration of CO,to a level below 20 ppm.>*

1.3.4 Air electrode for Zn-air batteries

The performance of metal-air batteries depends on many factors, including a package of
problems from anode, electrolyte, air cathode with current collector.” Unlike non-aqueous Li-air
battery, no solid product is formed in aqueous electrolyte in zinc-air battery. Especially, a suitable pore
structure favoring oxygen diffusion and electrolyte is needed. Thereby, it is highly desirable to
optimize the conditions of every part in a metal-air battery pack to achieve higher energy storage.
Among all the issues, air cathode may face the greatest challenge owing to its complicated reaction
mechanism and open-air structure. The structure design, to a great extent, determines the catalytic
activity of catalyst in air electrode. To making an efficient air cathode, three phase reaction sites

should be maximized by proper optimization of porosity and wettability within electrodes. Especially,
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careful construction of the catalysts layer is required because oxygen reduction occurs at a three phase
boundary in the air electrode. Therefore, it is highly recommend that the catalysts layer have
hydrophilicity on the aqueous electrolyte, but hydrophobicity on the gas side in Figure 1-5.% Thus,
the optimized balance between hydrophobic and hydrophilic can be a significant issue in developing
advanced air electrodes for zinc-air batteries.”® Furthermore, air electrode should be prepared to be as
thin and light as possible because air cathode mainly acts as electrocatalysts and a good catalyst
dispersion and interfacial contact between catalyst and conductive materials in air electrode could

improve the catalytic performance of catalysts.

Oxygen Reduction Reaction (ORR) in alkaline solution

Oxygen diffusion Electronical conductivity

Y /

O, + 2H,0 +4e > (in alkaline solution)

N

Hydrophobicity/ Hydrophilicity |
Kinetic rate catabﬁytlc activity for
Oxygen Reduction Reaction
Figure 1-5. Strategy for designing more efficient electrocatalysts of unique architecture to facilitate
higher cativity for oxygen reduction reaction (ORR) and rapid transport of electroactive species
through the porous electro-catalysts in an alkaline solution. In addition to high catalytic activity and
sufficient electronic conductivity, an efficient electrode architecture must allow fast transfer of other
reactants (such as oxygen molecules) to and the reaction products (such as hydroxide ions) away from

the catalytically active sites for ORR to minimize electrode polarization.*
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Chapter 2. Electrocatalytic oxygen reduction reaction (ORR)

Note: This chapter is partially and totally adapted with permission from “Non-Precious Catalysts:
Recent Progress in Non-Precious Catalysts for Metal-4ir Batteries”, Advanced Energy Materials,
2012, 2(7), pp 701. Copyright © 2012 John Wiley & Sons, Inc.

2.1 Electrochemcial O, reduction reactions

The most important reaction of metal-air batteries is electrochemical oxygen reduction
reaction (ORR), generating electricity through a redox reaction between metal and oxygen.>” In even
well-developed air electrode architectures, however, ORR is intrinsically sluggish, causing major
polarization loss in overall performance of metal-air battery. Briefly, the overall ORR process in the
air electrode can be described with consecutive several steps: 1) oxygen diffusion from atmosphere to
catalysts, 2) oxygen adsorption on the catalysts, 3) migration of electrons from metal to adsorbed
oxygen molecules, 4) weakening and breaking of oxygen bond, and 5) the removal of hydroxyl ion
product from the catalyst surface to the electrolyte. The factors that affect the performance of the air
electrode in a metal-air battery include the activity of catalyst, the morphology of catalyst particles,
and the architecture of the air cathode. Therefore, how to facilitate ORR with proper catalysts has
been a key issue to date. In spite of the lack of understanding of details mechanisms for ORR, a
formation of superoxide though a one electron transfer, (O, + € <> [Oug)]), is considered as the first
step for ORR. While significant efforts have been devoted to the development of ORR catalysts with
high activity for metal-air batteries in the past few decades, many practical problems and fundamental
guestions still remain. Pt-based electrocatalysts have been widely used in fuel cell operated in acid
electrolyte to address these problems, but various non-precious metal or metal-free catalysts can speed
up ORR in alkaline media due to its better stability of materials and facilitated kinetics for ORR in
alkaline solution because of better kinetics and lower overpotentials. For example, the exchange
current density in alkaline is much higher than that in acid electrolyte, making feasible the utilization
of non-precious metal catalysts. In addition, the electrode potential will shift by -0.83 V (-59 mV
multiplied by 14) if the pH value changes from 0 to 14, affecting the local double layer structure and
the electric field at electrode-electrolyte interface. Therefore, it can lead to changes in adsorption
strengths for, especially, charged and even for neutral species. Accordingly, adsorption of spectator
ions in alkaline electrolyte can be decreased, making electrocatalytic processes more facile than that
in acid media. Another advantage of using non-Pt based catalysts in alkaline media can avoid
unnecessary zinc corrosion caused by hydrogen evolution reaction (HER) catalysed with Pt metal-

based catalysts deposited at Zn anode coming from air electrodes due to its instability under ORR
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potential range during discharge. In this regard, to be economically competitive, non-precious
catalysts must be developed for practical metal-air batteries. To date, several kinds of non-precious
catalysts have been explored for use in metal-air batteries, including metal oxides, macrocycles, and
carbon-based catalysts.

The ORR can be considered as a series of complex electrochemical reactions involving multi
electron transfer process and complicated oxygen oxygen-containing species such as O, OH, O, and
HO, in Figure 2-1.

k3
k13
Osq *a 03 g HO3 ;\0' —‘:G—'OH'
s sa \ 2sa “—s sa
kg k22 k23 k(K
Ozp-S1 - ,."':20—20 0.0 . 02,0 ’k;z HO2, o
\ o M0 k25 ]"-25
y
Ky HOZ x
1<m
HO2.b

Figure 2-1. General reaction scheme for O, reduction in alkaline solutions. k; is the overall rate
constant for the ith step. The subscripts sa, a, b, and * denote strongly adsorbed, weakly adsorbed,

bulk, and vicinity of the electrode, respectively.” Reprinted from ref. 5 with permission from Elsevier.
Although Fig. 2-1 is quite complicated, briefly, oxygen can be reduced by either a direct four-electron

pathway with a product of hydroxyl ions or an indirect two-electron pathway with a product of

peroxide as intermediate in Table 2-1.
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Table 2-1. Thermodynamic electrode potentials of oxygen reduction reaction.

Thermodynamic electrode

Electrolyte ORR reactions potential at standard
conditions, V
o 0, + 4H" +4e'— 2H,0 1.229
Acidic aqueous .
. 02 +2H +2e— HgOz 0.70
solution
H202 +2H" +2e_—>2H20 1.76
O, + 2H,0 +4e'— 40H" 0.401
O, + H,0 +2e'— HO, +OH" -0.065
Alkaline aqueous HO, + H,0 +2¢'— 30H" 0.867
solution ]
chemical

2HO, — 20H + O, ) o
disproportionation

The direct 4e oxygen reduction pathway is highly desirable due to its high efficiency, while the
indirect 2e pathway is not supposed to occur because the partially reduced intermediates, peroxide
species, are corrosive and cause significant degradation of the metal-air batteries. In general, direct 4e
reduction is dominant on precious metal catalysts, otherwise, indirect 2e reduction primarily occur on
carbonaceous catalysts.

The ORR pathways and mechanisms could vary with the applied electrocatalysts and depend
on its O, adsorption configurations and the O,-surface interactions. Different oxygen adsorption
models exist according to its crystallographic structures and the binding energy between oxygen and
catalysts surface in Figure 2-2a-b.°

For example, only one oxygen atom can be adsorbed to the catalysts surface, making a
perpendicular coordination. In this case, peroxide generation from 2e pathway could be dominant via
one electron transfer (Fig. 2-2a). After the formation of peroxide, further oxygen reduction could be
followed by either another 2e reduction, yielding hydroxyl ion, or a chemical disproportionation of
peroxide. Therefore, a consecutive 2 by 2 e pathway is possible via above mentioned further oxygen
reduction. In contrast, two oxygen atoms is coordinated parallel to the surface, direct O, dissociation

process is favor, leading direct 4e pathway without peroxide (Fig. 2-2Db).
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a)
M+ O, — M---O, (adsorption)

; Y M---0, + &" + H,0 — M---HO, +OH-
“ “ M___HOE—'_ o M ’ HOE-

Topend-on  Bridge end-on
b)

M+ O, — M---O, (adsorption)

M---O, + 2¢" + 2H,0 — M---20H +20H-
M---20H + 2¢"— M + 20H

Bridge side-on Bridge side-on
one site two sites

c) M=*.0%* + H,0 + e- — M@ D".OH"+ OH-

O, +e — O, (ads.)

M@-D*_OH-+ O, (ads.) — M™*-0-O* + OH"
M2*.0-0% + H,0 + e — M@ D*.0-OH" + OH-
M@-D.0-OH" + e~ — M™"-0% + OH"

Figure 2-2. (a) Different configurations of O, adsorption on catalyst surfaces: on top end-on, bridge
end-on, bridge side-on one site, and bridge side-on two sites, from left to right. Simplified
electrochemical catalysis process of the ORR on metal surfaces in the case of (b) end-on O,
adsorption, and (c) bidentate O, adsorption, corresponding to the 2e reduction (with generated
peroxide species) and the direct 4e reduction, respectively. (d) One of the proposed catalytic ORR
pathways at a metal oxide/alkaline electrolyte interface.® Adapted from ref. 6 with permission from
RSC.
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For the metal oxides, the surface cations in metal oxides are not coordinated with oxygen, making
different surface charge distribution compared to a pure metal. Therefore, these deficient anion
coordinations can be compensated by oxygen of H,O. Following protonation of a surface oxygen
ligand afford a charge to reduced surface cation for charge compensation. Accordingly, overall 4e
oxygen reduction has been proposed for transition metal oxides (Fig. 2-2c). Although this proposed
mechanism include consecutive several steps: 1) surface hydroxide displacement, 2) surface peroxide
formation, 3) surface oxide formation, and 4) surface hydroxide regeneration, the competition
between the O,*/OH" displacement and OH" regeneration has been considered as a rate determining
step (r.d.s) for ORR in alkaline solution.

Unfortunately, above mentioned 4e and 2e reaction schemes may occur simultaneously and
vary with various factors such as applied potentials, desorption and re-adsorption of intermediates,
and non-covalent interactions between hydrated alkalimetal cations and adsorbed species.
Furthermore, limitation of state-of-art analysis techniques for real surface reactions is not sufficient to
detect more underlying pathways. Therefore, the exact determination of ORR mechanism could be a

challenging issue to date.

2.1.1 Evaluation of catalysts for ORR
\oltage and power profile during operation of metal-air battery’

Although various experimental techniques can be used to study electrochemical reactions in
battery, the current-voltage profile characteristics during discharge or charge are the most common
(Figure 2-3). In practical batteries and fuel cells, all three types of polarization affect the shape of the
fuel cell discharge curve determining the cell capacity, the discharge charge rate effect, and

information on the state of battery.
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Figure 2-3. Typical discharge curve of a battery, showing the influence of the various types of

polarization.’

The activation, ohmic, and concentration polarization determine this polarization curve.
1) The activation polarization is governed by the Tafel equation from Butler-Volmer equation.
n=a-blog(l/ly)
where a and b are constants. The formation and decay of this polarization are fast, a time frame of 10
2.10™s, and can be determined using current interruption methods.

2) Ohmic polarization is generated from the resistance of the electrolyte, current collectors,
contact between particles, and a passive film of the electrode surface. This ohmic resistance, R, make
a linear voltage-current profile according to an Ohm’s Law relationship between I and 7.

n=1R
Especially, a time scale for this polarization (<10 s) is relatively faster than activation polarization.
Therefore, if current flows and ceases, it appears and disappears instantaneously.

3) Concentration polarization arises from limited mass transport capabilities resulting from a
change in the utilization of the active species at electrode/electrolyte interface and can be described as
n = (RT/n) In(C/C,)
where C is the concentration at the electrode surface and C, is the concentration in the bulk of the

solution.
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2.1.2 Determination of the selectivity and kinetics of ORR
Rotating Disk Electrode (RDE) and Rotating Ring Disk Electrode (RRDE)® °
Generally, ORR pathway can be determined by means of rotating disk electrode (RDE) or
rotating ring-disk electrode (RRDE) voltammetry in Figure 2-4.

a) Teflon b) !
g i
| 2e Disk 2e
RDE Elel:():lts;gde T Electrode T

HZO- 4 26' —— Hzo_

4 -
"> Ring (P) 1rL0H-
O,

RRDE

Figure 2-4. (a) Schematic description of RDE and RRDE (b) possible reaction at RRDE during ORR

in alkaline electrolyte.

In RDE methods, during rotation of electrode, the electrolyte is tangentially drawn to the disk
electrode to boost the diffusion of an electrolyte in condition where diffusion of the electroanalyate to
the electrode surface limits an overall electrochemical reaction. Levich showed that the diffusion
limited current under hydrodynamic condition is related to the angular velocity of the electrode

according to Levich equation;

2 101

Iq = 0.62nFACo, D} v sw?
Where n is the number of electrons exchanged per molecule, F is the Faraday constant, A is the
surface area of the electrode, D, is the diffusion coefficient of the electroanalyte, w is the angular
velocity of the electrode, v is the kinematic viscosity of the electrolyte and Co, is the bulk
concentration of the electroanalyte. For the well controlled experiments under diffusion controlled
region, well-defined limiting current can means all the catalysts are sufficiently active to reduce all the
oxygen that has been supplied by the rotation, and that the catalysts are coated on every part of the

disk. Under diffusion controlled region, a plot of I, against »"? yields a straight with a slope

2 1

= 0.62nFAC02D32v‘E from which n (number of transferred electrons) may be determined. Note that

the coefficient 0.62 is used when o is expressed in angular velocity, rad s*, while 0.21 can be
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1
expressed in r.p.m (i.e.,0.62 X (%)2 =0.21).
A more common approach use a Koutecky- Levich (K-L) analysis for reactions under mixed

kinetic and diffusion control.

I = nFAKOZ COZ rcatalyst
where | is the measured current, iy is the kinetic current, I'caearyses IS the loading of the catalysts, and

ig is diffusion limited current derived from Levich equation. By using K-L equation, a plot of i*
against w2 gives a straight line with a slope of B where n also can be determined from B and i, can
be gained from the intercept on i axis. Especially, i, also can be calculated using equations used for

RDE as following
1 1 1

I I gy
1 1 1 gyl

L 1 lggr I Xy

k (kinetic current)

" Tapr—1
For RDE analysis, three non-electrochemical kinetic parameters must be known accurately. For
example, there are 1) the diffusion coefficient of O,, 2) the kinematic viscosity of the electrolyte
solution, and 3) the solubility of O, Especially, all these three parameters are the electrolyte used and
temperature dependent.

In RRDE, a ring (often platinum) surrounds the disk electrode (often glassy carbon) with an

insulating material (usually Teflon) between them (Figure 2-5).
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Figure 2-5. (a) Significantly reduced diffusion layer resulting from artificial convection under
rotating condition and (b) Schematic representation of the RDE and RRDE, and of the possible
reactions that takes place at the RRDE during ORR. Large N indicates collection efficiency of RRDE
electrode.

In RRDE method compared to RDE, the big difference between them is that RRDE
technique can detect intermediates directly by means of around ring electrode. These intermediate
(often hydrogen peroxide in acid and peroxide in alkaline electrolyte) are produced resulting from
partial reduction of oxygen on the disk electrode. Therefore, it is used to deduce the ORR pathway.
On the disk, both 2e and 4e oxygen reduction can occur and intermediate is further oxidized at ring
electrode. The 2e oxygen reduction current (I,.-) is expressed by

Iye- =1Ig/ N
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where I,.- is the 2-electron ORR on the disk electrode and N is the collection efficiency which is
normally supplied by the manufacturer and can be determined using a suitable redox probe. Therefore,
the ORR current (Ip) on disk electrode can be expressed by

Ip = Ihe= + Iye-
where I,,.- isthe 4-electron ORR current.
With above mention equations, the average electron number (n.-) can be calculated by following
equation

Ip _laem | e
Ne- 4 2
41,
~Ip +Ig/N
Simply, as the numbers of electrons are close to 4, direct 4e oxygen reduction pathway is favorable,

Ne-

otherwise, as that are close to 2, indirect 2e oxygen reduction is dominant.
Furthermore, the fraction of H,O, generated during ORR is calculated by
2N
H202 ™ 1) + Iz/N

Where N is the collection efficiency of the ring electrode, Iy is the ring current and I is the disk
current.

The RDE and RRDE are very popular methods which can study the kinetics and pathway of
ORR. It is worthy to note that underlying mathematical equations in these methods are strictly applied

for smooth and thin electrode surface under laminar flow hydrodynamics.®

2.1.3 Kinetics and mechanism of ORR
The O, reduction reaction occurs at potential as close as possible to the thermodynamic
equilibrium potential with a satisfactory reaction rate. The most general equation for studying
electrode kinetics is the Butler-Volmer equation which is valid for the reactions controlled by only

charge transfer.

(=9 ()] e (E=Eeq))

lappliea = Lo (€
where i, is the exchange current density, n is the number of electrons transferred in the rate
determining step, a is the transfer coefficient, F is the Faraday constant, R is the gas constant, and T is
the temperature in Kelvin. At equilibrium, applied current density, iagpies, DECOMeS to exchange current
density, i,, which can imply the intrinsic kinetic properties of electrode reactions.>® As the magnitude
of the exchange current increasing, the electrochemical reactions occur more rapidly. Especially, this
phenomenon depends on the reaction and the surface where electrochemical reaction occurs. For
example, exchange current density of hydrogen oxidation is several orders larger than that of ORR on

a Pt electrode.’™ For the ORR, a higher exchange current on a Pt than Au electrode is observed,
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indicating that surface electrode materials of catalysts affects strongly ORR kinetics. This Butler-
Volmer equation can be more useful to study the electrode kinetics. If the Overpotential is large, the
B-V equation simplifies to the Tafel equation for the anodic or cathodic reaction.

(1—a)nF _ . .
i=i,e &t (¢~Fea) (for anodic reaction)

—anF

i = —i, e rr (*Fea) (for cathodic reaction)

The plot of log(ic) ~ n gives a linear relationship and this slope (b) is called the Tafel slope in Figure
2-6. The significant parameters affecting the Tafel slop are actually n and a because other parameters
are known. For example, the higher the Tafel slope, the faster the overpotential increases with the
current density. Therefore, low Tafel slope or large no should be favored for obtaining better
electrochemical reactions. Thus, the electron transfer coefficient is a key factor determining the
mechanism of oxygen reduction.®® Furthermore, it depends on temperature and Relative humidity
(RH).57b’ 61

loglil

S'ope = “_—E(:l_.F_'

Cathodic reaction; n <0 Anodic reaction; n >0

l l I | | | | |

n,mv Overpotential

Figure 2-6. Schematic illustration of the Tafel plot of log| i | vs. overpotential (1) for the anodic and

cathodic reactions of an electrode.?

For ORR, the Tafel plot has usually two linear regions depending on the electrode materials and the
potential range.®? In the region of low current density, a theoretical value is -2.303RT/nF or about
60mV/decade for a single electron transfer process and indicates that Temkin adsorption (high O,
coverage) conditions control electron transfer and the reaction is limited by the intermediates
coverage of electrode. In contrast, in the region of high current density, the slope is equivalent to -
2(2.303)RT/nF (=-2.3RT/0.5F) or about 120mV/decade and a Langmuir isotherm (low O, coverage)
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determine overall adsorption conditions where the transfer of first electron can be considered as rate
determining step. For example, «, transfer coefficient, can be decomposed to determine nature of the
rate limiting step for ORR mechanism.® %

Y
=14
o= pB

where y is the number of electrons preceding the rate determining step (r.d.s), v is the stoichiometric
coefficient, p is 0 when r.d.s is a chemical step and 1 if the r.d.s is an electron transfer step, and f
describes the symmetry of the activation barrier for the reaction, which is 0.5 for most systems of
interest in which simple single electron exchange reactions are involved.®® Therefore, assuming a
value of 0.5, the smallest nonzero allowable values of a is 0.5, corresponding to ~120mV/decade of
Tafel slope (=-2.3RT/0.5F), otherwise, assuming a B value of 1, corresponding Tafel slope is -2.3RT/F
(~60mV/decade).®* Some applications of transfer coefficient in determining r.d.s are fully described in

previous literatures.®® ®

2.2 Non-precious Catalysts for Zn-air Battery®

Transition-metal oxides have been widely used as an electrocatalysts as an alternative to
noble metal catalysts such as platinum, Pt because of its high abundance, low cost, and environmental
benignity. Although some of them suffer from its stability in acid electrolyte, generally they are quite
durable in alkaline electrolyte, allowing them to be appropriate to electrocatalysts in alkaline solution.

Brief histories of ORR catalysts to date are described in Figure 2-7.
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Figure 2-7. Brief history of ORR catalysts for (a) non-precious metal and metal-free catalysts and (b)
Pt-based metal catalysts.’

2.2.1 Metal oxides

MnO,-based ORR catalysts

Metal oxides, especially manganese oxides, are widely used as catalyst in Zn-air batteries.
Since the study of MnO, for ORR reported by Zoltowski et al. in the early 1970s% the
electrocatalytic properties of MnO, toward ORR have been examined as functions of chemical
composition, texture, morphology, oxidation state, and crystalline structure.®® For example, the
activity of MnO, with different composition was reported to follow the sequence of MnsOg < Mn3;O,
< Mn,0; < MnOOH, ™ %8 whereas the activity of MnO, with different crystal structure to follow the
sequence of B- < A- < y- < a-Mn0,.%" % |n addition, the morphological structure, which was related
to exposed facets and surface area, was an important factor to affect the catalytic activity of MnOy
toward ORR.%"

Although significant efforts have been devoted to the enhancement of activity and many
studies have been done to show the good activity of MnO, in alkaline solutions, the detailed
mechanism toward ORR of MnQj is still not very clear due primarily to the complexity of processes

and the absence of computational simulation. Several studies revealed that the ORR mechanism of
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MnO, involved the reduction and oxidation of surface manganese species and the density of active
sites (Mn*/Mn*") would dominate the ORR performance.®® %% ¢ 7 |t was proposed that the
materials with distorted structure such as amorphous manganese oxide would exhibit better
performance for ORR since it could provide more active sites. In-situ XANES (X-ray absorption near
edge structure) results demonstrated that the ORR process involved the reduction of Mn** to Mn**,
followed by the electron transfer of Mn** to oxygen.®®

Since the doping of a low-valent element could enhance the catalytic activity of MnOy
toward ORR, MnO, doped with a variety of elements (e.g., Ni, Mg and Ca) exhibited higher activity
than non-doped materials.”* Roche et al. proposed a four-electron ORR mechanism as follows: "¢

MnO, + H,O + & <« MnOOH + OH
2MnOOH + O, «> (MnOOH)---O3 a5
(MnOOH);,---0; 445 + € — MnOOH---O,¢s + OH" + MnOy(rds)
MnOOH---Oyq4s + € <> MnO, + OH’

In this mechanism, Mn*/Mn®" species act as oxygen mediator for oxygen reduction. The coexistence
of Mn*" and Mn®" species was believed to assist the charge transfer to molecular oxygen and thus
facilitate the ORR. The doping of divalent elements such as nickel and magnesium could stabilize the
Mn*" and Mn** species and accordingly enhanced the ORR activity of MnO,.

The inherent low conductivity is one of the important drawbacks that limit the activity of
MnO, for ORR. To overcome this limitation, a variety of conducting substrates have been used as
current collector for MnO, catalysts, including different forms of carbons and conductive polymers.”
Recently, we have devoted considerable efforts to improving the ORR activity of MnOy in Zn-air
batteries. Our strategy is to tailor the electronic property of MnO, by crystal structure control to
enhance the electrical conductivity using a unique composite design and to improve distribution of
active sites through nano-fabrication. One example is to fabricate a composite electrode consisting of

MnO, and graphene.”™

We proposed the introduction of ionic liquid moiety to reduced graphene
oxide (rGO) nanosheets to increase not only interaction between graphene sheets and MnO,
nanoparticles, but also ORR catalytic activity based on enhanced utilization of oxygen molecules.
This strategy was validated by electrochemical measurements performed on a rotating disk electrode
(RDE). The rGO functionalized with ionic liquid moiety exhibited higher limiting current density and
more positive onset potential than both graphene oxide (GO) and ionic liquid functionalized graphene
oxide (GO-IL). Overloading of manganese oxides (Mn;O,) nanoparticles on this functionalized
graphene sheet significantly hindered oxygen reduction and even changed the reaction mechanism
from a direct four-electron pathway to an indirect two-electron pathway. The enhancement in catalytic
activity of MnO, toward ORR in an alkaline electrolyte is attributed to the increase in electrical
conductivity of rGO and the enhanced oxygen molecules affinity by ionic liquid moiety. The result

implies a synergic effect between manganese oxide and rGO substrate.
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Recently, we developed another method to prepare Ketjenblack carbon (KB) supported
amorphous manganese oxides nanowires (NWs) via polyol method for Zn-air battery.” In this
approach, low-cost and highly conductive KB was used as substrate to support MnO, and to promote
the growth of amorphous NWs on KB. The unique structure of the composite electrode provide a
large number of catalytically active sites for ORR, dramatically increasing the limiting current density
and the onset potential in half measurements. The enhanced catalytic activity is resulted from the
amorphous NWs structures, which are more accommodative to various geometrical configuration of
dioxygen interacting with active metal sites than other crystalline structure. Zn-air batteries with the
composite electrode exhibited a peak power density (~190 mW cm), which was much better than
those with commercial air cathodes (~120 mW cm™) and was comparable to those with Pt catalyst
(~200 mW cm®).

More recently, we fabricated high power Zn-air batteries using composite electrodes with
MnO, and carbon nanotubes (CNTSs) prepared by a facile electroless deposition method. As is shown
in Figure 2-8, spontaneously electroless deposition resulted in a good distribution and a well-bonded

attachment of MnOXx on the surface of CNTSs.
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Figure 2-8. a) SEM and b) TEM images of MnOx/CNTs composite. ¢) Linear sweep voltammograms
of MnOx composite and commercial Pt catalyst at a rotation speed of 1600 rpm and a scan rate of 10
mVs™?, in an O,-saturated 0.1 M KOH solution. d) Polarization curves of Zn-air batteries with
MnOx/CNTs composite, commercial cathode, and commercial Pt catalysts, respectively.

MnO, was composed of birnessite crystalline structure, which contained coexistence of Mn** and
Mn** species and was supposed to deliver very high catalytic activity toward ORR.” In half-cell test
measurements, the onset potential of MnO,/CNTs is 0.86V (vs RHE), with a half-wave potential at
0.75V. At an ORR current density of 3 mA cm?, the potential for the MnO,/CNT composite was
0.75V, only ~35mV away from that for the commercial platinum catalyst, which was the best
performance comparing with recently summarized data.” A high peak power density (~180 mW cm™)
was achieved for the zinc-air cell with the composite cathode, which was comparable to Pt catalyst
(~200 mW cm®) and much higher than commercial air cathode (~117 mW cm). The enhancement of
catalytic activity is attributed to well-bounded interface between MnO, and CNTSs, which decreases
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interfacial resistance to facilitate electron transfer from electrode to active sites on the surface of
MnOy particles.

Spinel-type-based ORR catalysts

To build rechargeable Zn-air batteries, bifunctional catalysts for both ORR and OER in
aqueous electrolyte are necessary. A conventional bifunctional catalyst is usually based on precious
metals.” To develop a low-cost and high efficient bifunctional electrode is quite challenging owing to
the large overpotential for both ORR and OER. A spinel structure with mixed valance oxides such as
(Mn,Co0)30,4 have been investigated extensively as electrocatalysts because it exhibits ORR catalytic
activity and stability against corrosion for the ORR in alkaline conditions.” For Mn-based oxides, a
high ratio of Mn*/Mn*" favors the 4e” ORR process, while a low ratio favors the 2e” process.”* ™ For
(Mn,Co0)30,4, Co species facilitates to tune Mn oxidation state through an internal redox process,
making it possible to control the ratio of Mn**/Mn®".”” A bifunctional catalyst of nanostuctured Mn;O,
was developed by Jaramillo and co-workers.” The catalyst design was inspired from a cubane-like
CaMn,0O, active site, the biological catalyst found in the oxygen evolving center in photosystem Il in
nature. Nanostructured Mn;O, was prepared by a facile electrodeposition method and then calcined at
480 <C. Unlike other MnO,, the catalytic activity of nanostructured Mn;O, exhibited excellent
performance for both ORR and OER, comparable to that of precious metals. The excellent catalytic
activity is proposed to be stemmed from the nanostructured nature of the catalyst. Chen and co-
workers developed another facile route to prepare bifunctional catalyst for Zn-air batteries.”® The
nanocrystalline Co,Mn3 O, (M=divalent metals) spinels prepared by reduction-recrystallization of
amorphous MnO, precursors exhibited enhanced catalytic activity towards both ORR and OER. DFT
calculation implies the intrinsic electrocatalytic activity for ORR and OER is derived from the
different binding energy between oxygen molecule and defect sites. Cos0, is also a promising
candidate of bifunctional ORR/OER catalyst owing to its high electrocatalytic activity and tunable
composition.” The spinel type Cos0, where Co®* and Co®* occupy the tetrahedral and octahedral sites,
respectively, is demonstrated as a promising electrocatalysts for ORR* and different morphologies of
has a different catalytic activity for CO oxidation.” For ORR, Co*" can produce surface electronic
state and these can capture electrons from the bulk oxide to form excited states [Co>*-e], which can be
considered as the active sites for ORR in alkaline.** Dai and co-workers developed a low-cost
bifunctional catalyst based on a hybrid composite of Co;O, nanocrystal and N-doped graphene.® The
hybrid composite catalyst (Cos0,/N-rGO) outperformed its counterparts, including Cos0,, graphene
oxide, C0304/rGO composite and commercial Pt catalyst, toward both ORR and OER. The
improvement of catalytic activity is derived from the synergistic effect between catalyst and substrate.
The k-edge XANES spectra implied the existence of interfacial Co-O-C and Co—N-C bonds in the

C0304/N-rmGO, which affected the electronic structure of Coz04. Recently, Xu et al. also revealed
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the importance of tunable electronic structure of Co;0, catalyst.® It was found that the ORR catalytic
activity of Coz0, catalysts was sensitive to the number and activity of surface-exposed Co®* ions.

Perovskite-based ORR catalysts

Although significant efforts have been devoted to developing metal oxides catalysts for
ORR/OER, most catalysts search is based on the method of trial-and-error.®® It is very challenging,
but desirable, to find a general principle to guide the material design and synthesis. As a successful
example, high active ORR catalysts of Pt-based materials have been developed by following
the Sabatier principle.®* Inspired by the Sabatier principle, Shao-horn’s group successfully identified
an activity descriptor that governs the ORR activity of perovskite in alkaline solutions.’® After
assessing the ORR activity of 15 perovskite-based oxides using a methodology based on a thin-film
rotating-disc electrode, it was found that the ORR activity for oxide catalysts primarily correlated to
o*-orbital (gg) occupation and the extent of B-site transition-metal-oxygen covalency, which served
as a secondary activity descriptor. Based on the findings, a volcano trend of the oxide ORR activity

was demonstrated and the ORR mechanism on perovskite oxide catalysts was proposed in Figure 2-9.
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Figure 2-9. a) Volcano trend of ORR activity for perovskite-based oxides. b) the proposed ORR
mechanism on perovskite oxide catalysts.'® Reproduced with permission. [10] Copyright 2011, Nature

Publishing Group.

This work provided a general principle to guide how to design perovskite catalysts and improve the
ORR activity of future metal oxides catalysts. Soon later, the same group identified the descriptor,
occupation of d states with e, symmetry, for OER over metal oxide catalysts and induced a volcano-
shaped activity relationship correlated to the 3d electron with an e, symmetry of surface transition

metal cations in an oxide.* Following the volcano plot, a good candidate, BagsSrosC0ogF€02035
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(BSCF) perovskite, for OER was successfully predicted and prepared. The electrochemical validation
of the selected perovskite totally matched the prediction. The catalytic activity of BCSF catalyst led
by the design principle outperformed all oxides counterparts and the state-of-the-art iridium oxide
catalyst in alkaline media. In a recent work, Sr,CoMoOg exhibited relatively higher catalytic activity
for ORR than Sr,FeMoOg, which is consistent with the volcano-shaped activity trend related to 3d

electrons.®®

2.2.2 Carbon-based Materials

Unlike carbon-based catalyst in non-aqueous electrolytes, pristine carbon materials without
doping show considerably low catalytic activity for ORR/OER in aqueous solutions. Nitrogen-doping
of carbon materials can enhance the catalytic activity for ORR in both acidic and basic electrolyte.®’
sp? carbon have abundant m electrons which is favorable to ORR requiring electrons. These =
electrons, however, need to be activated before participating in ORR because they are so inert that it is
hardly used itself. Therefore, putting more electrons into these n electrons systems can be the most
practical method and it can be realized by doping carbon with nitrogen, N, increasing electron density
and raising the highest occupied molecular orbital (HOMO) of sp? carbons. As a result, increased
charge carrier facilitates the oxygen reduction reaction.’® Another activation method is doping carbon
with electron deficient boron, B. For example, the vacant 2P, orbital in B can withdraw electrons from
carbon via conjugation, making B-doped carbon activated. Therefore, it can be used as catalysts for
ORR.® Both the contents and lattice structure of nitrogen atoms in carbon materials dominate the
catalytic activity toward ORR. Since Dai’s group found nitrogen doped carbon nanotubes can activate
ORR in an alkaline electrolyte, much efforts have been devoted to the promising metal-free ORR
catalysts.”” % Learning from the knowledge of nitrogen-doped carbon nanotubes, the same group
developed new metal-free catalyst of nitrogen-doped graphene for ORR.® The N-doped graphene
film possesses remarkable electrocatalytic properties for ORR, similar to that of nitrogen-containing
vertically aligned carbon nanotubes, implying the important role of N-doping in carbon materials for
ORR. Recent studies demonstrated that carbon nanotubes (either in an aligned or nonaligned form)
and graphene, functionalized with certain polyelectrolyte (e.g., Poly(diallyldimethylammonium
chloride), PDDA), could also act as metal-free electrocatalysts for ORR.” It indicated that it was
unnecessary for ORR activity whether the doped nitrogen atoms were in the carbon lattice. These
findings indicate that the intermolecular charge-transfer can serve as a general approach to the cost-
effective development of various carbon-based metal-free efficient ORR catalysts.

To develop metal-free catalysts for ORR, several approaches were demonstrated to
synthesize nitrogen doped carbon materials. Nitrogen-doped carbon nanotube cups were prepared via
chemical vapor deposition (CVD) using MeCN, EtOH and ferrocene as precursors, which performed

high electrocatalytic activity ORR through combination of two-electron and four-electron
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pathways.**

Another simple and efficient route was developed by Shanmugam et al. to synthesize
nitrogen doped carbon nanocapsules (NCNCs) as a non-noble electrocatalyst for ORR.? The method
was scalable and reproducible. The NCNCs displayed better performance as a metal-free electrode
catalyst for the oxygen reduction in alkaline medium than commercial electrode catalyst with good
stability and methanol tolerance.

An effective approach for the fabrication of graphene-based carbon nitride (G-CN)

nanosheets was established using a nanocasting technology in Figure 2-10."
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Figure 2-10. Fabrication of graphene-based carbon nitride (G—-CN) and CN nanosheets for ORR.
Reproduced with permission.™*

The G-CN nanosheets contained high nitrogen content, thin thicknesses, high surface areas, and
enhanced electrical conductivity. The G-CN nanosheets performed outstanding electrocatalytic
activity, long durability, and high selectivity as metal-free catalysts for ORR. Both the electrical

conductivity and the content of pyridinic nitrogen atoms are critical to achieve high-performance
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nitrogen-doped carbon materials for ORR since the combination significantly affects the electron
transportation in electrodes and active sites for ORR. A high-surface-area mesoporous nitrogen-doped
carbon material was prepared through the carbonization of ionic liquids and nucleobases by using
silica nanoparticles as hard templates.”® The catalyst contained 12 wt % of nitrogen contents with
narrow pore size distribution of ca. 12nm diameter. The mesoporous nitrogen-doped carbons
exhibited very good electrocatalytic activity for ORR in an alkaline medium. This materials also
showed a high methanol tolerance, compare with commercial Pt/C catalyst. In the full-cell tests,
nitrogen-doped carbon nanotubes (N-CNTs) derived from ethylenediamine precursors were
investigated as air cathode catalyst for zinc-air batteries and exhibited high activity for ORR.* A cell
power density of ~70 mW cm™ was achieved with an air-cathode catalyst loading of 0.2 mg cm™ and
an electrolyte of 6M KOH.

Heat-treatment is a widely-used strategy to improve the catalytic activity and stability of
ORR catalysts. A large scale of nitrogen-doped graphene, consisting of both pyridine-like and
pyrrole-like nitrogen atoms, was synthesized by heat-treatment of graphene with ammonia.?*® The
product annealed under 900°C exhibited better performance for oxygen reduction than that under 800
QC and 1000 <C, which contained more pyridine-like nitrogen atoms than others. The electrocatalytic
activity and durability of this material were comparable or better than the commercial Pt/C.

Despite nitrogen doping for carbon materials, other elements such as boron and phosphorous
doping for carbon materials also can enhance the catalytic activity of carbon materials for ORR.
Boron-doped carbon nanotubes (BCNTSs) prepared by CVD method exhibited good performance for
ORR.? The electrocatalytic activity was improved progressively with increasing boron content. DFT
calculations revealed that electron-deficient boron dopants were positively charged in the BCNT
lattice and induced the chemisorptions of oxygen molecules on BCNTSs. The electrocatalytic activity
of BCNTSs for ORR derived from the electron accumulation in the vacant 2p, orbital of boron dopant
from the wn* electrons of the conjugated system which then transfer to the chemisorbed oxygen
molecules through boron as a bridge. The transferred charge weakened the O-O bonds and, as a result,
facilitates the ORR on BCNTs. Carbon nanotubes doped with both boron and nitrogen (BCN
nanotubes) can further enhance the catalytic activity toward ORR.% Comparing to carbon nanotubes
doped with nitrogen atoms or boron atoms alone, the BCN nanotubes exhibited higher electrocatalytic
activity in an alkaline medium. The better performance stemmed from the synergetic effect of co-
doping with boron and nitrogen. Besides N and B, other elements such as S, I, and P have also used in

preparing other heteroatom doped carbon materials as electrocatalysts for ORR.*’

2.2.3 Other Non-precious Catalysts
For metal/N/C catalysts, macrocyclic structures containing nitrogen—transition metal

coordination have been widely studied as catalysts for ORR since Jasinski’s pioneer work in 1964.%
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However, following works showed that these coordinated structures are not stable in acid media,
making it inappropriate for PEMFC application. In the 1970s, additional heat treatment above 800°C
can significantly improve both catalytic activities for ORR and durability.” Subsequent studies have
been focused in finding optimized synthetic conditions for better heat-treated metal/N/C catalysts
although intrinsic active sites remain unclear.'®

Organic macrocycles, such as porphyrin and phthalocyanine, were widely used as
electrochemical catalysts for ORR in fuel cells and metal-air batteries.®" '™ The main disadvantage
of macrocycles is the poor durability and unclear active sites. Several strategies have been developed
to enhance the activity and stability of macrocyclic catalysts for ORR. One of successful example is to
construct a face-to-face structure of cobalt porphyrins.’® The dicobalt face-to-face porphyrins can
improve the activity and stability for oxygen reduction. Recently, Li et al. designed and synthesized a
new highly durable iron phthalocyanine based non-precious ORR catalyst (Fe-SPc) in alkaline m
edium.’®® The design of Fe-SPc catalyst was inspired by the structure of naturally occurring
oxygen activation catalysts, enzymes with unique atomic structure and surface properties. By
tuning the steric and electronic structure of catalysts, ORR stability of the Fe-SPc was
significantly improved after modified by functional groups. Despite organic functionalization,
pyrolysis is a widely used strategy to enhance the stability of metal macrocycles. The pyrolysis
temperature is an important factor to affect the stability and activity of the complex catalysts.
It was found that pyrolyzed pyrolyzed tetra methoxyphenyl porphyrin cobalt complex (CoTMPP)
at 410 "C had higher catalytic activities than the catalyst pyrolyzed at 800 ‘C.'°* The
pyrolyzed CoTMPP catalysts were tested as ORR catalysts in air electrode for a Zn-air battery. A
current density of ~120mAcm™ was reached at 1V cell voltage. A non-precious catalyst based on
nitrogen chelated iron or cobalt (FeCo-EDA) has been noted to be a potential ORR catalysts for Zinc-
air batteries.'® The electrochemical stability of non-precious FeCo-EDA and commercial Pt/C
cathode catalysts were compared in air electrodes for Zn-air batteries. The FeCo-EDA catalyst
outperformed commercial Pt/C catalysts in both stability and mass activity. A higher peak power
density (~232mWcm™) was achieved using FeCo-EDA, comparing to a power density (~196mwWecm™)
for commercial Pt/C. A variety of conductive polymers, such as polyaniline (PANI), polypyrrole (PPy)
and polythiophen (Pth), have been found to have electrocatalytic activity for oxygen reduction.'®
Recently, a type of intrinsically conductive polymer (ICP), poly(3,4-ethylenedioxythiophen)
(PEDOT), was found to have surprisingly high activity for oxygen reduction in alkaline medium."®’
An air electrode was fabricated by coating a PEDOT electro-active layer onto one side of a
hydrophobic, porous membrane (Goretex), involving plasma polymerization of a binding layer to the
polytetrafluoroethylene  (PTFE) membrane, followed by polymerization of the 3,4-
ethylenedioxythiophene monomer to form the PEDOT conducting polymer. The Goretex/PEDOT

electrode was tested as an air electrode at various pH levels. As a result, the Goretex/PEDOT
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electrode provided substantial oxygen reduction current densities at all of the pH conditions studied.
For a full cell test, a Zn-air battery was constructed based on this PEDOT air-electrode and a 1M
KOH electrolyte, which provided an open-circuit voltage of 1.44V. Based on a 48-hour continuous
test, the PEDOT air electrode conducted a better performance than a Pt/Goretex air electrode under

same test conditions.
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Chapter 3. lonic liquid modified graphene nanosheets anchoring
manganese oxide nanoparticles as efficient electrocatalysts for Zn-air

batteries’

Adapted from ref. 72f with permission from RSC.

This article reports a systematic study of the surface engineering of graphene nanosheets by an ionic
liquid moiety, demonstrating its utility in the controlled growth of nanoparticles as well as improving
its conductivity and electrocatalytic activity in the oxygen reduction reaction (ORR), that is essential
for potential applications in a Zn-air battery. Interestingly, based on the Koutecky—Levich plot, we
find that the oxygen reduction pathway of these composites is tunable with the relative amount of
Mn3;O, nanoparticles supported on the graphene sheets. For example, the ORR mechanism of the
system with a lower Mn;O, (19.2%) nanoparticles content is similar to the Pt/C electrode, i.e., a
guasi-one-step, 4-electron transfer, unlike that with a higher Mn;O,4 (52.5%) content which undergoes
a classical two-step, 2-electron pathway. Most importantly, we demonstrate the potential of these
hybrid rGO-IL/ Mn;O, nanoparticles as efficient catalysts for the ORR in the Zn—air battery with a
maximum peak power density of 120mWcm™, which is higher than that of commercial cathode
catalysts. With its high surface area and combined catalytic activity with nanoparticles anchored on,
we believe this study should present an important step forward in utilizing graphene in
electrochemical catalysts and open new possibilities in applications as alternative low-cost catalysts

for metal-air batteries and alkaline fuel cells.

Harvesting energy from green resources and developing suitable storage systems are the top
priorities of current research in energy. Though the lithium-ion battery leads the market in the field of
energy storage, it is still actively investigated as an alternative energy storage system with higher
energy and power density to meet various energy demands.” *®® In that regard, Zn—air batteries have
attracted much attention due to their high potential such as low-cost, relatively high capacity, facile

19a

nature of handling and processing, and environmental benignity.™ Among the many issues for the

development of next generation Zn-air batteries, it is essential to develop highly efficient and low cost

catalysts for oxygen reduction reaction (ORR).°"* Although Pt-based electrocatalysts have been
84a, 109

traditionally employed to catalyze the ORR with a high efficiency, manganese oxides are

particularly attractive candidates due to their high catalytic activity, high abundance of Mn, high
stability, low cost, and lack of environmental issues.”® However, there are still obstacles in utilizing
manganese oxides as an efficient ORR catalyst due to their intrinsically low electrical conductivity.

Graphene, a monolayer of aromatic carbon lattice, has recently drawn a tremendous amount of
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interest due to its extraordinary electrical, optical, thermal, and mechanical properties.** Taking full
advantage of its chemical stability and high conductivity along with its high specific surface area, the
graphene nanosheet is an excellent substrate for hosting and growing functional nanomaterials for

high-performance electrochemical and electrocatalytic devices.™* To date, a number of examples have

| 113 114 5
)

been reported to host a variety of meta metal oxide,"* semiconducting,"™ and magnetic
nanoparticles™™® on the surface of graphene; however, up to now, few papers have reported the
utilization of metal nanoparticles anchored on graphene and its catalytic activity in a Zn—air battery.
Herein, we present a simple approach of integrating manganese oxide nanoparticles into electrically
conductive graphene sheets via a solution-based growth mechanism to afford hybrid graphene/Mn;O,

nanoparticles (Figure 3-1).

rGO-IL/Mn;0,

e-4\l =
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Electrolyte SeparatorCatalyst Porous carbon
Figure 3-1. (a) Schematic representation of the functionalization of the surface of graphene oxide and
subsequent formation of nanoparticles. (b) Diagram of a Zn—air battery cell with a photograph of the

actual cell tested.
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Furthermore, we investigated their potential as an efficient electrocatalyst for the ORR in a Zn-air
battery. In this study, we introduced the ionic liquid moiety onto the surface of graphene oxide with
the aim of introducing the manganese oxide precursor on the surface of graphene as well as benefiting
from the many features of the ionic liquid moiety (i.e. high ion conductivity, wide electrochemical
windows, and the low interfacial energy between the graphene and the nanoparticles) that play a key
role in enhancing the electrochemical activity of the resulting hybrid nanostructure.*’

According to the modified Hummers method, graphite oxide suspensions were initially
prepared from a commercial graphite powder, followed by the sonication for the exfoliation of
graphite oxide to graphene oxide (GO) nanosheets.™® Carboxylic acid groups on the surface of GO
were further reacted with 1-(3-aminopropyl)-3-methylimidazolium bromide (IL) through the N-ethyl-
N’-(3-dimethyl aminopropyl)carbodiimide methiodide (EDC) mediated reaction to afford the ionic
liquid moiety functionalized GO (GO-IL) (Fig. 3.1). As noted in other literature, the presence of the
ionic liquid would enhance the solubility of graphene in a wide range of solvents,™® facilitate its
electrocatalytic activity and enhance its conductivity, hence improving overall the performance of the
electrocatalyst. The successful functionalization of GO with the IL moiety was confirmed by zeta-
potential measurements, which show a surface charge reversal from -52.0 mV to +45.2 mV upon
functionalization. In addition, high-resolution X-ray photoelectron spectroscopy (XPS) further
supported the presence of an IL moiety with the appearance of N1s 399.3 and 401.9 eV peaks from
the imidazolium ring of ionic liquid in Figure 3-2 and 3-3.
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Figure 3-2. Deconvoluted high-resolution C1s XPS spectra of samples in this study. (a) GO, (b) GO-
IL, (c) rGO-IL, and (d) rGO-IL/Mn3;0, (10:1).
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Figure 3-3. Deconvoluted high-resolution N1s XPS spectra of samples in this study. (a) GO, (b) rGO-
IL and (c) rGO-1L/Mn30, (10:1).

In order to restore the electrical conductivity of the pristine GO, chemical reduction of the GO-IL
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suspension was subsequently carried out by adding hydrazine to provide the reduced graphene oxide
(rGO) nanosheets functionalized with the IL moiety (rGO-IL). In addition, manganese oxide
nanoparticles were grown onto the above prepared rGO-IL nanosheets by a simple solution-based
growth mechanism as shown in Fig. 3-1. Specifically, the manganese precursor, NaMnQO,, was mixed
through the electrostatic interactions in various feeding ratios (the ratio of rGO—IL to Mn precursor
ranges from 1 to 20), followed by heating at 85°C for 1 h. The relatively mild conditions are proved to
be important to control the hydrolysis of the manganese precursor, which precludes the formation of
free nanoparticles in solution.
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Figure 3-4. (a) SEM and (b) TEM images of rGO-IL/Mn;O, composites with size distribution of
Mn3;O,4 nanoparticles. (c) HR-TEM image of Mn;O, nanoparticles with the inset of the corresponding
SAED pattern and (d, e, f) STEM and the EDX elemental mapping images of hybrid rGO—IL/Mn;0,

(10 : 1) composites.
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Figure 3-5. (a,b) High-magnification SEM images and (c) TEM image of rGO-IL/Mn;O, (2:1)
composites with size-distribution of Mn;O,4 nanoparticles. (d) HRTEM image of Mn;O, nanoparticles
and the inset is the corresponding SAED pattern and (e) Elemental mapping image of hybrid rGO-IL/
Mn;0, (2:1).

The resulting rGO-IL/Mns;0, composite was filtered and washed thoroughly with deionized water and
dried in the oven at 50°C. The control experiment, carried out in the absence of rGO-IL under
identical conditions, did not produce any nanoparticles that are redispersible in water. The
morphological structures of the rGO-IL/Mn;O, nanocomposites were characterized by scanning
electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM). Based
on the SEM and TEM images in Figure 3-4, we found non-uniform coating of Mn;O, nanoparticles
on the surface of graphene sheets possessing relatively spherical morphology with an average
diameter of 9.45+1.72 nm. HRTEM images further reveal that crystal lattice fringes throughout the
entire nanoparticles formed on the graphene sheet that matched with the major peaks of crystalline
Mn;O, nanoparticles. The crystalline phase of manganese oxide nanoparticles can be further revealed

by the XRD spectrum, which clearly shows the formation of Mnz;O, in Figure 3-6 and 3-7.
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Figure 3-6. X-ray diffraction pattern of prepared hybrid rGO-IL/Mn;O, (2:1) with the reference

Intensity (a.u.)

Mn;0O, diffraction pattern.
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Figure 3-7. X-ray diffraction pattern of all samples used in this study.

Moreover, the selected area electron diffraction (SAED) of the nanoparticles displays the crystalline
nature of the Mn3O, nanoparticles that formed on the surface of the rGO-IL nanosheet. As shown in
the elemental mapping of hybrid rGO—IL/Mn3;0,, we observed the presence of the rGO-IL nanosheets
by distinctive elements such as C, O and N as well as the presence of Mn3;O, nanoparticles by Mn and
O elements (Fig. 3-4f).

Given the rather non-uniformly distributed Mn3;O,4 nanoparticles on the surface of rGO-IL,
we postulate that the ionic linkage between the surface of rGO-IL and the manganese precursor are
possibly not uniformly distributed on the surface of graphene nanosheets. The graphene—nanoparticles
interaction, however, allows good dispersion of Mn3;O,4 nanoparticles grown on the rGO nanosheets
thus avoiding the potential aggregation of nanoparticles during the electrocatalytic cycles.

With the hybrid nanoparticles prepared, we then performed the rotating-disk electrode (RDE)
experiment to investigate the electrocatalytic activities of hybrid rGO-IL/ Mn3;0,. Since the electrons
resulting from the oxidation of zinc metal should flow efficiently to the nanoparticle-supporting
carbon substrate to reduce the oxygen during the actual operation of a Zn-air battery, the electrical

conductivity together with the catalytic activity of the nanoparticles are critical factors in designing
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and developing the efficient catalyst."”® Therefore, we employed two independent strategies to gain
the insight on the catalytic activity: 1) chemical attachment of the ionic liquid moiety as well as
chemical reduction of the graphene sheet to increase the conductivity of the system and
electrocatalytic activity and 2) tuning the ratio of the Mn precursor with respect to the rGO-IL to
determine the optimum ratio of our hybrid rGO-IL/Mn;O, catalyst for enhanced ORR activity while
preserving necessary electrical conductivity. As shown in the Figure 3-8, covalent attachment of the
ionic liquid moiety onto the graphene nanosheet results in a higher limiting current and more positive

onset potential than that of a plain, unmodified GO.
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Figure 3-8. Rotating disk electrode (RDE) experiments of various samples prepared in this study. (a)
Half-cell data and (b) comparison of the onset potential and limiting current of each sample of GO,
GO-IL, rGO-IL, rGO-IL/Mn304 (2 : 1), and rGO-IL/Mn3O,4 (10 : 1). The rotation rate is 3200 rpm
and the scan rate is 10 mV s™; 0.10 M KOH is used as an electrolyte. Pt wire and Hg/HgO are used as
counter and reference electrodes with a 3 mm diameter working electrode, respectively. Onset

potential was measured at -0.002 mA and limiting current was measured at -0.45 V.

This is consistent with the previous reports that the presence of the ionic liquid moiety would

facilitate the electrocatalytic activity between the metal and oxygen,**

as well as increase the
solubility of the oxygen which can affect the enhanced reduction rate of oxygen to perhydroxyl or
hydroxyl ions.*? Moreover, the chemically reduced graphene oxide (rGO-IL) has both a higher
limiting current and more positive onset potential than GO-IL. Taken together, these data clearly
support the critical role of the ionic liquid moiety as well as the enhanced conductivity gained upon
the chemical reduction process of the GO nanosheet. Although electrical conductivity is another factor
in determining ORR activity, the actual ORR activity of carbon materials is not sufficient to reduce
oxygen effectively. When comparing the rGO-IL with rGO-IL/Mn3O, composites, the latter has a
higher ORR activity as expected, among which rGO-IL/Mn3;O,4 (10 : 1) has the highest catalytic
activity. These results clearly show that Mn;O, nanoparticles facilitate the reaction effectively;
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however, higher Mn;O, contents (rGO—IL/Mn3O, (2 : 1), 52.5% Mn content as determined from TGA)
can reduce ORR activity compared with a lower content of Mn3;O4 (rGO-IL/Mn3O,4 (10 : 1), 19.2%
Mn content) in Figure 3-9.
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Figure 3-9. TGA thermograms of all samples used in this study. rGO-IL/Mn;0,4 (2:1) and rGO-IL/
Mn3O, (10:1) show the relative percentage of Mn3;O, within the composite is 52.5% and 19.2%,

respectively. The thermograms were obtained at a scan rate of 10 °C/min under air.

We postulate that the relatively larger content of Mn;O,4 with respect to the graphene sheet results in a
lower electrical conductivity, which in turn, has an adverse effect on the ORR activity. This argument
can be corroborated with the conductivity measurement with the 4-point probe. The sample with a
lower content of Mn, rGO—IL/Mn;O, (10 : 1), displays a lower surface resistance of 61.1 ohmsq™
compared to 120.3 ohm sq™* of rGO-IL/Mn;O, (2 : 1). It is also of note that the absolute amount of
Mn;0O4 in the hybrid is not the major factor in governing the ORR activity, since the limiting current
normalized to the effective mass of active Mn;O, within the hybrid rGO-IL/Mn;O, yields
approximately 4 times higher mass activity for the rGO-IL/ Mn3;O, (10 : 1) sample (-233.9 mA/mgun
at -0.45 V) than that of rGO—-IL/Mn3O4 (2 : 1) (-55.2 mA/mgw, at -0.45 V) in Figure 3-10.
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Figure 3-10. Half-cell data of rGO-IL/Mn;O,4 samples with different Mn contents expressed by the
normalization with the Mn content. Rotating disk electrode (RDE) experiments were conducted with
the rotation rate 3200 rpm and the scan rate 10 mV/sec; 0.10 M KOH is used as an electrolyte. Pt wire
and Hg/HgO is used as a counter and reference electrode with a 3-mm diameter working electrode,

respectively.

To explore the ORR and the related kinetics in a more quantitative manner, we have further

transformed the obtained RDE data based on the Koutecky—Levich equation (Figure 3-11).% '
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The Koutecky—Levich plot relates the current density (i) to the rotation rate of electrode (u) to
determine both the kinetic current (i) and the number of transferred electrons (n) involved in the ORR.
where iy represents the kinetic current; ig is the diffusion limiting current; n is the number of electrons
transferred per O, molecule; F is the Faraday constant (96485 C mol™); A is the geometric area of the

disk electrode (7.06 X 10® m?); k (m s@) is the rate constant for the ORR; Co; is the saturated
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concentration of O, in solution (1.21 mol m™ in 0.10 M KOH); n is the kinematic viscosity (1 X 10°®
m? s in 0.10 M KOH); Do, is the diffusion coefficient of O, in solution (1.87 X 10° m*s™ in 0.10 M
KOH); and u is the angular frequency of the rotation (rad s™). From the linear relationship between i
vs. »° based on the Koutecky—Levich equation, we can obtain the number of electrons transferred (n)
from the slope and compare the kinetic current (i) from the intercept. Given the RDE data, we
calculated the average number of electrons transferred from the samples of two different Mn;O,
contents, particularly rGO-IL/Mn;O,4 (2 : 1) and (10 : 1).
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Figure 3-11. RDE experiments and the corresponding Koutecky-Levich plots of (a, b) rGO-
IL/Mn3O, (2 : 1) and (c, d) rGO-IL/Mn3O,4 (10 : 1). The experiments were conducted at a scan rate of
10 mV s* in an O,-saturated 0.10M KOH solution. Theoretical slopes for n = 2 and 4 are also

constructed for comparison.
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To our surprise, we found that the average number of transferred electrons (n) of rGO—-IL/Mn3O, (2 :
1) is 2.75 while it increased to 3.50 in the case of rGO-IL/Mn;0O,4 (10 : 1). With these results, it is
reasonable to estimate that there exist two independent mechanisms depending on the contents of
Mn3O, in the hybrid rGO-IL/Mn3O, catalyst. Specifically, the corresponding number of electrons
(3.50) for rGO-IL/Mn30O,4 (10 : 1) indicates an efficient one-step, quasi-4-electron transfer similar to
the Pt/C electrode. On the other hand, the electron transfer number (2.75) of rGO—IL/Mn3O,4 (2 : 1) is
close to the classical two-step, 2-electron pathway, as is the case for many other carbon-based

electrode materials (Figure 3-12).

low Mn content O = high Mn content gnge?.
(one-step, 4-e) (two-step, 2-e) e UCE 20T
j Reaction
\Ze
de H,0'—> OH
o / chemical
2 B 2e decomposition

rGO-IL/Mn,0,
Air electrode

Figure 3-12. Schematic representation of the potential pathway of electrons during oxygen reduction

reaction on the surface of rGO-IL/Mn;0, electrocatalysts.

It is interesting to note that the reaction mechanism is tunable simply with the relative amount of
nanoparticles supported onto the graphene sheets. Because the study on half-cell experiments such as
RDE presents only the performance as a catalyst, we have to evaluate the actual ORR performance of
catalysts in a Zn—air full cell. For that purpose, we have evaluated the electrochemical performance of
a single Zn—air cell composed of an anode of zinc powder together with a hybrid rGO-IL/Mn;0,
electrocatalyst in the cathode electrode. Via a galvanodynamic method, the current density versus
potential (reference to a Zn electrode) profile can be obtained under varying current density from 0 to
200 mA cm™ and one can calculate the maximum peak power density from a polarization curve for
the Zn-air cell (Figure 3-13).
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Figure 3-13. Single cell performance of the Zn—air battery assembled with hybrid rGO-IL/Mn304
electrocatalysts compared with 20% Pt/C and commercial cathode materials. (a) Polarization curve of
zinc-air cell and (b) corresponding power density plot of (black) rGO—-IL/Mn3O,4 (2 : 1), (red) rGO—
IL/Mn3O4 (10 : 1), (blue) 20% Pt/C, and (green) commercial cathode (MEET) under the current
density from 0 to 200 mA cm™,

As shown in the discharge profile of Zn-air full cell, the voltage difference in two cells of different
Mn contents rises significantly with the increase of current density. This result indicates that a
resistance effect on a Zn—air cell is more dominant when high current density is applied to the cell and
also coincides with the fact that the oxygen reduction reaction becomes very sluggish due to a high
overpotential. When the power density plot is constructed, similar trends between RDE and actual cell
performance are observed and maximum peak power density of 120 mW cm™ can be obtained from
the hybrid rGO-IL/Mn;0, (10 : 1) sample. For comparison, identical procedures were applied to
compare the efficiency of the air cathode with the commercial gas diffusion electrode (GDE)
including MnOx (Meet Inc., Korea) and 20% Pt on Vulcan XC-72 (E-TEK). Although the 20% Pt/C
exhibits the best electrochemical performance among various samples, our hybrid rGO—IL/Mn;0,
(10 : 1) still illustrates better efficiency in the overall Zn-air fuel cell performance than the
commercial air cathode under the current density from 0 to 200 mA cm™. With further improvements,
we believe this hybrid catalyst could be used as a potential candidate in low-cost electrocatalysts for
metal-air batteries and alkaline fuel cells. For more practical application of our hybrid catalyst in
various electrocatalytic reactions, our next endeavor should be focused more on addressing the
stability and durability, as well as the product cost of the modified graphene nanosheet and hybrid
catalyst.

In summary, we present a simple and facile approach of integrating manganese oxide
nanoparticles into the electrically conductive graphene sheets via a solution-based growth mechanism

to afford hybrid graphene/Mns;0O, nanoparticles. The ionic liquid moiety on the graphene nanosheet
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was proven to be important in enhancing the electrocatalytic activity of the hybrid nanoparticles in
oxygen reduction reaction with a one-step, quasi-4-electron transfer pathway. By utilizing the high
activity of the graphene/Mn3;0, nanoparticles, we demonstrated their potential in the Zn—air battery, as
they exhibit considerably high catalytic activity. By taking advantage of the facile synthetic nature of
this hybrid nanoparticle with graphene nanosheet, we anticipate that the hybrid graphene/Mn;O,
nanoparticles will open new possibilities in applications as alternative low-cost catalysts for metal-air
batteries and alkaline fuel cells.

Experimental

Procedures of graphene oxide (GO) nanosheets

Graphite oxide was synthesized from graphite (Aldrich, <20 mm) by the modified Hummers method
and exfoliated to give a stable, brown dispersion of graphene oxide (GO, typical conc. of 0.50mg mL™)
under ultrasonication for 40 min and then centrifuged at 4000 rpm for 10 min to remove any

aggregates remained in the suspension.

Preparation of ionic liquid moiety (IL-NH2)

In the typical procedure according to the literature,47 3-bromopropylamine hydrobromide (1.1 g, 5.0
mmol) and 1-methylimidazole (0.395 mL, 5.0 mmol) were added to 15 mL ethanol, forming a
colorless solution which was refluxed under nitrogen for 24 h. The resulting turbid mixture was
purified by re-crystallization from ethanol, with ethyl acetate as an anti-solvent. Finally, the resulting
white powder was dried under vacuum at 60 °C overnight and then purified. Preparation of ionic
liquid modified graphene oxide nanosheet (GO-IL) and reduced graphene oxide nanosheet (rGO-IL)
lonic liquid modified GO nanosheets (GO-IL) were prepared by reacting GO with excess IL-NH2
(conc. 0.50 mg mL™) under stirring for 5 h in the presence of N-ethyl-N’-(3-dimethyl aminopropyl)
carbodiimide methiodide (EDC, 98%, Alfa Aesar). The resulting suspension was dialyzed (MWCO
12000-14000, SpectraPore) for a few days to remove any by product and residuals during
functionalization. The prepared GO-IL suspensions exhibited a fairly good colloidal stability over a
wide span of pH conditions. Chemical reduction of the GO-IL to rGO-IL was carried out by adding
hydrazine as reported previously. Preparation of catalyst ink for rotating disk electrode Catalyst ink
was prepared by ultrasonically mixing 2.0 mg of asprepared sample with 1.0 mL of pure deionized
water for 1 h in order to make a homogeneous suspension. Then, 3 mL of the prepared catalytic ink
was transferred to the surface of the 3 mm diameter glassy carbon electrode using a micropipette.
Finally, the ink was dried for 10 min under vacuum conditions at room temperature to form a thin

catalyst film on the glassy carbon electrode as a working electrode.

52



Rotating disk electrode (RDE) experiments

All half cell experiments for the ORR using a rotating disk electrode (RDE) (ALS Co., Ltd) were
carried out under the same conditions where Pt wire and Hg/HgO were used as a counter and a
reference electrode respectively; 0.10 M KOH is used as an electrolyte; pure oxygen gas (99.9%) was
purged for 30 min before each RDE experiment to make an electrolyte oxygen saturated condition.
Rotation speeds were changed in this RDE measurement to deduce kinetic parameters related to ORR
to construct the Koutecky—Levich plot. Electrochemical characterization of as-prepared catalysts were
conducted using a single potentiostat (Ivium) with a scan rate of 10 mV s™ and potential range from
0.15Vto-0.7 V.

Preparation of air electrode

All air electrodes used in this Zn—air full cell test are prepared with fixed weight composition;
activated carbon (Darco G-60A, Sigma-Aldrich) is 62 wt% + poly-tetrafluoroethylene (PTFE) binder
30 wt% (60 wt% PTFE emulsion in water, Sigma-Aldrich) + as-prepared catalysts is 8 wt%. After
sonicating each material in pure DI-water for 1 h, each suspension was then mixed ultrasonically for 1
h to form a homogeneous suspension. The excess water is removed by filtering the homogeneous
suspension and then the slurry is dried at 60°C. By adding isopropy! alcohol to dried black powder, air
electrodes were manufactured via a kneading and rolling process to make the desired thickness of air
cathode. Finally, Ni-foam as a current collector was attached to the back side of the air electrode. The
thickness of all air cathodes was set to 600 mm to minimize the thickness factor of electrodes to

overall cell performance.

Zn—air full cell assembly

For the Zn-air full cell test, homemade Zn-air single cell were used in this experiments. 1 g of zinc
powder (Umicore) was used as the anode electrode. Nylon net filter (Millipore) was used as a
separator. A 16—pi air electrode is used as the cathode electrode. The galvanodynamic experiment is
carried out with a multichannel potentiostat (WBCS 3000, WonA Tech, Korea) with various current

densities from 0 mA cm to 200 mA cm™ to characterize the Zn—air single cell performance.
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Chapter 4. Ketjenblack Carbon Supported Amorphous Manganese Oxides
Nanowires as Highly Efficient Electrocatalyst for Oxygen Reduction

Reaction in Alkaline Solutions”

Reprinted with permission from Ref.73. Copyright © 2011 American Chemical Society.

A composite air electrode consisting of Ketjenblack carbon (KB) supported amorphous manganese
oxides (MnOx) nanowires, synthesized via a ployol method, is highly efficient for oxygen reduction
reaction (ORR) in a Zn-air battery. The low-cost and highly conductive KB in this composite electrode
overcomes the limitations due to low electrical conductivity of MnOx while acting as a supporting
matrix for the catalyst. The large surface area of the amorphous MnOXx nanowires, together with other
microscopic features (e.g., high density of surface defects), potentially offers more active sites for
oxygen adsorption, thus significantly enhancing ORR activity. In particular, a Zn-air battery based on
this composite air electrode exhibits a peak power density of ~190 mW/cm?, which is far superior to

those based on a commercial air cathode with Mn3;0, catalysts.

Batteries with higher energy density are needed to meet the ever-increasing demands of
many emerging technologies, from portable electronics to electrical vehicles. The energy densities
of the existing batteries are limited primarily by the low energy density of electrode materials used. To
dramatically enhance the energy density of batteries, considerable efforts have been devoted to the
development of new air electrodes for efficient utilization of oxygen from air in metal-air batteries.
Among many metals that may be used as the anode (e.g., Ca, Al, Fe, Cd, Li and Zn) in a metal-air
battery, Zn metal has received much attention due to its low cost, abundance, and environmental
benignity. Additional advantages of Zn-air batteries include a flat discharge voltage and a long shelf-
life.! To date, however, the performance of Zn-air battery is limited largely by the poor performance

of the air electrode because the rate of ORR is much slower than that of zinc oxidation in Figure 4-1.
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Rates in Metal-air battery
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Figure 4-1. Schematic rates in general metal-air battery (also applied to Zinc-air battery).

Thus, the development of efficient catalyst for accelerating ORR in an air-electrode is vital to
achieving high-performance zinc-air batteries.

Nanoparticles of precious metals and alloys with well-controlled facets are reported active
and efficient catalysts for ORR in fuel cells and metal-air batteries.® '** However, their high cost and
scarcity severely hinder their applicability to broad commercialization. Accordingly, transition metal
oxides and other less expensive catalysts have been used as alternative ORR catalysts in primary

alkaline based fuel cells and metal-air batteries.'*®

Among them, MnOx are particularly attractive
because of their high catalytic activity, low cost, and minimum environmental impact. It has been
reported that ORR catalytic activity of MnOx depends on its crystalline structure and oxidation

It also depends sensitively on the surface area and the available active sites exposed to
oxygen molecules. Thus, the use of an amorphous structure as catalysts could be more favorable over
crystalline manganese oxide structures. Yang et al. reported that nanoporous amorphous manages
oxides, synthesized via low-temperature aqueous redox process, are efficient electrocatalysts for ORR
in alkaline solutions,® due mainly to high surface area and large concentration of lattice defects in the
amorphous structures. They also showed that this oxide significantly facilitates a 2-electron pathway
in ORR.%

However, full utilization of MnOx as an efficient ORR catalyst is still limited by the low

127

electrical conductivity of MnOx,™" to overcome this problem, conducting carbon materials, such as

graphene and CNT, are usually used with MnOx.™

To reduce the cost, commercially available, less
expensive, conducting materials such as ketjenblack can be used as an alternative way to prepare
reliable ORR catalysts.

Here we report a simple approach to integration of amorphous MnOx nanowires with
electrically conductive ketjenblack carbon materials via a polyol method (hereafter denoted as a-
MnOx NWs on KB) and the electro-catalytic properties of the composite electrode for ORR in a Zn-

air battery. In order to prepare a-MnOx NWs on KB, ethylene glycol and potassium permanganate
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were used as the reducing agent and the precursor for manganese oxides, respectively.'?®
Permanganate ion can be reduced to amorphous manganese oxides by ethylene glycol under the mild
condition. A solution based-redox reaction for deposition of amorphous MnOx NWSs onto the surface
of ketjenblack carbon in a carbon matrix is schematically illustrated in Figure 4-2 (a).

&
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Figure 4-2. (a) Schematic description of amorphous MnOx particles (a-MnOx) and nanowires on
ketjenblack composite (a-MnOx NWs on KB) (b) X-ray diffraction patterns of amorphous MnOXx
particle, ketjenblack (KB), and amorphous MnOx nanowires on Ketjenblack composites. TEM images

of (c) pristine ketjenblack and (d) amorphous MnOx nanowires on Ketjenblack composites, and (e)
magnified TEM image of (d).
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Specifically, potassium permanganate, KMnO,, was mixed with pristine ketjenblack carbon
suspension in ethylene glycol under basic condition by adding small amount of 0.5M NaOH, followed
by heating to 80°C and kept for 2 h. The resulting amorphous manganese oxide on Ketjenblack
composite was filtered and washed thoroughly with deionized water and ethanol, followed by drying
in an oven at 60 °C for 12 h. The MnOx content in this composite is ca. 10 wt%, as determined from
inductively coupled plasma-atomic emission spectrometry. It is critical to optimize amount of
manganese oxides in this MnOx catalyst and carbon composites because ORR pathway can be tunable
with Mn contents based on the experimental fact that too much MnOXx in this material decrease its
overall electrical conductivity, deteriorating ORR activity.”" A control experiment was also performed
in the absence of ketjenblack carbon under the same processing conditions (reaction temperatures and
times), producing brown-black amorphous manganese oxides.

The X-ray diffraction (XRD) pattern from a sample of a-MnOx NWs on KB (Figure 4-2b)
showed no distinct peaks (except those from ketjenblack), suggesting that the as-prepared MnOXx was
amorphous under this mild synthetic condition. TEM examination revealed that the amorphous MnOXx
on ketjenbalck carbon had a hanowire morphology with a diameter of ca. 10 nm (Figure 4-2d and e),

which was further confirmed with line mapping in Figure 4-3.
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Figure 4-3. TEM images of amorphous MnOx nanowires on Ketjenblack and the corresponding
EDAX spectra.

Since the NWs were obtained below 100°C, it is expected that they have many defects and rough
surfaces. It is noted that the nanowire morphology of the amorphous MnOx on KB is very different
from the particle shape of the amorphous MnOx without KB support, implying that the presence of

KB matrix promoted the formation of MnOx nanowires in Figure 4-4.
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Figure 4-4. SEM image of as-prepared amorphous manganese oxides particles (A) and the

corresponding EDS spectrum (B).

To the best of our knowledge, for the first time, we described facile route of growing amorphous
manganese oxides nanowires along amorphous template, ketjenblack carbon. Because preparing
amorphous structure is more cost effective and has larger surface area than other crystalline structure,
we expect that it can be very promising candidates for ORR catalysts because catalytic reaction
mostly occur onto surface. Therefore our question is how to keep amorphous MnOXx structure on
conducting carbon materials, preparing amorphous MnOXx and carbon composites. This is why we use
amorphous ketjenblack while expecting this carbon to act template in this synthetic condition. From
this a point of view, we expect this innovative and simple approach to apply preparing amorphous
catalysts on amorphous supporting materials, especially catalysts composites for metal-air and
alkaline fuel cell.

To evaluate electrocatalytic activity for ORR of the a-MnOx NWs on KB, rotating disk
electrode (RDE) experiments were performed with two MnOx samples prepared at 80 and 160°C,

pristine KB, and a-MnOx NWs on KB composite (in Figure 4-5).
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Figure 4-5. Rotating disk electrode (RDE) experiments of MnzO,4, amorphous MnOx particle (a-
MnOx), ketjenblack (KB), amorphous MnOx nanowires on ketjenblack composites (a-MnOx NWSs on
KB), and 20% Pt on Vulcan XC-72 (E-tek) under oxygen saturation condition at 3200 rpm; scan rate
was 10mV/sec; 0.10 M KOH was used as an electrolyte. Pt wire and Hg/HgO was used as a counter
and reference electrode with a 3-mm diameter working electrode, respectively. Onset potential (red

color) was measured at -0.002 mA and limiting current (blue color) was measured at -0.45 V.

While the MnOx sample was amorphous when prepared at 80 °C, it turned to a crystalline phase of

Mn;O, when prepared at 160°C in Figure 4-6.
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Figure 4-6. X-ray diffraction patterns of amorphous MnOXx particles synthesized at 80°C and
asprepared Mn;O, at 160°C with the reference Mn;O, diffraction pattern (JCPDS #: 80-0382).

The linear sweep voltammograms (Figure 4-5a and b) show that the onset potentials of the two
samples are very similar, but the limiting current of the a-MnOx (prepared at 80°C) is higher than that
of the Mn;0, sample (prepared at 160°C). Because there is little difference in onset potential, the two
samples have similar intrinsic ORR catalytic activity. Therefore, the improved limiting current of the
a-MnOx sample may be attributed to the increased surface area or more adsorption sites for oxygen
molecules. Brunaer, Emmet and Taller (BET) surface areas of the a-MnOx (80°C) and the Mn3;0,
(160°C) are 273.5 and 97.8m?/g, respectively. Furthermore, although the limiting current for the
pristine KB is similar to that for the a-MnOx, the onset potential of the KB is slightly more positive
than that of the a-MnOx, implying that the intrinsic catalytic activity of the pristine KB is higher than
that of the a-MnOx. Further, electrical conductivity of the MnOx may significantly impact the
utilization of the ORR catalysts.

For the case of the a-MnOx NWs on KB, surprisingly, the onset potential was shifted to a
more positive direction and the limiting current was increased considerably, demonstrating that the
ORR activity of this composite is far better than those of the pristine KB and the two MnOx samples
(Figure 4-5a) in a weak basic solution (0.1M KOH). Although electrical conductivity is another factor
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affecting ORR activity, carbon materials itself has an insufficient to reduce oxygen effectively.
Therefore, it clearly indicates that amorphous manganese oxides NWs in this composite facilitate
ORR significantly.

However, the ORR activity of the a-MnOx NWs on KB composite appears to be less than
that of a platinum based catalyst: 20 wt% Pt on Vulcan XC-72. Although the BET surface area of the
a-MnOx NWs on KB is 637 m%g, the surface area alone cannot account for the improved ORR
activity. Further, it is impossible that ideal comparison of our composite with just physical mixture
composed of ketjenblack and MnOx NWSs because MnOx NWs cannot be synthesized without
ketjenblack carbon. It appears that significantly enhanced performance for ORR results from the
unique nanowire morphology and microscopic features (e.g., high density of surface defects).
Therefore, these reasons may play some role in enhancing the electrochemical performance by
offering more active sites for adsorption of oxygen molecules.®® In other words, both electronic and
geometric factor of catalysts can affect ORR catalytic activity. With an assumption that the bond
strength between Mn metal and oxygen molecule is almost same as that in other previous literatures
using MnOXx because we use pure Mn metal oxides, not metal alloy, it is more reasonable to focus
geometric factor of amorphous MnOx nanowires to elucidate enhanced ORR activity. Based on
simple molecular orbital (MO) theory, s and p orbital of oxygen molecule should overlap with d-
orbital of Mn metal to break O=0 and these requirements has been illustrated with three possible
configuration of oxygen molecule interaction with a metal in a complex such as Griffith, Pauling,

Yeager’s model® in Figure 4-7.
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Figure 4-7. Possible configuration of oxygen molecule interaction with a metal: 1) Griffith, 2)

Pauling, and 3) Yeager’s model.
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Therefore, how to bind effectively depends on physical surface structure of Mn oxides and thus
amorphous MnOx NWs structure has less selectivity to certain one model mention above unlike other
crystalline MnOx. It follows that we believe that amorphous MnOx NWs structures has more
favorable in ORR, resulting in enhanced performance for ORR based on geometric factor of this
composite and we hope that our suggestion in improved activity will be illuminated with time-
resolved BB-SFG (Broad band sum frequency generation) spectroscopy and other advanced
spectroscopic tool by tracking newly formed or broken bond and bond strength of oxygen within
femto or nano second time scale during ORR.

It is noted, however, that the RDE (half-cell) measurements for ORR catalysts are
insufficient in predicting the performance of this composite in a practical zinc-air battery because the
typical electrolyte concentration for the RDE measurements (0.1 M KOH) was much lower than that
usually used in full-cell measurements (6 M KOH). For example, oxygen solubility in 0.1M KOH is
about 10 times higher than that in 6M KOH, which could considerably amplify the difference in ORR
activity of the a-MnOx NWSs on KB and 20% Pt on Vulcan XC-72 under our RDE experimental
condition (0.1M KOH).*® Therefore, it is necessary to characterize their ORR activity under the
conditions similar to those for a practical zinc-air full cell using 6M KOH electrolyte, as

schematically shown in Figure 4-8a.
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Figure 4-8. (a) A schematic of a zinc-air battery, (b) polarization and (c, d) discharge curve at 200 and
250 mA/cm?, respectively, of zinc-air full cells with different air electrodes: amorphous MnOx
nanowires on ketjenblack composites and 20% Pt on Vulcan XC-72 (E-tek). A commercial air

electrode (Meet) was used for comparison.

The zinc-air battery composed of an air electrode, a separator, and a zinc anode. Figure 4-8b
shows that a peak power density of ~ 190mW/cm? was obtained from a cell based on an air cathode of
a-MnOx NWs on KB composite; the performance is much better than those obtained from cells based
on a commercial air electrode with Mns;0, catalysts (Meet Co.). Because the only difference between
the test cells was the air electrode used in each zinc-air full cell assembly, the difference in overall
electrochemical performance can be attributed to the difference in ORR activity of the air electrodes.
The ORR activity of the a-MnOx NWs on KB composite electrode is very similar to that of a 20% Pt
on Vulcan carbon XC-72.

In addition to enhanced power density, the activation loss of the a-MnOx NWSs on KB was
also significantly reduced compared to that of the commercial electrode with crystalline Mn3O,, as
seen from the i-v curves. This result is also consistent with the RDE half-cell results (Figure 4-5).
Figure 4-8c and d show some typical galvanic discharge curves of a zinc-air full cell at 200 and 250
mA/cm?, respectively. These discharging current densities are much higher than those reported in the

literature for practical Zn-air cells (e.g., 10 to 20 mA/cm?).”®
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The electrochemical performance of the as-prepared a-MnOx NWs on KB sample is very
competitive to the commercial 20% Pt on Vulcan XC-72 catalysts under even higher current densities,
which is also consistent with the i-v curves shown in Figure 3(b). However, the capacity of the Zn-air
cell (typically normalized by the weight of zinc) decreased with  discharging rate (and lower than
theoretical value of 820 mAh/g) due to the formation of insulating ZnO on pristine Zn particles at
high discharging current densities.

Amorphous manganese oxide (MnOx) nanowires grown on commercial ketjenblack (KB) of
high electrical conductivity and surface area display significantly enhanced catalytic activity toward
oxygen reduction reaction in alkaline solutions. A Zn-Air battery based on a-MnOx on KB air cathode
demonstrated a peak power density of ~190mW/cm?, which is similar to the best performance of cells
based on very expensive Pt catalysts (20% Pt/Vulcan carbon). Both the KB and the a-MnOXx
nanowires contributed to the improved catalytic activity for ORR. Especially, it appears that that
amorphous MnOx NWs structures has more favorable in ORR, resulting in enhanced performance for
ORR based on geometric factor of this composite and they can be a very promising electrode for ORR

in alkaline solutions.

Experimental Section

Preparation of amorphous manganese oxide nanowires on ketenblack composites (a-MnOx
NWs/KB)

0.28g of Ketjenblack (EC-300J) was dispersed in 20 mL of ethylene glycol (Sigma Aldrich), which
was stirred vigorously with a magnetic bar and then 0.2mL of 0.5M NaOH (Samchun chemical) and
0.094mmol of KMnO4 (Sigma Aldrich) was added to this black suspension. This round bottom flaks
was transferred to reflux condenser and heating up to 800C and sustained for 2hr. The black powder
was filtered and washed with distilled water and ethanol and dried at 600C for 12hr. For comparison,
amorphous MnOx was also prepared using the same procedure but without the addition of
Ketjenblack.

Material characterization

The material morphology was examined using an SEM (Nanonova 230, FEI) operating at 10 kV and
TEM (JEOL JEM-2100F) operating at 200 kV. Powder analysis was performed using an X-ray
diffractometer (XRD) (D/Max2000, Rigaku).

Preparation of catalysts paste for rotating disk electrode
Catalyst paste was prepared by ultrasonically mixing 6.0 mg of as-prepared sample with 3.0 mL of

pure deionized water for 1 h in order to make homogeneous suspension. Then, 3 pL of the prepared
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catalytic paste was transferred to surface of glassy carbon electrode of 3 mm diameter using a
micropipette. Finally, the ink was dried for 10 min under vacuum at room temperature to form a thin

catalyst film on glassy carbon electrode as a working electrode.

Rotating disk electrode (RDE) experiments

All half cell experiment for ORR using rotating disk electrode (RDE) (ALS Co., Ltd) were carried out
under the same conditions where Pt wire and Hg/HgO were used as a counter and reference electrode,
respectively; 0.10 M KOH was used as an electrolyte; pure oxygen gas (99.9%) was purged for 30
min before each RDE experiment to make the electrolyte saturated with oxygen. Electrochemical
characterization of as-prepared catalysts were conducted using single potentiostat (Ivium) with scan

rate of 10 mV/sec and potential range from 0.15 V to -0.7 V.

Preparation of air electrode

All air electrodes used in this zinc-air full cell test were prepared with a fixed composition (in weight);
activated carbon (Darco G-60A, Sigma Aldrich) was 62 wt.% + poly-tetrafluoroethylene (PTFE)
binder 30 wt.% (60 wt.% PTFE emulsion in water, Sigma Aldrich) + as-prepared catalysts was 8 wt.%.
After sonicating each material in pure DI-water for 1h, each suspension was then mixed ultrasonically
for 1 h to form a homogeneous suspension. Excess water was removed by filtering the homogeneous
suspension and then the slurry was dried at 60 °C. By adding isopropy! alcohol to dried black powder,
air electrodes were manufactured via a kneading and rolling process to make the desired thickness of
air cathode. Finally, Ni- foam as a current collector was attached to the back side of the air electrode.
The thickness of all air cathodes was 600 wm to minimize thickness factor of electrode to overall cell

performance.

Zinc-air full cell assembly

For the Zinc-air full cell test, homemade zinc-air single cell were used in this experiments. 1 g of zinc
powder (Umicore) was used as the anode electrode. Nylon net filters (Millipore) were used as
separators. A 16—pi Air electrode was used as the cathode electrode. The galvanodynamic experiment
was carried out with multichannel potentiostat (WBCS 3000, WonA Tech, Korea) with current
densities varied from 0 to 250 mA/cm? to characterize cell performance. The galvano discharge curves

of zinc-air cells were recorded at 200 and 250mA/cm?, respectively.
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Chapter 5. A Highly Efficient Electrocatalyst for Oxygen Reduction
Reaction: N-doped Ketjenblack Incorporated into Fe/Fe;C Functionalized

Melamine Foam*

Adapted with permission from Angewandte Chemie International Edition, 2013,52(3), pp 1026-1030.
Copyright © 2013 John Wiley & Sons, Inc.

The performance and operational life of metal-air batteries and fuel cells are often limited by the
kinetics of oxygen reduction reactions (ORR) on the cathodes. While catalysts based on platinum and
other precious metals are quite effective in facilitating the rate of ORR, their high cost and scarcity
make them less competitive economically for broader commercialization, more so for higher power
applications (due to lower efficiency and instability at higher discharge current densities). To
overcome this problem, cost-effective catalysts must be developed that offer not only high catalytic
activity but also unique architecture vital to high rate capability. Here we report a highly efficient,
air-breathing electrode architecture derived from commercially available melamine foam and
ketjenblack, inspired by the tetrapod structure of a breakwater. The nitrogen-doped ketjenblack
(produced during pyrolysis) contributed significantly to the enhanced catalytic activity while the
highly porous skeleton of melamine foam allowing dramatically increased mass transport of
electroactive species to or away from the active sites. These unique air-breathing electrodes are a
promising alternative for a new generation of low-cost and high-performance metal-air batteries and

fuel cells.

Polarization due to oxygen reduction reaction (ORR) on the cathodes still contributes
significantly to the energy efficiency loss of metal-air batteries and fuel cells.*® *** Thus, how to
increase the ORR kinetics while maintaining fast mass transfer represents a grand challenge in the
development of a new generation of metal-air batteries and fuel cells. Catalysts based on platinum and
other precious metals are found very effective in facilitating the rate of ORR in batteries and fuel cells
84b,109.1240. 131 “Hg\vever, their high cost and low stability have hindered their practical applications in
air breathing electrodes. Accordingly, much attention has been devoted to the development of non-
precious metal or metal-free catalysts with desired catalytic activity®® **> ¥, For example, Jasinski
and co-workers reported that metal/nitrogen/carbon- (M/N/C-) catalysts have high catalytic activity
for ORR® ', These composite materials were synthesized by pyrolizing proper precursors with
nitrogen, carbon, and abundant transition metals such as iron and cobalt. While the superior catalytic

d 133

activity for ORR are demonstrated™", there is still debate on active sites for ORR of N-M-C catalysts
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and their performance seems to be limited by mass transfer through the porous catalysts ***. Further,
the carbon-nitrogen precursors may be too expensive for commercial applications.

In addition to high catalytic activity and sufficient electronic conductivity, an efficient
electrode architecture must allow fast transfer of other reactants (such as oxygen molecules) to and the
reaction products (such as hydroxide ions) away from the catalytically active sites for ORR to
minimize electrode polarization. To dramatically enhance mass transfer through porous oxygen-
breathing electrodes, we have created some unique electrode architectures, similar to some breakwater

seen at a coast composed of highly porous tetrapod structures (Figure 5-1a).

a
b 1
e FeCl,4H,0 solution
Melamine foam Fe functionalized KB EC-600JD  Fe functionalized

melamine foam melamine foam
with Ketjenblack EC-600JD (KB)

3

B —
Acid leached Fe/Fe,C functionalized
Fe/Fe,C functionalized melamine foam incorporated

melamine foam incorporated N-doped KB
N-doped KB

Figure 5-1. (a) Architectural features of tetrapod structures to minimize damage caused by a tsunami
at a coast, commercially available melamine foam (inset), and an cross-sectional view (SEM image)
of a fractured melamine foam after pyrolysis at 800°C in Ar for 2hr. It is noted that the interconnected
large pores may facilitate fast mass transport. (b) Schematic scheme for the synthesis of Fe/Fe;C
functionalized melamine foam infiltrated with N-doped ketjenblack (KB). (1) Melamine foam was
soaked with FeCl,4H,0 solution. (2) Adding Ketjenblack EC-600JD and dry. (3) Heat treatment in Ar
atmosphere for 2 hours at 800, 900, and 1000°C. (4) Acid leaching with 2M H,SO,.
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To mimic this structure, we started with a commercially available melamine foam,
formaldehyde-melamine-sodium bisulfite copolymer, which has been widely used for thermal

insulation, sound absorption, and fire containment.*®

. After pyrolysis, the open cell network structure
of the carbonized melamine foam (Figure 5-2) becomes very fragile, easily broken to pieces by

grinding with a mortar.

Figure 5-2. SEM images of (A) commercial ketjenblack carbon and (B) melamine foam pyrolyzed at
800°C under Argon.

Interestingly, the broken pieces appear similar to the tetrapod architecture (Figure 5-1a). In
fact, our unique electrodes consist of carbonized melamine foam and nano-sized ketjenblack, offering
high specific surface area, large number of active sites, and large amount of pore volume for fast mass
transport. Although Lin et al. used melamine resin to prepare metal-free N-doped electrocatalysts for
ORR™®, the unique architecture of carbonized melamine foam has not yet been used in synthesizing
electrocatalysts for ORR.

We used commercially available melamine foam and Kketjenblack carbon as precursor
materials for synthesis of the catalysts. First, the interior surface of a porous melamine foam was
infiltrated with a iron precursor solution for better catalytic activity. Then, commercially available
ketjenblack carbon particles were infiltrated into the melamine foam using a liquid suspansion. Third,
the iron functionalized melamine foam with ketjenblack was fired at different temperatures in an inert
atmosphere. Finally, the samples were leached with an acid to remove unstable and undesirable

species and phases (Figure 5-1b).
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Rotating ring-disk electrode (RRDE) experiments were used to characterize the
electrocatalytic activity of the as-prepared Fe/Fe;C-melamine/N-KB (Ar-800) (hereafter denoted as
Ar-800 for brevity) (Figure 5-3a).
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Figure 5-3. (a) Steady-state RRDE experiments of (1) ketjenblack EC-600JD, (2) carbonized
melamine foam, (3) Fe/FesC-melamine+ KB mixture, (4) Fe/FesC-melamine/N-KB composite
catalyst, (5) 9.55ugpd/cm?, and (6) 28.6pgp/cm?, respectively, in O, saturated 0.1M KOH at 2000rpm.
Non-precious metal catalysts loading are 0.286mg../cm* and the Fe/Fe,C-melamine was prepared at
800°C under Ar (denoted as Ar-800). Ring current (top) and disk (bottom) current density were
separated for convenience. (b) Peroxide yields (%) (top) and the number of transferred electrons (n)
(bottom) of as-prepared samples.

First, the carbonized melamine foam showed higher positive onset potential, but much lower limiting
current density than pure ketjenblack EC-600JD (KB). This result clearly indicates the importance of
C-N group on increased activity for ORR. However, carbonized melamine foam itself is ineffective
because of very low surface area'®’. To confirm nitrogen doping effect on activity for ORR, we
carefully separated N-doped carbon from the Ar-800 sample and performed XPS analysis. N1s peaks
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confirmed that nitrogen was doped on KB, which had more positive onset potential and much higher
current density than ketjenblack in Figure 5-4.
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Figure 5-4. A) XPS high resolution N 1s and (B) Steady-state LSV curve of Ketjenblack EC-600JD
(KB) and N-doped KB, in O, saturated 0.1M KOH at 2000rpm. The catalyst loading was
0.286Mgc./cm?.

Apparently, the large active surface area from ketjenblack enhanced limiting current density. In the
case of Ar-800, dramatic shift to positive direction of its onset potential and much higher limiting
current density were observed. To confirm this synergic effect between iron carbide functionalized
melamine foam and N-doped ketjenblack, we further examined two different samples, a composite
electrode and an electrode consisting of physical mixture of the two phases. Although the two
electrode samples had very similar onset potentials, the composite electrode had much higher current
density than the one of physical mixture. Also, different current shapes were clearly observed
around -0.4V for the two samples. The physical mixture had limiting current density from -0.3V to -
0.45V and a further increase in current density beyond -0.45V, unlike that for the composite electrode.
This means that the physical mixture had inferior performance to that of the composite sample and
this flat current region is very similar to that for the pure Ketjenblack. Therefore, the flat limiting
current at medium potential is attributed to the physical portion of ketjenblack in this mixture sample.
With these results, it is reasonable to conclude that there are two types of active sites: the iron carbide
functionalized melamine skeleton and the attached nitrogen doped ketjenblack. Proper combination of
the two, as seen in the composite electrode, has a significant synergic effect on enhancing ORR
activity.

To our pleasant surprise, the current density of the as-prepared sample are even slightly

higher than that for Pt/C catalysts at high overpotentials, implying that the electrode architecture of
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our as-prepared sample is more effective in facilitating oxygen transport to the active sites for ORR
than the Pt/C catalysts under the testing conditions in Table 5-1.

Table 5-1. Summary of electrochemical performace for Ar-800 and Pt/C catalysts. (Data taken from

Fig. 5-3a)

Potential at Current density at
Catalyst 0.1mA/cm? -0.45V
(V vs. Hg/HgO) (mA/cm?)
Ketjenblack -0.17 -1.793
Carbonized
_ -0.11 -2.79
melamine foam
Fe/FesC-melamine +
_ -0.01 -4.62
KB mix.
Fe/Fe;C-melamine/N-
-0.02 -6.03
KB
9.55pgp/cm? -0.01 -4.55
19.1pgp/cm? 0.025 -5.65
28.6pgp/cm? 0.035 -6.06

Further, the superior catalytic activity of the composite (Ar-800) over that of the physical
mixture sample was also confirmed by the H,O, yields and the number of electrons (n) transferred in
the electrode reaction, as determined from the linear polarization curves (Fig. 5-3b). In particular, the
number of electrons transferred is determined to vary from ~3.7 to ~3.85 (very close to 4) for our best
catalysts (Ar-800), suggesting that it is an efficient 4-electron transfer pathway with peroxide yield of
~15% at -0.4V. These results indicate that the composite samples are very promising electrocatalysts
for ORR in an alkaline solution, demonstrating highly competitive performance but at a much lower
cost than the benchmarked Pt/C catalysts.

For practical applications, resistance to methanol crossover effect and durability of the
catalysts are important considerations as well. The chronoamperometric response of the Ar-800
sample recovered quickly, about 150 s after methanol injection (Figure 5-5a), meaning that the

catalyst was not influenced by methanol crossover.
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Figure 5-5. (a) chronoamperometric response with 10% (W/W) methanol (b) chronoamperometric
response of Fe/Fe;C-melamine/N-KB (Ar-800) and 20% Pt/C in O,-saturated 0.1M KOH solution at -
0.2V (vs Hg/HgO) and 1600 rpm. 10% (W/W). Methanol was injected into electrolyte at 150 sec
and both catalysts loading density were 85ug/cm®. Before both tests, linear sweep voltammetry was
performed in the voltage range from 0.15V to -0.7V (vs Hg/HgO) for 4 times under the same above
conditions. Data of (A) was constructed by adding each cycle data. 1 cycle was maintained for 300
sec and 4 cycles were tested under the same conditions.

In contrast, the chronoamperometric response of the Pt/C catalyst changed dramatically after
methanol injection (Fig. 5-5a), suggesting that methanol oxidation reaction (MOR) initiated since the
sign of current was changed from negative for ORR to positive for MOR. It clearly demonstrated that
our catalyst has superior tolerance against methanol crossover effect. Further, the time-dependence
data of performance suggested that the Ar-800 catalyst degraded in a slower rate than the Pt/C
catalysts (Fig. 5-5b). This result implies that our catalysts are promising candidates for direct
methanol and alkaline fuel cells as well. The stability and durability under real conditions of fuel
cells and batteries may be further enhanced.

We also constructed Zn-air full cells using our catalysts and the Pt/C catalysts. Performance
evaluation of these cells (Figure 5-6a) indicates that, at low current densities, there is a gap in power
output between Ar-800 and Pt/C catalysts, consistent with the observations with the half cells
discussed earlier. At higher current densities, however, the voltage of our catalysts became higher
than that of the cell with Pt/C catalysts; the corresponding peak power density of the cell with our
catalyst was ~200mW/cm?, which is slightly higher than ~195mW/cm? for the cell with the Pt/C
catalyst. These measurements are consistent with the RRDE results (Fig. 5-3a), suggesting that our

catalysts have unique porous architecture for rapid mass and charge transfer.
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Figure 5-6. (a) Current-voltage and (b) power-voltage curves of Zn-air cells with as-prepared
composite Fe/Fe;C-melamine/N-KB (Ar-800) and 20% Pt/C catalysts. Gad diffusion layer without
any catalysts was used as the baseline air-electrode for comparison. Catalysts loading density of
Fe/FesC-melamine/N-KB (Ar-800) and 20% Pt/C were 0.212mg./cm® and 28.2pge/cm?
(0.141mgc./cm?), respectively.

To correlate the high performance with the microscopic features of the as-prepared samples,
we examined the crystalline phases of Ar-800 using XRD analyses (Fig. 5-7a), which indicate that
metallic Fe, FesC, and graphitic carbon co-existed, according to diffraction data for a-Fe (JCPDS, NO.
87-0722) and Fe;C crystalline species (JCPDS, NO. 89-2867)"* %,
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Figure 5-7. (a) X-ray diffraction patterns of a Fe/Fe;C-melamine/N-KB (Ar-800) sample. (b) an SEM

Y
- o

image of ground melamine foam structures after carbonization, (c) an SEM image of Fe/FesC-
melamine/N-KB (Ar-800) sample, and (d) a higher magnification of the image of (c).

Other samples heat treated at 900 and 1000°C for 2 hours also showed same diffraction patterns in
Figure 5-8.
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Figure 5-8. A) X-ray diffraction patterns and (B) Raman spectra of the composite Fe/Fe;C-
melamine/N-KB samples paralyzed at different temperatures (Ar-800, 900, and 1000°C).

However, the intensities of the peaks related to iron species were low due to low iron content
(~3.30wt. %) in the Ar-800 sample. Further, energy-dispersive X-ray spectroscopy (EDS) was used to
analyze the elemental composition of the Ar-800 sample, which indicates that the sample was
composed of 75.1 wt. % carbon, 14.2 wt. % nitrogen, 4.99 wt. % oxygen, 3.30 wt. % iron, and 2.30

wt. % sulfur, respectively in Figure 5-9.
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Figure 5-9. (A) A typical SEM image of a composite Fe/Fe3C-melamine/N-KB (Ar-800) and (B) the
corresponding Energy-dispersive X-ray spectrum (EDS) (Fe peaks at about 0.71 and 6.39 KeV).
Further, in energy-dispersive X-ray spectroscopy (EDS), the Ar-800 sample was composed of 75.1
wt. % carbon, 14.2 wt. % nitrogen, 4.99 wt. % oxygen, 3.30 wt. % iron, and 2.30 wt. % sulfur,
respectively. The sulfur was originated from bisulfite group of the commercial melamine foam,

formaldehyde-melamine-sodium bisulfite copolymer.

The sulfur was originated from bisulfite group of the commercial melamine foam.

The morphological features of the as-prepared sample (Ar-800), as characterized using a
scanning electron microscope (SEM) under low magnifications, are similar to those of the melamine
foam (Fig. 5-7c). Under higher magnifications (Fig. 5-7d), however, it becomes visible that the
ketjenblack carbon is firmly and evenly attached onto the melamine foam surface (like moss grown
there), creating high surface area and a large number of active sites for ORR within a highly porous
architecture of melamine foam for fast mass transport. The nanorods have a diameter of about 100 nm
with a length of around 0.6 to 1 mm. The well defined crystalline phase has a lattice fringe with d
spacing of 0.184 nm, which is consistent with the (221) plane of Fe;C in Figure 5-10.
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Figure 5-10. A) A magnified SEM image of a composite Fe/FesC-melamine/N-KB (Ar-800), (B)
Typical TEM image of Ar-800, (C) a magnified TEM image of (B), and (D) corresponding HR-TEM
image of Ar-800.

To examine the effect of pyrolysis temperature on catalytic activity for ORR, the samples
were pyrolyzed under Ar atmosphere at 800, 900, and 1000°C. Linear sweep voltammetry curves
(Figure 5-11a) for the three samples (Ar-800, 900, and 1000) indicate that Ar-800 had more positive
onset potential and higher current density than the other two samples pyrolyzed at higher temperatures.
In fact, the onset potential and current density for the Ar-800 electrode are comparable to those for the
Pt/C catalyst with Pt loading of 19.1ugp/cm? in the kinetic-controlled region. To gain more insight
into the surface properties of the catalysts, we performed XPS analysis of the samples. High
resolution XPS spectra suggest that, with increasing pyrolysis temperature, pyridinic moiety

decreased (Fig. 5-11b) but quaternary N increased (in magnified N 1s peak, Fig. 5-11c). Thus, proper
78



combination of pyridinic N and pyrrolic N could be a key factor affecting the enhanced catalytic
activity for ORR. This conclusion seems to contradict a previous report that graphite-like nitrogen
atoms are more important in metal-free catalysts'. In our case, the iron precursor may be easily
bounded to (and stabilized with) the nitrogen atom with lone pair electrons for further growth of
Fe/FesC particles. Therefore, our conclusion seems to be reasonable. On the other hand, sulfur was
not affected by the heat treatment temperature (Fig. 5-11d), implying that sulfur may not significantly
affect the catalytic activity for ORR.

79



Survey —— AF800

— Ar-1000

Intensity —> lop
Q
<
8

. 2
Current density / mA/lcm® | qy

/ / O1s
e A800 Nis
—— Ar-900 S2pS
—— Ar-1000
r 19.1ugPtom’
06 04 02 00 100 300 500 700 900
Potential / vs Hy/HgOin 0.1M KOH Binding energy / eV
C |Nis —— Ar800 d S2p -CS0-C- (x=34)
chateman —— A0 (1684 eV)
']‘ Pymolic(401:2V) - ar.1000 T
(3965V) =3 BEE —A800
=2 Pyridinic oxygenated N = (164.2eV) — A-900
2 | @miev /] (401.2eV) s — Ar-1000
£ g, [— =
L AN M
I~
= A AAAL
394 398 402 406 410 160 162 164 166 168 170 172 174
Binding energy / eV Binding energy / eV
e f Ots Cc=0,00=0 — A-800
(5322eV) —— Ar-900
1‘ T O-physially absorbed 1 — A-1000
or carbonates
> % (5306eV) OOC(S%%?/)W
2 S '
z \
Binding energy / eV Binding energy / eV

Figure 5-11. Dependence of ORR activity on pyrolysis temperature and chemical composition of the
composite Fe/FesC-melamine/N-KB ORR catalyst. (a) Steady-state LSV curves of composite
Fe/FesC-melamine/N-KB samples pyrolyzed at different temperatures: 800°C (Ar-800), 900°C (Ar-
900), and 1000°C (Ar-1000), as compared to that for19.1pgp/cm? catalyst, tested in O, saturated 0.1M
KOH at 2000 rpm. Non-precious metal catalysts loading are 0.286mg../cm?. (b) XPS survey and high
resolution (c) N 1s, (d) S 2p, (e) C 1s, and (f) O 1s spectra, respectively, of as-prepared samples.
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One possible explanation is that sulfur exists as bisulfite in pristine melamine structure, not in the C-N
skeleton of melamine. XPS data support our hypothesis. Sulfur does not exist as -C-S-C-, but as -C-
SO,-C-7* 1 In this oxide moiety, sulfur would have little influence on the electronic structure of
carbon plane directly, unlike the sulfur atom in —C-S-C. Thus, it is unlikely that sulfur doping may
enhance ORR activity in our samples through some effect on electronic structures®®. However, it is
worthy to note that the -C-SO,-C- moiety may increase the hydrophilicity of carbon plane so that
more electrolyte (together with dissolved oxygen) may gain easily access to the catalytic active sites.
Meanwhile, oxygen gas may move along hydrophobic moiety. Therefore, proper combination of
hydrophobic and hydrophilic property in catalyst design is vital to facilitating fast transport of
reactants for ORR. Another origin of hydrophilicity is supported by C 1s and O 1s spectra. For the C
1s spectra, as expected, center peak of sp? C around 284.1 eV becomes more symmetric as heating
temperature increase, implying that the degree of graphitization of the as-prepared samples increased
with temperature (Fig. 5-11e). This result is also supported by XRD and Raman data. Obviously,
graphitization could affect catalytic activity for ORR due to increased electrical conductivity and
improved hydrophobicity. Further, the —O-C=0 group was still present in Ar-800, which may increase
the hydrophilicity of the sample and its affinity to agueous electrolyte (as confirmed by O 1s of XPS).
Clearly, the population of hydrophilic groups (e.g. C=0, and C-OH) decreased with synthetic
temperature (Fig. 5-11f).

XPS analysis of the iron species was less successful; it was almost impossible to determine
the exact oxidation state of Fe (Fe 2p, 702-740 eV) due to very week signal intensity (Fig. 5-11b and
Table 5-2)'*.

Table 5-2. Elemental composition of the surface of the as-prepared samples examined by XPS.

Elemental composition by XPS (At. %)
Sample C1ls N 1s O1s S2p Fe 2p
Ar-800 83.19 1.14 14.05 1.62 -
Ar-900 89.01 1.36 7.95 1.68 -
Ar-1000 88.27 1.56 7.17 1.99 0.21

While it is possible for the surface Fe to be in an oxidized form, a nitrogen coordinated iron, or
hydroxide bound iron, most iron species exist as metallic Fe or iron carbide (Fe;C), not iron oxide, as

evident from XRD analysis. In addition, iron oxides (Fe,Os, Fe;0,) are hardly detected at 529.5 eV/'*

2+/3+

in the O 1s spectra. Also, no peaks related to the redox Fe“"/*"couple are observable in the ORR

60b

region of cyclic voltammetry curves, even at very high scan rates”. Accordingly, it is reasonable to

2+/3+

conclude that iron redox couple (Fe“"/°") might not play an important role in ORR in Figure 5-12.
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Figure 5-12. Cyclic voltammograms of the composite Fe/Fe;C-melamine/N-KB (Ar-800) coated on a
glassy carbon electrode tested in Ar saturated 0.1M KOH solution at different potential scan rates.
This result is consistent with the physical characterization of our catalysts: they are composed of iron

metal and iron carbide, not iron oxides.

This is consistent with the physical characterization of our catalysts: they composed of iron metal and
iron carbide, not iron oxides.

Nano-sized ketjenblack clusters were successfully incorporated into commercially available
melamine foam of micro-scale porous skeleton through a simple pyrolysis, creating unique catalyst
architectures with a large number of active sites for ORR and large amount of pore volume for fast
transport of oxygen gas and aqueous electrolyte to the active sites. Further, a simple solution based
method was used to functionalize the melamine foam surface with iron precursors. The hydrophobic
ketjenblack offers more active ORR sites by N-doping and enhances the electrical conductivity of the
composite catalysts. Electrochemical performances of the low-cost catalysts are comparable to those
of Pt-based catalysts at low overpotentials and even better at high overpotentials. XPS analysis

suggests that —C- SO, — C, C=0, and C-OH in the as-prepared sample may increase hydrophilicity,
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thus enhancing transport of oxygen gas and aqueous electrolyte through the porous catalysts.
Performance measurements using RRDE and Zn-air cells suggest that large surface area of N-doped
ketjenblack and Fe/Fe;C of melamine carbon foam are responsible for the dramatically increased
ORR activity. Good methanol tolerant and durability were also demonstrated. Since commercially
available melamine foam and ketjenblack carbon are relatively inexpensive and the facile synthetic
method is amendable to mass production, the non-precious metal catalysts are a promising alternative
for a new generation of low-cost and high-performance metal-air batteries and fuel cells.

Experimental Section

Preparation of the composite Fe/Fe;C-melamine/N-KB catalysts

In a typical experiment, 500mL 0.1MFeCl,*4H,O (from Sigma Aldrich) aqueous solution was
prepared with pure distilled water, to which 0.5g commercial ketjenblack EC-600JD (KB) was
dispersed to form a suspension. A slice (0.88g) of commercially available melamine foam (magic
cleaner, Rainbow, KT trading, Made in Germany) was soaked with 500mL 0.1M FeCl,*4H,0 solution
and KB suspension. This melamine foam impregnated with FeCl, and ketjenblack was dried at 70°C
for 24hr and then pyrolyzed under Ar atmosphere for 2hr at 800, 900, and 1000°C, respectively (with
a heating rate of 5°C/min). Finally, the carbonized catalysts were leached with 2M H,SO, at 80°C for

3hr to remove unstable species and excess metallic Fe and iron oxides.

Preparation of Fe/Fe;C-melamine with KB mixture

The procedure was similar to that for the preparation of Fe/Fe;C-melamine/N-KB as described above.
Briefly, FeCl, impregnated melamine foam was pyrolyzed and then acid leached under the same
conditions, but without the impregnation of ketjenblack. Instead, 0.5g commercial ketjenblack EC-
600JD was physically mixed with carbonized Fe functionalized melamine foam to prepare a physical

mixture of the two.

Preparation of catalysts ink and working electrode

The carbonized foam catalysts were grinded to powder with a mortar for better dispersion in aqueous
solution. Desired catalyst ink was prepared by ultrasonically mixing 12 mg of the catalyst powder
with 2 mL of 0.05 % Nafion (Aldrich) solution in distilled water for at least 1 hr to form
homogeneous catalysts ink. Then, 6uL of the catalysts ink was carefully dropped onto a polished
glassy carbon (GC) electrode of 4 mm diameter (RRDE Pt Ring/GC Disk Electrode, cat. NO. 011162,
ALS Co., Ltd.). Glassy carbon electrodes were polished with 0.05 pm polishing alumina to maintain a
good condition of working electrode (PK-3 Electrode Polishing kit, ALS Co., Ltd.). Catalyst-coated

GC electrodes were then dried under vacuum at room temperature for at least 1hr.
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Electrochemical characterization of the composite Fe/Fe;C-melamine/N-KB ORR catalyst

Typical loading of the non-precious metal catalysts is 0.286 mg../cm’. For comparison, 20% Pt on
Vulcan XC-72 catalysts (Premetek Co.) was used to prepare catalyst inks with desired concentration.
For the 19.1pugp/cm?® catalyst, 4 MQcat(pr+carbony Was dispersed in 2 mL of 0.05 % Nafion (Aldrich)
solution in distilled water. Other 20%Pt/C catalyst inks (such as 9.55ugp/cm? and 28.6uge/cm?) were
prepared using similar procedures. The detail procedure for application of catalyst inks to an electrode
was the same as described above.

Rotating Ring Disk Electrode (RRDE) experiment

Rotating ring disk electrode (RRDE) (ALS Co., Ltd) experiments were carried out using the as-
prepared catalysts film (deposited on GC electrode) as the working electrode in 0.1M KOH alkaline
electrolyte. Pt wire and Hg/HgO is used as counter and reference electrode, respectively. Before
RRDE test, 0.1 M KOH electrolyte was bubbled with pure oxygen gas (99.9%) for 30 min.
Elecrochemical characterization was conducted using bi-potentiostat (lviumStat). 10mV of scan rate
was swept from 0.15V to -0.7V and sufficient ring potential of 0.4Vwas biased to oxdizeintermidiate
during ORR. The collection efficiency (N) was determined under Ar atmosphere using 10mM
Ks[Fe(CN)g], which is around 0.41.This value is very close to its theoretical value, 0.42.

Hydrogen peroxide yields and the number of transferred electrons were calculated using the equations

below
HO,(%) = 200&
2 Iy +1./N
Iq
=4—%
T F LN

and the experimentally determined collection efficiency (N) was 0.41.

The origin and a copyright of tetrapod structure of a breakwater
This digital photo was taken in Jung-Ja harbor in Ulsan, Korea. A tetrapod structure of a breakwater
is constructed to minimize damage caused by a tsunami at a coast. The melamine foam in SEM image

was prepared with pyrolysis at 800°C in Ar for 2hr.

Characterization of methanol tolerance and stability of the composite Fe/Fe;C-melamine/N-KB
ORR catalyst

To test methanol tolerance, 10% (W/W) methanol was injected into electrolyte at 150 sec and both
catalysts (Ar-800 and Pt/C) loading density were 85ug/cm®. Before both tests, linear sweep
voltammetry was performed in the voltage range from 0.15V to -0.7V (vs Hg/HgO) for 4 times under
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the same above conditions. Data of (A) was constructed by adding each cycle data. 1 cycle was
maintained for 300 sec and 4 cycles were tested under the same conditions.

Electochemical performance of Zn-air battery with the composite Fe/Fe;C-melamine/N-KB ORR
catalyst

The gas diffusion layer (GDL)was prepared from a mixture of activated carbon (Darco G-60A, Sigma
Aldrich) and PTFE binder (60 wt% PTFE emulsion in water, Sigma Aldrich) at a weight ratio of 7 to
3.3' The thickness of the GDL was kept at ~350 um to ensure proper gas distribution and sufficient
current collection. This GDL (without catalyst) was used as the baseline reference for comparison. To
prepare a catalyst layer on the GDL, 3 mg of an as-prepared Fe/FesC-melamine/N-KB catalyst
powder was dispersed in 1 mL ethanol to form a homogeneous suspension; then, 200 uL of the
catalyst suspension was carefully transferred to the surface of the GDL to form a catalyst layer after
drying under vacuum for 30 minutes. Similarly, to prepare a Pt-based catalyst layer, 2 mg of 20%
Pt/C catalyst powder was dispersed in 1 mL ethanol and then 200 pL of the Pt catalyst ink was
carefully transferred to the surface of a GDL, followed by drying under vacuum for 30 minutes.
Catalyst loading for the Fe/Fe;C melamine/N-KB (Ar-800) was 0.3mg../cm® whereas that for 20%
Pt/C catalyst was 40pge/cm? (0.2MQeaprscarbony/CM°).

Sulfur effect on catalytic activity for ORR
From S2p of XPS result (Figure 6d), in this oxide moiety, sulfur would have little influence on the
electronic structure of carbon plane directly, unlike the sulfur atom in -C-S-C. Thus, it is unlikely that

sulfur doping may enhance ORR activity in our samples through some effect on electronic structures.

Characterization

The material morphology wasexamined using a SEM (Nanonova 230, FEI) operating at 10 kV.
Powderanalysis was performed using an X-ray diffractometer (XRD)(D/Max2000, Rigaku).
Oxidation state of elements was analyzed using XPS (Thermo Fisher, UK) and surface carbon state

was examined using micro-Raman (WITec).
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Chapter 6. Facile synthesis of hybrid graphene and carbon nanotubes as a
metal-free electrocatalysts with active dual interfaces for efficient oxygen

reduction reaction®®

Adapted from ref. 56 with permission from RSC.

We report metal-free electrocatalysts to enhance utilization of dissolved and gaseous oxygen during
oxygen reduction reaction (ORR). Proper balance between hydrophobicity and hydrophilicity is
achieve using reduced graphene oxide (rGO) and polyelectrolyte functionalized multiwalled carbon
nanotubes (PMWNTS). In this unique architecture, both two- and three-phase reactions in ORR can be

maximized with a quasi-four-electron pathway.

Oxygen reduction is a vital reaction for energy conversion systems in which oxygen can be used as
the cathode active material.! Since oxygen undergoes a reduction process with high overpotential in
both acidic and alkaline media, the electrocatalysts to facilitate the oxygen reduction reaction (ORR)
is signicant. In particular, compared to its behavior in acidic media, the ORR in an alkaline
environment is more facile and can be catalyzed by a broader range of materials."*® For that reason,
the development of efficient ORR electrocatalysts is essential for improving electrochemical
performance of alkaline fuel cells and metal-air batteries. #* ' In general, the utilization of
oxygen at the cathode interface for the three-phase (i.e. catalyst (solid), electrolyte (liquid), and
oxygen (gas)) reaction should be improved. Furthermore, despite its relatively low efficiency, two-
phase ORR, involving dissolved oxygen, also needs to be considered particularly for the design of
high performance metal-free electrocatalysts.®® With its unique structures to alleviate the mass
transport effect, it maximizes the utilization of available gas phase and dissolved oxygen. It leads to
our key idea of developing more efficient electrocatalysts to maximize both gaseous and dissolved
oxygen involved during the ORR through the appropriate combination of hydrophobicity and
hydrophilicity. In order to realize this design principle, it is critical to balance the hydrophilic and
hydrophobic properties of catalysts for a large number of active reaction sites to participate. For this
purpose, we suggest a unique model system which can offer insight into the importance of dual
interfaces by using hybrid nanomaterials. Although many noble metal catalysts, such as Pt and Pt
based alloys, have been employed as ORR catalysts with excellent efficiency, the high cost and poor
long-term durability intrinsically associated with the Pt group ORR catalysts have restricted their use
for large-scale applications.'® *** The recent development of non-precious metal-based or metal-free
catalysts for effective ORR has thus generated considerable interest.?® 133 13%¢ 139 | narticular, metal-

free nitrogen-doped carbon materials have been demonstrated to exhibit good electrocatalytic
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activities for ORR which are comparable to commercial Pt/C.**® The design of many of these metal-
free electrocatalysts, however, mainly focused on the electronic interaction between oxygen and
carbon materials doped by heteroatoms or adsorbed with polyelectrolytes without addressing the
phase boundary structures of electrocatalysts within the electrode. Herein, a unique design for the
synthesis of 3D-metal-free electrocatalysts by controlled hybridization of one-dimensional (1D)
multiwalled carbon nanotubes (MWNTS) and two-dimensional (2D) reduced graphene oxide (rGO)
nanosheets is reported. Specially, we combined poly(diallyldimethylammonium chloride) (PDAC)-
functionalized hydrophobic MWNTs (pMWNTSs) with hydrophilic rGO nanosheets having a large
surface area for the construction of metal-free carbon electrocatalysts to allow effective oxygen access

in both gas and aqueous forms (Figure 6-1).

Hydrophobic

Hybrid electrode

PMWNT 0,(g) GO
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interface
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Figure 6-1. Schematic representation of a randomly stacked 3D hybrid structure of polyelectrolyte
functionalized multiwalled carbon nanotubes (pMWNTSs) with reduced graphene oxide (rGO)
nanosheets.

In a typical experiment, we dispersed the hydrophobic MWNTSs in an aqueous solution of PDAC with
NaCl by sonication. The filtered suspension of pMWNTSs exhibited good colloidal stability with a
zeta-potential of +29.9 mV, which is constant over the entire pH range tested (pH 3-11). This
confirms the presence of a positively charged strong polyelectrolyte PDAC coating layer on pMWNTSs.
High-resolution X-ray photoelectron spectroscopy (XPS) and FT-IR measurements further supported
the successful adsorption of PDAC chains onto the MWNTSs (see Figure 6-2 and 6-3).
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Figure 6-2. High-resolution C 1s XPS spectra of all samples used in the study. (a) GO, (b) pMWNT,
(c) rGO/pPMWNT(0.5:1), and (d) rGO.
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Figure 6-3. FT-IR spectra of rGO, pMWNT, rGO/pMWNT(0.5:1), and pure PDAC. All peaks are

assigned with the data of previous literature.
In particular, the intermolecular charge transfer from MWNTs to electron-deficient quaternary

ammonium nitrogen atoms of the adsorbed PDAC was evident from the negative shift of the N1s peak
from 402 (pure PDAC) to 401.5 eV (pPMWNTSs) (see Figure 6-4).%
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Figure 6-4. High-resolution N 1s XPS spectra of all samples used in the study. Negative shift of N 1s
peak from 402 eV (pure PDAC) to 401.5 eV (pPMWNT) can be attributed to intermolecular charge-

transfer of quaternary ammonium nitrogen.

Consistent with the XPS results, Raman spectroscopy also revealed the charge transfer effect needed
to enhance ORR activities of the hybrid rGO/pMWNTSs. As reported previously, the up-shift of G
bands from 1594.2 cm™ in pMWNTs to 1588.6 cm™ in rGO/pMWNT(10:1) illustrated the charge
transfer between rGO and pMWNTSs. Concomitantly, the 1p/lg ratio increased from 1.14 for pMWNTSs
to 1.35 for rtGO/pMWNT(0.5:1) and even to 1.49 for rGO/pMWNT(10:1), indicating the presence of
disordered graphitic structures in the hybrid electrocatalysts (see Figure 6-5).
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Figure 6-5. (2) Raman spectra of all samples used in the study, (b) ratio of Ip/lg, (¢) D-band shift, and
(d) G-band shift of all samples. The ID/IG ratio increased from 1.14 in pMWNT to 1.35 in
rGO/pMWNT(0.5:1) and even to 1.49 in rGO/pMWNT(10:1), indicating the disordered graphitic
structures of hybrid electrocatalysts upon introduction of rGO into pMWNT. The Ip/lg ratio was
measured at least 5 different points of each sample. Up-shift of G bands from 1594.2 cm-1 in
PMWNT to 1588.6 cm-1 in rGO/pMWNT(10:1) illustrated the charge transfer between rGO and
PMWNT.

This partial positive charge developed along the backbone of pMWNTSs is known to play a key role in
regulating the oxygen adsorption modes and in facilitating electron transfer for enhanced ORR
activity.*® Using the prepared stable suspension of pMWNTSs, we started preparing hybrid electrodes
by mixing pMWNTSs with the GO suspension generated by employing the modified Hummers method
(typically, ratios of GO/pMWNTSs = 0.5-10).”% ™8 After the hybrid nanostructures were formed via
electrostatic interactions between the two oppositely charged constituent components, the GO was
subsequently reduced to rGO using the reducing agent hydrazine to restore structural pathways to

transport charges needed for ORR.™" The excess hydrazine and unbound free PDAC were then
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removed by filtration, followed by extensive rinsing. The resulting hybrid electrocatalysts of
rGO/pMWNTSs with varying ratios were readily redispersed in water and remained stable without any

noticeable aggregation for several months (see Figure 6-6).

rGO/pMWNT
11 5:1 10:1

Figure 6-6. Photograph of each suspension prepared in this study at a concentration of 0.50 mg/mL.

The stability of the suspension remained over 8 months.

It should be noted that the rGO was additionally functionalized with PDAC as a control. The structure
and morphology of rGO/pMWNTs were examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The representative SEM image revealed 3D interconnected
network structures of pMWNTs with interdispersed rGO nanosheets driven from electrostatic stacking
between oppositely charged carbon nanomaterials (Figure 6-7).
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pPMWNT rGO/pMWNT (0.5:1) rGO
Figure 6-7. Representative (a) SEM and (b) TEM images of rGO/pMWNT(0.5:1). (c—e) Contact
angle images of a water droplet on (¢c) pMWNT, (d) rGO/pMWNT(0.5:1), and (e) rGO films.

The TEM image further validated the thin layer of graphene sheet stacked with pMWNTSs (Fig. 6-7Db).
Furthermore, it was found that thin films of pMWNTSs and rGO showed the sessile contact angles of
125° and 70.3°, respectively, while their hybrid rGO/pMWNT(0.5:1) exhibited an intermediate value
of 84.5° (Fig. 6-7c—). These results show that our unique hybrid composite has dual interfaces that
can balance the hydrophobic and hydrophilic nature for efficiently catalyzing ORR using both
gaseous and dissolved oxygen molecules. By measuring the average number of electrons transferred
(Navg) per oxygen molecule derived from the slope of the Koutecky— Levich plot (i vs. »®°) (Fig. 6-

8a),™® we first explored the optimization of the rtGO/pMWNT ratio (see also Figure 6-9).
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Figure 6-8. (a) Average number of electrons (n.,) transferred per O, molecule at different
rGO/pMWNT ratios, measured at -0.4, -0.5, and -0.6 V using the Koutecky—Levich plot. A
comparison with control sets of pMWNTs and rGO is also presented. (b—€) Steady-state RRDE
experiments of pMWNTS, rGO, hybrid rGO/pMWNT(0.5:1) and Pt/C, respectively, in O,-saturated
0.1 M KOH at 2000 rpm. (b) Disk current density and (c) ring current were separated for convenience.
(d) Peroxide yields (%) and (e) the number of electrons (n) transferred from as-prepared samples. (f)
CV curves of pMWNTSs, rGO, and hybrid rGO/pMWNT(0.5:1) in N»- and O,-saturated 0.1Maqueous
KOH electrolyte solution at a scan rate of 50 mV s™.
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Figure 6-9. Linear sweep voltammetry (LSV) curves of (a) pMWNT, (b) rGO/pMWNT(0.5:1), (c)
rGO/pPMWNT(1:1), (d) rGO/pMWNT(2:1), (e) rGO/pMWNT(5:1), (f) rGO/pMWNT(10:1), and (g)
rGO measured in O,-saturated 0.1 M KOH solution.
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As can be seen in Fig. 6-8a, the ORR activity was considerably affected by the relative amounts of
PMWNTSs and rGO within the hybrids. While pMWNTSs provided the majority of the catalytic active
sites due to their hydrophobic nature and the induced partial positive charge on their surface,
introduction of rGO into their hybrid materials also improves the utility of both dissolved and gaseous
oxygen and facilitates electron transfer during ORR due to its hydrophilic nature. Interestingly,
however, pure pMWNTSs without rGO displayed significantly lower ORR activity similar to that of
pure rGO. Among all samples investigated in this study, rGO/pMWNT(0.5:1) demonstrated the
highest n,,, value of 3.6+0.40 for an efficient onestep, quasi-four-electron process. To gain further
insight into the ORR activity of hybrid rGO/pMWNTSs, we performed linear sweep voltammetry (LSV)
measurements using a rotating ring-disk electrode (RRDE) in O,-saturated electrolyte solution of 0.1
M KOH, which revealed that ORR at the hybrid rGO/pMWNT(0.5:1) electrode exhibited a relatively
high limiting current density and more positive onset potential with respect to its single-component
counterparts (i.e., rGO and pMWNTSs) (Fig. 6-8b). For example, the limiting current density of the
hybrid rGO/pMWNT(0.5:1) electrode at -0.8 V reached -5.0 mA c¢m?, whereas the corresponding
values for the rGO and pMWNT electrodes were -3.6 and -3.0 mA cm, respectively. In addition, the
onset potential of the rGO/pMWNT electrode up-shifted considerably toward -0.23 V compared to
those of rGO (-0.35 V) and pMWNTSs (-0.32 V) at a constant current density of -0.5 mA cm™. Further,
the superior catalytic activity of the hybrid rGO/pMWNT(0.5:1) over that of the respective single-
component was also confirmed by the hydrogen peroxide yields (%) and the number of electrons (n)
transferred during the ORR, as determined from disk and ring currents (Fig. 6-8b and c). In particular,
the number of electrons transferred was measured to be 3.3-3.6 (very close to 3.6 in Fig. 6-8a) for the
hybrid rGO/pMWNT(0.5:1), suggesting that it is an efficient 4-electron transfer pathway with its
peroxide yield of ~25% at -0.75 V (Fig. 6-8d and e). Furthermore, it is noteworthy that the current
density of the hybrid rGO/pMWNT(0.5:1) was even slightly higher than that of Pt/C catalysts in high
overpotential regions; this observation indicates that more active sites could participate in ORR due to
its unique architecture which can facilitate both aqueous and gaseous oxygen transport to active sites.
Though it was fabricated via an extremely facile way, these results demonstrate that the catalytic
activity of this hybrid rGO/pMWNT(0.5:1) is comparable to that of other metal-free catalysts which
were synthesized through harsh treatments in an alkaline solution. The high ORR activity of the
hybrid resulted from the proper balance of hydrophilicity and hydrophaobicity and the unique catalyst
structures of the dual interface. The significance of the dual interface was further confirmed by
evaluating its charge per loading which is proportional to active surface area by measuring non-
faradaic current under inert N, conditions (Fig. 6-8f). In this study, we chose measuring total charges
of unit mass instead of BET because the dual interfaces of gaseous and dissolved oxygen species
involved during mixed phase ORR can be better addressed with this method. The charge per unit

loading was 2.66 C g* for rGO, 2.16 C g™ for pMWNTSs and 62.9 C g* for rGO/pMWNT(0.5:1),
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respectively. As expected, rGO/pMWNT(0.5:1) had about 30 times higher surface area than those of
PMWNTs and rGO, clearly supporting that a fine hydrophobic—hydrophilic balance was established in
the hybrid electrode, which resulted in an increase in the active surface area by facilitating the access
of the electrolyte and dissolved and gaseous oxygen. Taken together, with the above physio-chemical
and electrochemical analyses, it is reasonable to conclude that factors more crucial than simple charge
transfer play a role in improving ORR activities of the 3D hybrid rGO/pMWNT electrocatalysts.
Further, the rational design of the hydrophobic and hydrophilic dual interfaces within the hybrid
electrode is critical to optimize the catalytic activity for reducing gaseous and dissolved oxygen at the
electrode.

Finally, in order to evaluate the advantages of hybrid carbonbased electrochemical catalysts
over conventional Pt-based electrocatalysts for potential practical applications, current—time
chronoamperometric response was used to examine the methanol crossover effect and long-term
stability. No crossover effect was observed in the hybrid rGO/pMWNT(0.5:1) composite upon the
addition of 3.0 M methanol, while Pt/C showed a sharp current decrease under identical conditions
(see Figure 6-10).
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Figure 6-10. Current-time (i-t) chronoamperometric response of rGO/pMWNT(0.5:1) in O,-saturated
0.1 M KOH at -0.4 V (vs. SCE). 3 M of methanol was added at about 300 s to show crossover effect

does not occur.
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The chronoamperometric durability response for 20000 s verified that the hybrid rGO/pMWNT(0.5:1)
exhibited very slow attenuation with a high current retention of 61%, a value higher than that of Pt/C
(see Figure 6-11).
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Figure 6-11. The chronoamperometric durability response for 20000 s verified that the
rGO/pMWNT(0.5:1) composite exhibited a very slow attenuation with high current retention of 619%,
a value which is higher than that of Pt/C in the O2-saturated 0.1 M KOH solution at -0.25 V (vs. SCE).
Electrode rotation rate: 1600 rpm.

In conclusion, we have developed electrostatic force driven randomly stacked three-
dimensional hybrid electrocatalysts to maximize the utility of oxygen during the oxygen reduction
reaction (ORR). The newly developed carbon electrodes formed using multiwalled carbon nanotubes
hybridized with reduced graphene oxide nanosheets exhibited a remarkably enhanced ORR activity
without extreme conditions for synthesis. The observed improvement in the ORR performance can be
attributed to the increased number of active reaction sites and to enhanced mass transport associated
with the well-established hydrophobic and hydrophilic dual interfaces and the porosity within the
electrode. The high catalytic activity combined with the extremely facile synthetic nature of this
electrocatalyst with dual interface active sites makes its development an important step forward in
designing and utilizing carbon nanomaterials in electrocatalysts, and opens up new possibilities for
carbon materials to be used as alternative cost-effective catalysts for metal—air batteries and alkaline

fuel cells.
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Experimental sections

Preparation of PDAC functionalized multi-walled carbon nanotubes (PMWNT) and graphene
oxide (GO) to synthesize the hybrid rGO/pMWNT electrode.

PMWNT were prepared by following method. 50 mg of MWNT (10 - 15 nm diameter, Hanwha
Nanotech Corp.) were mixed with 2 wt. % of poly(diallyldimethylammonium chloride) (PDAC) in
100 mL of water in the presence of 3 wt. % of NaCl. Then, stable pMWNT suspension was prepared
by ultrasonication for 1 h.S3 Graphene oxide (GO) was prepared from a commercial graphite (Aldrich)
by modified Hummers method and exfoliated using ultrasonication. The resulting brown solution was
mixed with pMWNT suspension at a specific ratio (GO:pMWNT = 0.5:1 - 10:1). GO in a mixed
solution was reduced into reduced graphene oxide (rGO) by adding hydrazine (35 wt. % in water,
Aldrich) followed by heating at 100 oC for 2 hours. Finally, the suspension of rGO/pMWNT was
filtered by Nylon membrane filter (pore size of 0.2m, Corning) and redispersed at a concentration of
0.50 mg/mL of rGO. rGO sheets were stabilized by PDAC functionalization to prevent restacking.

PDAC Functionalized rGO was written as rGO for simple notation.

Preparation of rGO, pMWNT and rGO/pMWNT(0.5:1) thin films for contact angle measurement.

rGO, pMWNT and rGO/pMWNT(0.5:1) solutions were filtered with anodic aluminum oxide (AAQ)
membrane. After several times washing with deionized water, uniform films were formed on the
membrane. To measure contact angle, a water droplet was dropped on each film and the contact angle

image was captured immediately after forming the contact interface.

Preparation of catalysts ink and working electrode.

Actual concentrations of each solution were 2.3 mg/ml for rGO, 2.8 mg/ml for pMWNT and 1.5
mg/ml for rGO/pMWNT(0.5:1), respectively. For comparison, 20% Pt on Vulcan XC-72 catalysts
(Premetek Co.) ink was prepared by ultrasonically mixing 2 mg of the catalyst powder with 2 mL in
distilled water at least 1 h. Then, 6uL of each solution including Pt/C catalyst was loaded on the
polished glassy carbon (GC) electrode of 4 mm diameter (RRDE Pt Ring/GC Disk Electrode, cat. NO.
011162, ALS Co., Ltd.). Corresponding loading densities were 109 pgCat/cm2 for rGO, 133
pgCat/cm2 for pMWNT, 71.2 pgCat/cm2 for rGO/pMWNT(0.5:1), and 20 pgPt/cm2 for Pt,
respectively. Before applying each catalyst, glassy carbon electrodes were polished with 0.05 pm
polishing alumina to maintain a good condition of working electrode (PK-3 Electrode Polishing kit,
ALS Co., Ltd.). Catalyst-coated GC electrodes were then dried under vacuum at room temperature for

at least 20 min.
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Rotating Ring Disk Electrode (RRDE) experiment.

Rotating ring disk electrode (RRDE) (ALS Co., Ltd) experiments were carried out using the as-
prepared catalysts film (deposited on GC electrode) as the working electrode in 0.1 M KOH alkaline
electrolyte. Pt wire and SCE are used as a counter and a reference electrode, respectively. Before
RRDE test, 0.1 M KOH electrolyte was bubbled with pure oxygen gas (99.9%) for 30 min.
Electrochemical characterization was conducted using bi-potentiostat (IviumStat). 10 mV of scan rate
was swept from 0.15 to -0.8 V and sufficient ring potential of 0.4 V was biased to oxidize
intermediate during ORR. The collection efficiency (N) was determined under Ar atmosphere using
10 mM K3[Fe(CN)6], which is around 0.41. This value is very close to its theoretical value of 0.42.
Hydrogen peroxide yields and the number of electrons transferred (n) were calculated using the
equations below. Furthermore, rotating disk electrode (RDE) (ALS Co., Ltd) experiments were

carried out under aforementioned condition to construct the Koutecky—Levich plot.
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Calculating the number of transferred electrons (n) of the as-prepared catalysts from the slope of the
Koutecky—Levich plot. Koutecky-Levich plot relates the current density (i) to the rotation rate of
electrode and allows one to determine both kinetic current (ik) and number of transferred

electrons (n) involved in ORR.
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i, =nFAKC, (Kinetic current) (4)

iy =0.62nFAC, DOZZ/ Y °w"? (Diffusion current)  (5)
= 0.620(2—75)1’ *nFAC,, ("= rpm number)"*D,, **v*

=0.2nFAC,, (@' = rpm number)**D,, **v"°

where iy represents the Kinetic current; iy is diffusion limiting current; n is the number of electrons
transferred per O, molecule; F is the Faraday constant (96485 C/mol); A is the geometric area of the
disk electrode (7.06 x 10° m®); k (m/s) is the rate constant for the ORR; Co, is the saturated

concentration of O, in solution (1.21 mol/m®in 0.10 M KOH); v is the kinematic viscosity (1 x 10°®
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m?/s in 0.10 M KOH); Dy, is the diffusion coefficient of O, in solution (1.87 x 10 m*/s in 0.10 M
KOH). ® and o 'are the angular frequency of the rotation (rad/s) and electrode rotation rate in
rpm, respectively. 0.2 is a constant when the rotation speed is expressed in rpm. From the linear
relationship between i vs ® 2 based on the Koutecky-Levich equation, we can obtain the electrons

transferred (n) from the slope.
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Chapter 7. Metal-Free Ketjenblack Incorporated Nitrogen-doped Carbon

Sheets derived from Gelatine as Oxygen Reduction Catalysts

Electrocatalysts facilitating oxygen reduction reaction (ORR) are vital components in advanced fuel
cells and metal-air batteries. Here we report ketjenblack incorporated nitrogen-doped carbon sheets
derived from gelatine and apply these easily scalable materials as metal-free electrocatalysts for ORR.
These carbon nanosheets demonstrate highly comparable catalytic activity for ORR as well as better
durability than commercial Vulcan carbon supported Pt catalysts in alkaline media. physico-chemical
analysis suggest that proper combination of quaternary and pyridinic nitrogen species with more
exposed edge sites, increasing catalytic activities for ORR. Our results demonstrate a novel strategy
to expose more nitrogen doped edge sites by irregular stacked small sheets in developing better
electrocatalysts for Zn-air batteries. These desirable architectures are embodied by amphiphlilic
gelatine mediated compatible synthetic strategy between hydrophobic carbon and aqueous water.

Zinc-air battery has been attracted as next generation energy storage and conversion devices
due to its larger energy density than that of Li-ion battery, environmental benignity, safety, and low
cost™ **. As a cathode reaction in Zinc-air battery, oxygen reduction reaction (ORR) is a vital reaction,
but very sluggish™®. Therefore, how to facilitate ORR with proper catalysts has been a key issue to
date. In spite of the lack of understanding of details mechanisms for ORR, a formation of superoxide
though a one electron transfer, (O, + & «> [Oy@a)] ), is considered as the first step for ORR™. Pt-based
electrocatalysts have been widely used in fuel cell operated in acid electrolyte® but various non-
precious metal or metal-free catalysts can speed up ORR in alkaline media due to its better stability of
materials and facilitated kinetics for ORR in alkaline solution® ° 101 143133 * Apother advantage of
using non-Pt based catalysts in alkaline media can avoid unnecessary zinc corrosion caused by
hydrogen evolution reaction (HER) catalysed with Pt metal-based catalysts deposited at Zn anode
coming from air electrodes due to its instability under ORR potential range during discharge®*.
However, compared to Pt catalysts, it is still challenging to develop not only a high efficient catalyst
for ORR, but also better durability with low cost.

Recently, nitrogen doped carbons have been significantly attracted as efficient metal-free
electrocatalysts due to the disordered carbon nanostructures and their higher surface polarity that are
induced from electron donation from nitrogen to adjacent carbon’® %% For example, the graphene
edge defects induced by nitrogen could enable the edge sites to have higher catalytic activity rather
than the graphene plane because oxygen adsorption at the edge sites is more favourable than in basal
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plane™". Although various nitrogen doping into carbon methods are available, pyrolyzing precursors
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with nitrogen is the effective way to synthesize nitrogen-doped carbon materials™®. Gelatine as
nitrogen source contains about 16 wt % of nitrogen compared with 45 wt % of melamine®™’ and
gelatine could be more desirable precursors than melamine because too much nitrogen contents in
precursors can decrease its carbonization yields after pyrolysis™" **®, As far as we are concerned, there
are only three previous studies reported gelatine and its applications including the anode in Li-ion
battery, supercapacitor, and catalysts for ORR in fuel cell™®" **°. For instance, Schnepp et al. used
gelatine as nitrogen source in preparing trimodal porous materials as catalysts for ORR in fuel cell**®.
However, sole usage of gelatine as nitrogen doped carbon precursor without any other carbons could
decrease productivity and effective nitrogen doped carbon active sites density. In this regard,
commercial carbon black composed of small and aggregated graphitic carbon sheets can be a proper
supporting materials in preparing catalysts for ORR™3* 133 €0 However, intrinsic hydrophobic
character of carbon can limit its potential application in aqueous water without further oxidation onto
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carbon surface™". When it comes to how to fully utilize hydrophobic carbon in water, it should be

noted that gelatine has amphiphilic character (both hydrophilic and hydrophobic)®?

, rendering
effective interaction between carbon and gelatine possible in aqueous media. Accordingly, in spite of
this advantage that makes easily scalable process, these amphiphilic characters of gelatine as nitrogen-
carbon precursors, however, have not been fully utilized simultaneously with commercial
hydrophobic carbon black.

Herein, we synthesized ketjenblack incorporated into irregular stacked nitrogen-doped carbon
sheets and apply these easily scalable materials as metal-free electrocatalysts for ORR in alkaline
media. Introduced gelatine functioned as not only nitrogen-carbon sheet precursor, but also a mediator
which can increase interaction between aqueous water and hydrophobic ketjenblack. During high
temperature pyrolysis, nitrogen-doped carbon sheet derived from gelatine are grown in dispersed
Ketjenblack nanoparticles, thus forming irregular stacked small sheets morphology with more
exposed edge sites. As-prepared stacked sheets like structures show comparable catalytic activity for
ORR, durability under ORR potential in both half-cell testing condition and Zn-air battery compared
with that of commercial Vulcan carbon supported Pt catalysts.

We synthesized GKs catalysts via agueous water based mixing of commercial gelatine and

Ketjenblack carbon, followed by pyrolysis under inert atmosphere (Figure 7-1 and 7-2).
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Figure 7-1. Schematic view of the synthesis of Ketjenblack incorporated nitrogen doped irregular
stacked carbon sheets. (a) Mixing Ketjenblack with gelatin solution via simple aqueous solution, and
(b) Pyrolysis at high temperature above 800°C under inert atmosphere. Note that as-prepared catalysts
yields are above 50 wt % and large scale synthesis is possible.

25g of Gelatine 2g of Ketjenblack 13.5g of GKs catalysts
in water in 25 of gelatine dissolved water after pyrolysis
Figure 7-2. Pictures for synthetic process of GK-series. (a) Gelatin solution, (b) Gelatine-Ketjenblack

jelly, (c) After pyrolysis process at 900 C, GK-900 catalyst on weighing machine.

In this synthetic approach, it is worthy to note that introduced gelatine makes it possible that
commercial hydrophobic carbon can be well dispersed in aqueous water through two types of
interactions below even without any surface oxidation'®*. The one comes from amphiphilic character

(both hydrophilic and hydrophobic) of gelatine so that Ketjenblack interacts with hydrophobic Glycin
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and Prolin amino acids of gelatine with its polar and charged groups interacting with aqueous water'®
in Table 7-1.

Table 7-1. Gelatine amino acid composition (The table were reconstructed based on the previous
literature data)

Property of Gelatin by amino acid

Hydrophobicity Polarity Charged property

Glycin 232 Methionin 0.7 Arginin 10.0 m Hydrophobicity

Alanin 104 Hydroxylysin 0.9 Aspartic acid 438

Prolin 12.0 Hydroxyprolin 114 | Glutamic acid | 103

Valin 22 Serin 34 Lysin 29 W Polarity

Isoleucin 1.0 Histidin 0.8

Leucin 25 Tyrosin 04 w Charged

Phenylalanin 11 Threonin 20

The other results from a folding and unfolding of three polymer chains composed of a triple helix
during cooling and heating process, allowing gelatine to hold Ketjenblack tightly. Therefore,
introduced Ketjenblack and gelatine can be distributed evenly each other through above two mediated
interaction in aqueous media, forming uniform solidified jelly block as precursors for nitrogen-doped
carbons composites.

The morphological structures of the GK were characterized by high-resolution transmission
electron microscopy (HR-TEM). Based on the HR-TEM images (Figure 7-3), we found that irregular
carbon sheets were closely stacked each other along with random directions, allowing more edge sites
to be exposed (Fig. 7-3a,d) and its corresponding FFT represents these stacked carbon sheets are
disordered structures. (Inset of Fig. 7-3d)
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Figure 7-3. Physical morphology of nitrogen-doped gelatin with Ketjenblack carbon composites
(GK). TEM images of GK composites (a), Ketjenblack nanoparticles (b), carbonized gelatin (c) and
respective magnified images of a, b, and ¢ (d, e, and f), respectively. Inset is FFT of (d). Scale bars for

(a-c) and (d-f) are 100 nm and 5 nm, respectively.

These disordered characters were further confirmed in its XRD data in Figure 7-4.
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Figure 7-4. XRD data of GKs samples.

There are broad two kinds of peaks at 24.6° and 42.3° which indicate (002) and (100) planes,
respectively. These broad (002) basal plane diffraction peaks can be a mixed phase of crystalline and
disordered carbon®®. Furthermore, it should be noted that as-prepared catalysts show a negative shift
in the broad (002) peaks compared with the 26 peak of general graphite powder at about 26.5°1%%,
indicating increased interplanar distance between (002) planes. This effect could facilitate a mass
transport, thus increasing a kinetic for ORR. To gain the insight into the origin of these randomly
oriented stacked carbon sheets structures, each microstructure of ketjenblack nanoparticles and
carbonized gelatine was examined. HR-TEM images (Figure 7-3b,c,e, and f) show that each of them
are composed of outer shell (ordered graphitic) and core (more disordered structures) parts like a
morphology acquired from pyrolysis of nitrogen containing precursors®*® **. Especially, it is clearly
shown that gelatine derived nitrogen doped carbon morphology forms stacked small sheets by random
directions. Although apparent morphology of as-prepared GK catalysts is hardly distinguishable from
each ketjenblack and carbonized gelatine due to its quite similarity in morphology (Fig. 7-3a-c), it is
believed that ketjenblack with relatively low contents of precursors (ca. 13 times lower than gelatine
in synthetic procedure described in method) are incorporated into carbonized gelatine sheets and the
origin of these overall stacked sheets structured comes from carbonized gelatine, not ketjenblack

carbon. Therefore, it can be possible to conclude that gelatine derived disordered carbon sheets grow
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randomly and tightly along aggregated Ketjenblack carbon with exposed ordered graphitic edge sites
due to effective interaction between Ketjenblack and gelatine. Furthermore, these exposed edges
along with the outline of gelatine derived carbon sheets could be much favourable to oxygen
adsorption as initial step for ORR. Along with these unique physical properties, X-ray photoelectron
spectroscopy (XPS) was used to figure out the nitrogen chemical state of the catalysts (Figure 7-5).
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Figure 7-5. Chemical state of nitrogen species in GKs catalysts using XPS analysis. (a) N1s XPS
analysis of GK-900. Labeled pyridinic nitrogen as (N-6), pyrrolic as (N-5), quarternary as (N-Q), and
oxidized nitrogen as (N-X), (b) Overall nitrogen contents and (c) the ratio of Quarternary N to

Pyridinic N depends on pyrolysis temperature.

As shown in Figure 7-5, the N 1s spectrum of GKs (pyrolysis above 800°C) can be
deconvoluted into four components at 398.1, 399.6, 401.2, and 403.0 eV, corresponding to N-6
(pyridinic), N-5 (pyrrolic), N-Q (quaternary), and N—X (oxidized nitrogen), respectively’*®. In high
resolution spectra of N 1s, predominant peaks are pyridinic and quaternary nitrogen species, otherwise,
a contribution of pyrrolic nitrogen, especially, is minor or even negligible due to a decomposition of
pyrrolic and pyridone nitrogen into either pyridinic or quaternary N above 800 °C***. The ratio of
quaternary (N-Q) to pyridinic (N-6) increases from 0.98 to 1.43 with increasing pyrolysis temperature.
Simultaneously, however, overall nitrogen contents decreases from 1.79 to 1.19 at. %) (Fig. 7-5b, c

and Table 7-2).
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Table 7-2. Atomic percent of various samples by XPS.

Elemental composition by XPS

(At. %)
Sample Cls N 1s O1s
GK-800 9329 179 4.92
GK-900 93.90 141 4.69
GK-1000 94.15 1.19 4.66

Furthermore, by careful analysis for the C1s spectra, graphitic carbon peak (sp® carbon) around 284.1
eV became more symmetric from GK-800 to GK-1000, indicating that the degree of graphitization of

the GKs depends on heating temperature, which is also supported by Raman data in Figure 7-6.
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Figure 7-6. (a) XPS high resolution spectrums of C1s and (b) Raman data of GKs samples.

These trends can imply that the ORR activity for N-doped GKs catalysts prepared >800°C well
correlates with the ratio of quaternary to pyridinic although the intrinsic role for each nitrogen species
for enhanced activity for ORR is on debate™®.

To gain further insight into the ORR activity of GKs, we performed linear sweep
voltammetry (LSV) measurements using a rotating ring-disk electrode (RRDE) in O,-saturated

electrolyte solution of 0.1 M KOH at 24°C (Figure 7-7a,b).
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Figure 7-7. Electrochemical characterization for GKs catalysts. (a) Steady-state RRDE experiments
of GKs (0.238mg../cm?) and Pt/C 20% (47.6ugy/cm?) in O,-saturated 0.1M KOH at 1600 rpm and
10mV/s scan rate. (b) The number of transferred electrons (n) of GKs, physically mixture of gelatin
and KB, and Pt/C catalysts. (c), (d) Zn-air full cell discharge curve for discharge current density at

50mA/cm? and 25mA/cm?, respectively.

Before discussion on temperature effect on GKs, it is worthy to note that all GKs shows much better
catalytic activity than physical mixture of Ketjenblack and carbonized gelatine (Fig. 7-7a). With
understanding about the good interaction between gelatine and KB in aqueous solution, these results
could be explained due to closely stacked sheet structures. Obviously, introduced Ketjenblack affords
better electrical conductivity to carbonized nitrogen doped gelatine carbon sheets in this tightly each
other aggregated sheet like architecture. Besides this reason, during pyrolysis, nitrogen species in
gelatine could be partially decorated onto KB surface, preparing nitrogen doped KB which also can
act as catalysts for ORR'®. Therefore, this unique GK morphology contributes enhanced catalytic
activity for ORR compared to physical mixture without good adhesion, which is also supported by
these stacked sheet architectures (Fig. 7-3). To reveal reaction pathway for ORR, the number of
electrons for GK-900 was determined from disk and ring currents in RRDE results. The calculated
value is from 3.7 to 3.85, indicating that oxygen is reduced on this catalyst most likely through a

direct four-electron pathway rather than two-electron pathway (Fig. 7-7b). This highly stable
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selectivity for OH™ of GK electrode is comparable to recent metal-free carbon-based catalysts®’® *.

Furthermore, this high selectivity to direct conversion from O, to OH" for GK-900 electrode is also
supported by much lower peroxide yields than other GKs such as GK-800 and-1000 and even highly
comparable to state-of art Pt/C catalysts in Figure 7-8.
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Figure 7-8. Calculated peroxide yields (H,O") of GKs samples.

When it comes to heating temperature effect, GK-900 and 1000 composites has superior catalytic
activity than GK-800 based on a relatively high limiting current density and more positive onset
potential, even highly comparable to Pt catalysts at 0.238mgcx/cm” and 47.6ug,/cm® (0.238Mg 200
pcy/cm?) of loading density, respectively, indicating that the as-prepared GK catalyst can be a very
promising electrocatalysts for ORR in alkaline media. Furthermore, in detail analysis on GK-900 and
1000, although GK-1000 is more positive onset potential than GK-900, the latter has higher limiting
current density. For the GKs samples, the amount of the pyridinic type of nitrogen decreases whereas
those of the quaternary nitrogen increases from GK-800 to GK-1000 (Fig. 7-5). These results
conclude that the ratio of pyridinic to quaternary N could be a primary indicator affecting enhanced
catalytic activity for ORR in our system with beyond required portion of quaternary N between GK-
900 and GK-1000 compared to GK-800. Furthermore, these catalytic activities of GKs electrodes
clearly depend on the total amount of nitrogen. For example, GK-800 (1.79 at. %) has inferior activity

to other GK-900 (1.41 at. %) or GK-1000 (1.19 at. %). Therefore, it is believed that the proper
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combination of pyridinic and quaternary-nitrogen groups with optimized nitrogen contents can be a
key factor affecting enhanced ORR activity in our system.

As shown in Fig. 7-7c and d, we carried out zinc-air cell test correlate with enhanced
catalytic activity measured in half-cell condition at 25 and 50 mA/cm?. It should be note that testing
Zn-air cell under ambient static air condition is much more practical than under intentionally oxygen
blowing and even water vapour saturated ideal condition because both intrinsic activity and
architecture of a catalysts sensitive to oxygen and electrolyte diffusion can contribute overall cell
performance.*** As expected, acquired voltage profile is almost flat, indicating that only oxygen and
zinc participate in cell reaction constantly without any chemical redox reaction of active materials in
electrode like a chemistry of Li-ion battery. According to those data, our catalyst observe improved
performance in discharge capacity compared to that catalyzed by 20% Pt catalysts both at 25 to 50
mA/cm? and much more enhanced electrochemical improvement of Zn-air cell compared to those
without catalysts and even highly comparable to Pt catalysts. For example, the peak power density of
the cell with GK-900 was about 193 mWcm™ (Fig. 7-7c, d and 7-9 and Table 7-3), which is slightly
higher than about 188 mWcmfor the cell with the Pt/C catalyst although there is slight voltage drop
caused by activation loss at initial stage of discharge also shown in slightly more positive onset
potential of Pt than GK-900 in our RRDE results (Fig. 7-7a).
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Figure 7-9. (a) Current-voltage and (b) power-current curves of Zn-air cells with GK-900, 20% Pt/C

catalysts and air electrode without any catalyst.
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Table 7-3. Survey of Zinc-air full cell activity of Metal-free catalyst and Non-precious metal catalyst

of previous works.

Sample method Electron Peak power Reference
transferre  density at Zinc-
d number air battery
(n) (mW/cm?)

GK-900 Pyrolyzed Gelatine- 3.74 193 This work
KB jelly at 900°C

CoO/N-CNT* Multiwalled CNT - 265° [167]
and Co(OCH,CHys),
were stirred in
NH,OH solution
then annealed at
400°C

Amorphous MnO,  Ketjenblack carbon - 190 [73]
NWs on KB" supported

amorphous MnOy

rGO-IL/Mn;0,/%  Mn3O, on reduced- 35 120 [72f]
Graphene Oxide by
a simple facile

solution method

a. Blowing pure oxygen gas for Zn-air full cell test.

The chronoamperometric (i-t) response shows the response for ORR for GK-900 and Pt/C

electrodes in Figure 7-10.
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Figure 7-10. Chronoamperometric response of (a) GK-900 and 20% Pt/C in O,-saturated 0.1M KOH
solution at -0.2 V (vs Hg/HgO) at 1600 rpm each. (b) CV curves at initial and after 1000 cycle at 50
mV/s of scan rate in O,-saturated 0.1M KOH solution.

As can be seen, the continuous ORR at -0.2V (vs. Hg/HgO) showed that a remaining relative current
density for GK-900 (68% at 20000s) is higher than that of Pt/C electrodes (45% at 20000s). This
enhanced durability is also supported by almost unchanged cyclic voltammetry curves of GK-900
even after 1000 cycles. These results clearly indicate that the active sites of the GK are not affected
under ORR potential range unlike commercial PtC**, thus rendering N-C active sites much more
stable. Furthermore, in methanol posing test, the current response of GKs catalysts is insensitive to the
added methanol in Figure 7-11.
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Figure 7-11. Chronoamperometric response of 10% (w/w) methanol of GK-900 and 20% Pt/C in O,-
saturated 0.1M KOH solution at -0.2 V (vs Hg/HgO) at 1600 rpm and 10mV/s scan rate.

In contrast, Pt/C catalysts showed a sharp fluctuation upon the addition of methanol. Therefore, it
follows that our developed GKs indicate a better methanol tolerance than Pt/C catalysts, enabling it to
be applied for DMFC (direct methanol fuel cell) as well as efficient and durable cathode catalysts for
Zn-air batteries.

In conclusion, we established easily scalable irregular stacked nitrogen-doped carbon sheets
catalysts for efficient metal free electrocatalysts for ORR in alkaline solution. In this work, efficient
utilization of hydrophobic Ketjenblack in aqueous media is possible due to enhanced interaction by
amphiphilic character of gelatine mediator as nitrogen doped carbon precursors, thus making mass
production possible. Its comparable catalytic activity and better durability with Vulcan carbon
supported Pt catalysts was demonstrated and synthesized catalysts were also effectively applied to Zn-
air battery. In physiochemical analysis, it revealed that as-prepared GK catalysts composed of proper
combination of quaternary and pyridinic nitrogen species around more exposed edge sites by irregular

stacked sheets increasing catalytic activities for ORR.
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Experimental Section

Catalyst preparation

For preparation of catalysts precursors, 25g of commercial gelatine powder (purchased from Geltech
Co.,Ltd. Korea) were fully dissolved in 50mL of distilled water at 60°C under magnetic stirring for
about 3 hours. When gelatine was completely dissolved in water, and 2g of commercial Ketjenblack
EC-600JD (KB) was added into the gelatine solution with stirring for uniform dispersion of KB.
Finally, this gelatine-KB solution was kept in the refrigerator about 30mins below 3°C, and were
pyrolyzed under Ar atmosphere (flow rate of 50ml/min) at 800, 900, and 1000°C for 1hr.

Preparation of catalysts ink and working electrode

The formulation of catalyst ink is a mixture of 12 mg of the GKs catalyst powder, 400ul of 0.05 %
Nafion (Aldrich) solution and 1600ul of ethanol. Briefly, desired catalyst ink was prepared by
ultrasonically mixing in distilled water for at least 1 hr to form homogeneous catalysts ink. 5ul of ink
was loaded on the surface of working electrode, resulting in 0.238mg../cm>. For the physical mixture
catalysts, 24mg of carbonized gelatine at 900°C was mixed well with 2mg of ketjenblack carbon using
mortar and then the ink was prepared to 0.238mg../cm? of loading density with above mentioned
procedure. For the 47.6ugpt/cm2 catalysts, 12mg of Pt/C 20% powder was dissolved in 400ul of 0.05%
Nafion (Aldrich) solution and 1600ul of ethanol. This desired catalyst ink was ultrasonically mixed at
least 1hr to get homogeneous catalysts ink. Then 5ul of ink was loaded on the surface of working
electrode, resulting in 0.238mg 0% pt,c)/cmz, corresponding to 47.6pgpt/cm2 with above mentioned

same methods.

Electrochemical measurements

Rotating ring disk electrode (RRDE) (ALS Co., Ltd) experiments were carried out using the GK-
series catalysts film (deposited on GC electrode) as the working electrode in 0.1 M KOH alkaline
electrolyte with saturated O,. Pt wire and Hg/HgO are used as a counter and a reference electrode,
respectively. Electrochemical characterization was conducted using bi-potentiostat (lviumStat). 10
mV/s of scan rate was swept from 0.2 to -0.7 V and sufficient ring potential of 0.4 V was biased to
oxidize intermediate during ORR. The collection efficiency (N) was determined under Ar atmosphere
using 10 mM K;[Fe(CN)g], which is around 0.41. This value is very close to its theoretical value of
0.42. The number of electrons transferred (n) and peroxide yields (H,O") were calculated using the

equations below.
2I./N

n=4—12_ (2

Ig+1r/N
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Zn-air full cell tests

Full-cell test of our catalysts, we prepared 0.75¢g zinc powder as an anode, and 200ul of 6M KOH was
used for electrolyte. Nylon membrane was used for a separator. The air cathode was prepared by
uniformly casting the catalyst ink on the prepared gas diffusion layer (the catalyst ink formulation:
10mg of catalyst, 100ul of 5wt% of Nafion in mixture of lower aliphatic alcohols and H,O (Sigma-
Aldrich), and 400ul of ethanol) (Supplementary Figure S8). Assembled full-cell was tested at
discharge current densities 25mA/cm? and 50mA/cm?. The gas diffusion layer (GDL) was prepared
from a mixture of activated carbon (Darco G-60A, Sigma Aldrich) and PTFE binder (60 wt% PTFE
emulsion in water, Sigma Aldrich) at a weight ratio of 7 to 3 with about 350 um of thickness to ensure

proper gas distribution and sufficient current collection'*®

. This as-prepared GDL was used as the
reference for comparison to confirm enhanced performance of catalyzed air electrode in polarization

curve of Zn-air battery.

Physical characterization

The material morphology was examined using a high-resolution transmission electron microscopy
(HR-TEM) (JEOL JEM-2100F) operating at 200 kV. Powder analysis was performed using an X-ray
diffractometer (XRD) (D/Max2000, Rigaku). Oxidation state of elements was analyzed using X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific Ka spectrometer, 1486.6eV) and surface carbon

state was examined using micro-Raman (WITec).
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Chapter 8. Ligand effect on oxygen reduction in alkaline solution:

[Fe(phen),L,] (L= CN or NCS) complexes as electrocatalysts

The different strength filed ligands (weak and strong field ligands, NCS and CN, respectively) are
introduced to reveal the ligand induced Fe effect on ORR. This approach, allows us to investigate the
Fe active sites with a different point of view. Herein, we selected [Fe(Il)(phen),(CN),/-3.5H,0 (Fe-CN)
and [Fe(I1)(phen),(NCS),/-H,O (Fe-NCS) and introduced metal organic framework-5 (MOF-5) to
stabilize the Fe-CN complex (MOF[Fe-CN]). Regarding the electrochemical properties, the activity
for ORR increases as the amount of Fe increases, indicating that Fe is still active sites in this hexa-
coordinated system. Furthermore, NCS induced Fe facilitates ORR, but MOF[Fe-CN] suppress ORR.
From the possible molecular orbital overlap in this structure, introduced NCS and CN can clearly
interact with central Fe species, making coordinated Fe be active or inactive for ORR.

The tremendous efforts made in the design of advanced non-precious metal electrocatalysts
with unique architectures have been devoted to enhancing the catalytic activity dramatically for the
oxygen reduction reaction (ORR).* For example, metal coordinated nitrogen-carbon (metal/N/C)
electrocatalysts have been studied as efficient non-precious metal electrocatalysts since Jasinski’s
pioneering work and subsequent studies.*® **® While superior catalytic activity for ORR has already
been demonstrated, there is still debate on the exact catalytic active sites during high temperature
pyrolysis and on the intrinsic role of the active sites. So far only limited synthetic approaches have
been used in the development of heat treated Fe-based catalysts in spite of the fact that the intrinsic
properties of Fe are governed by the surrounding environments. Recently, Li et al. introduced the CN"
as a blocking ligand of Fe/N/C catalysts and studied the effect on the ORR."® They showed that a
coordinated Fe can clearly participate in this catalytic process using Fe-CN interaction and further
TOF-SIMS negative and positive ion imaging. This method results in a deterioration of the catalytic
activity for the ORR, which enables us to identify that coordinated iron can be considered as an actual
active site. Other evidence showed coordinated Fe can act as the heart of intrinsic catalytic activity for
ORR by examining that remained Fe(I)N,/C and Fe(lI)N,.,---Np/C has catalytic activity for ORR
after acid washing from Mdssbauer spectroscopy.'”® Furthermore, the amount of Fe in Fe/N/C
catalysts can alter the ORR mechanism from an indirect 2-electron transfer pathway to a 4-electron
transfer dominated process and the best ORR performance was achieved at the optimized Fe contents.
This study clearly indicates that coordinated iron can be also considered as an actual active site.*®
From above results, although an iron N, chelate complexes could deeply participate in ORR as
catalysts, the only nitrogen coordinated Fe catalysts (Fe-N, or N4) could limit the full utilization of Fe
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active sites because of limited ligand effect on Fe. Therefore, in this regard, studying different
strength filed ligand effects on Fe can be a significant milestone in the development of next generation
iron based catalysts beyond conventional Fe/N/C catalyst approach, which is the subject of this
present study. Based upon this point of view, the fully coordinated Fe system, hexacoordinated iron (I1)
systems, can be good reference materials because additional ligand can be introduced. Accordingly, it
is possible to confirm that even fully saturated system still has catalytic activity for ORR and the same
approach about iron active site in conventional Fe/N/C catalysts still can be extended to these fully
saturated system.*"*

Our study started with nearly the same molecular structures, i.e., two different strengths
ligand-coordinated Fe/N/C complex and reports the ligand effect on ORR and intrinsic active site with
more systematic manner in fully saturated hexacoordinated iron (1) systems. Fully coordinated Fe in
hexacoordinated iron (Il) systems can still act as active sites for ORR like conventional square N4
coordinated Fe system.*®® The introduced Fe can act as catalysts, while it hinders ORR. These clearly
showed that this ligand effect cannot be negligible and rather determine which Fe is active or inactive
for ORR. Therefore, these valuable different views in Fe/N/C catalysts will afford more systematic
approaches to the development of next-generation iron based catalysts for fuel cells and metal-air
batteries.

We selected [Fe(I1)(phen),(CN),]-3.5H20 (S=0, ty,°e,’) and [Fe(I1)(phen)(NCS),]-H,0 (S=2,
tzg“egz) with a low and high spin state, respectively, (hereafter denoted as the Fe-CN and -NCS

complex for brevity, respectively) as the model compounds in this work (Figure 8-1a).*"
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Figure 8-1. (a) [Fe(I1)(phen),(CN),]-3.5H,0 (Fe-CN), Fe-CN stabilized with MOF-5 (MOF[Fe-CN]),
and [Fe(I)(phen),(NCS),]'H,O (Fe-NCS) complex in this study. Note that Fe-CN complex is
encapsulated with MOF-5 to prevent from dissolving in water. (b) Digital photograph of MOF-5 and
MOF[Fe-CN]. (c) High resolution XPS of Fe2p for Fe-NCS, MOF[Fe-CN], and Fe-CN.

The Fe-CN complex, however, is easily soluble in water, while Fe-NCS is insoluble, indicating that it
is impossible to apply this catalyst in an agueous based solution to gain the electrochemical properties
for an oxygen reduction reaction. Therefore, we newly introduce metal organic framework-5 (MOF-5)
as a stabilizer for the Fe-CN complex (Fig. 8-1a). Interestingly, MOF-5 exposed to air generates a
hydroxyl group (-OH) within the MOF-5 itself, resulting in a stabilized MOF-5’ in air and water

173 &

(hereafter, we designate MOF-5 exposed to air as MOF-5")"" in Figure 8-2.
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Figure 8-2. IR data (a) and PXRD patterns (b) of as-synthesized MOF-5 and MOF-5".

In Fig 8-2, XRD patterns of MOF-5’ is different from those of MOF-5. The important feature
of XRD pattern of MOF-5" is the missing of the peak 20 = 7.0°, probably due to disruption of
periodicity induced by solvent molecules that fill the mesopores of MOF-5. A new splitting of the
peaks at 26 = 8.9 and 9.4 appear in MOF-5", which is correlated with the distortion of lattice structure
of MOF-5 (cubic system).* MOF-5 is very sensitive of air and water, but MOF-5 is very stable in air
and water. We initially performed physical and chemical characterizations of a MOF-5" encapsulated
Fe-CN (hereafter denoted as MOF[Fe-CN] for brevity) and Fe-NCS complex used in this study.
Infrared spectroscopy and PXRD clearly indicate that the two samples were prepared successfully and

that the Fe-CN complex can be inserted into MOF-5" in Figure 8-3.
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Figure 8-3. IR data (a) and PXRD patterns (b) of [Fe(ll)(phen),(CN),]-3.5H,O (Fe-CN), Fe-CN
stabilized with MOF-5 (MOF[Fe-CN]), and [Fe(ll)(phen)(NCS),]-H,O (Fe-NCS).

In the IR spectra, the OH vibration peaks of MOF-5’ (3606 cm™) and MOF[Fe-CN] (3604 cm™) have
sharp signals, which can be assigned as free-OH group vibration (Fig.8-2). This indicates that the OH
group was newly formed in MOF-5 and was retained after the insertion process, which makes it
possible to assume that deformed MOF-5 (MOF-5”) can stabilize the Fe-CN complex. The CN peaks
for Fe-CN complex are 2078 and 2065 cm™ which are the symmetrical and antisymmetrical stretching
mode, respectively, whereas the CN peak for MOF[Fe-CN] shows only antisymmetrical stretching
and has a higher wavenumber at 2115 cm™. This suggests that there could be interaction via the OH
group between MOF-5" and the CN of Fe-CN; therefore, MOF[Fe-CN] can be stabilized for this
reason. The powder X-ray diffraction (PXRD) pattern of the as-synthesized MOF[Fe-CN] is very
similar to that of MOF-5’,indicating that Fe-CN has little effect on the MOF-5 structures during this
spontaneous insertion process. Furthermore, the PXRD peaks of the water exposed to MOF[Fe-CN]
are very similar to the pristine Fe-CN peaks. Besides, the color changes also indicate Fe-CN complex
can be inserted into MOF. It is worthy noted that the color of pristine Fe-CN is purple, but MOF[Fe-
CN] is red because of a change in surrounding environments (Fig. 8-1b). In a XPS study, it clearly
indicated that MOF[Fe-CN] and Fe-NCS exhibit a low and high spin state of Fe, respectively,
according to the high resolution Fe2p XPS results (Fig.8-1c). The XPS of Fe-CN and MOF[Fe-CN]
are the almost same, not exact identical, indicating that this slight difference explain there are a little
interaction between MOF-5 and Fe-CN complex. A spin energy of Fe-CN is ca. 12.5 eV between
2p3/2 and Fe 2p1/2 in Fe2p. Otherwise, the difference between two major peaks in Fe2p of Fe-NCS is
about 13.6 eV, which agrees with the reports very well.”™ Obviously, these introduced different
strength filed ligands can affect a spin state of coordinated Fe metal in these complexes.
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To gain insight into the ligand effect on the ORR activity, we first prepared a catalyst ink by
adding Ketjenblack carbon to maintain a sufficient electrical conductivity in the as-prepared samples.
We controlled each ligand induced Fe portion in these complexes by physically mixing a proper
amount of MOF[Fe-CN] and Fe-NCS each other to reveal both the total Fe amount and each ligand
effect on ORR simultaneously in Table 8-1 and 8-2.

Table 8-1. Preparation of desired catalyst inks.

Sample MOF-5 MOF[Fe- Fe-NCS KB Sample Notation
CN]
1 - - - 5.5mg KB
2 3.3mg - - 5.5mg MOF+KB
3 - 3mg - 5.5mg 3-MOF[Fe-CN] +
KB
4 - 2mg 1mg 5.5mg 2-MOF[Fe-CN]+
1-Fe-NCS + KB
5 - 1mg 2mg 5.5mg 1-MOF[Fe-CN]+
2-Fe-NCS + KB
6 - - 3mg 5.5mg 3-Fe-NCS + KB

Table 8-2. Calculation of total amount of Fe, Fe-CN and NCS portion within the samples.

Samples Total amount of Fe Fe-CN portion Fe-NCS portion
(wt. %0) (wt. %0) (wt %)
3-MOF [Fe-CN] 0.83 0.83 0
2-MOF[Fe-CN] + 9.83 0.55 9.28
1-Fe-NCS
1-MOF[Fe-CN] + 19.93 0.28 19.65
2-Fe-NCS
3-Fe-NCS 29.47 0 29.47

Then, linear sweep voltammetry (LSV) measurements were carried out on a rotating ring

disk electrode (RRDE) in an O,-saturated electrolyte solution of 0.1 M KOH (Figure 8-4).
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Figure 8-4. Steady-state RRDE experiments of as-prepared samples in O, saturated 0.1M KOH at
2000 rpm. (a) Ring current (top) and disk (bottom) current density were separated for convenience. (b)
Its peroxide yields (%) (top) and the number of electrons (n) transferred (bottom).

When comparing MOF-5" blended with carbon (MOF+KB) and pure Ketjenblack carbon
(KB), very similar activity and current shape for the ORR was observed, although the KB had a
slightly positive onset potential. It is believed that a majority activity for ORR resulted from KB, not
MOF-5 because of an insulating properties of MOF. Besides, as the total amount of Fe increases in the
mixture sample of MOF[Fe-CN] and Fe-NCS from 0.83 to 29.47 wt% of Fe, the onset potential shifts
to more positive direction and a higher disk current, a lower ring current and peroxide yield, and
nearly four transferred electrons for ORR are gained, which resulting in a direct ORR pathway.
Besides, electrochemical impedance spectroscopy showed that charge transfer resistances sharply

decrease as increasing the total amount of Fe species in Figure 8-5.
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Figure 8-5. Nyquist plots for 3-MOF[Fe-CN], 2-MOF[Fe-CN] + 1-Fe-NCS, 1-MOF[Fe-CN] + 2-Fe-

NCS, 3-Fe-NCS. Impedance spectra were taken at -0.4 vs. Hg/HgO in O,-saturated 0.1 M KOH at

2000 rpm from 10 kHz to 0.01 Hz with 10 mV of single sine wave.

Based on these experimental results, the ORR performance is closely related with the amount
of Fe and it follows that coordinated Fe species in hexacoordinated iron (I1) systems still can act as
the heart of catalytic activity sites during ORR like a conventional Fe/N/C catalysts. When it comes to
ligand effects, interestingly, as increasing in the portion of Fe-NCS, ORR performance also increase.
These activity trends are correspondence to those according to the total amount of Fe.

This result indicates that enhanced ORR activity can nearly result from the increased portion
for Fe-NCS from 9.28 to 29.47 wt% Fe. Otherwise, when the CN induced Fe (Fe-CN) is introduced;
the activity for ORR is inferior to that in both KB and MOF+KB. Obviously, this result cannot be
explained because the coordinated Fe can act as catalysts for ORR in hexacoordinated system.
Therefore, it is logically concluded that the CN induced Fe suppress ORR performance together with
the introduced MOF-5 although the hindrance of MOF is a little effect on overall performance for
ORR compared to KB and MOF + KB. Therefore, the NCS and CN ligands coordinated iron active
sites can be activated or deactivated according to which ligand binds to Fe, resulting in totally
different overall ORR performance. Therefore, selecting which ligands induced Fe in a
hexacoordinated Fe complex can determine whether Fe act as catalysts or inhibitor for ORR, which

can be a much more systematic approach in designing advanced Fe/N/C catalysts.
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Based on the experimental results, ORR performance is closely related with both the amount
of Fe and which ligand coordinated Fe, which corresponds to our conclusion that ligand coordinated
Fe can affect ORR performance. These results indicate that there are very close relationship between
ligand coordinated Fe and introduced oxygen molecules. From this point of view, it is worthy noted
that this interaction can be only possible in hexacoordinated Fe complex through the indirect -
overlap via ligand, Fe-ligand---O, (Figure 8-6). Especially, n-overlap is much more favorable than o-
overlap when considering orbital symmetry of Fe, ligand, and oxygen. This assumption can be clearly
supported with the previous report of a significant contribution of the x orbital of the CN and SCN to
the central Fe species in the almost same system to our reference materials.'” This means that
introduced ligand determines the available orbital of Fe that can interact with outer oxygen molecule,
which can make coordinated Fe active or inactive for ORR. Therefore, a molecular overlap between

Fe and oxygen molecules via ligand is significant as a critical step for ORR in a hexacoordinated Fe

complex.
[Fe(phen),(CN),] [Fe(phen),(NCS),]
(Fe-CN) (Fe-NCS)
€q —_—
Strong field e + —T—
,igfnd Weak field = °
CN ligand
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Fe(ll), low spin Fe(ll), high spin

Figure 8-6. Possible m-orbital overlap between central Fe and additional different strength field

ligands, CN and NCS, and its induced low and high spin state of coordinated Fe, respectively.
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Regarding this orbital interaction between central Fe and outer oxygen molecule, these
arguments can be extended to the relationship between the spin state of Fe and ORR activity because
absolutely introduced ligand change the spin state of Fe. Therefore, it is possible to say that a NCS
induced high spin of Fe facilitate ORR. Otherwise, CN induced low spin of Fe has a negative effect
on ORR. Interestingly, when considering the number of lone pair electrons in each Fe state, it is likely
that the difference in ORR performance could be linked to Fe spin state because oxygen coverage on
noble metals are closely related to the number of unpaired d electrons.'” Besides, these arguments can
be supported with the previous literature that an increase in electron density on Fe in Fe-N, catalysts
facilitates ORR.'”” However, further electrochemical and characterization studies are required before
correlating the spin state of Fe and ORR clearly with the insoluble ligand coordinated Fe complex
which are totally free from additional effect of MOF-5 and its induced different amount of Fe.
Obviously, this should be desirable for better logical discussion on spin state effect on ORR.

We selected two reference materials, [Fe(ll)(phen),(CN),]-3.5H,0(S=0, tzgeego) and
[Fe(1l)(phen),(NCS),]-H,O (S=2, tgg“egz), and found that the coordinated Fe species in
hexacoordinated iron (I1) systems could still act as the heart of catalytic activity sites during ORR like
conventional square N, coordinated Fe system. Furthermore, the chelated iron can be activated or
deactivated according to which ligand binds to Fe, indicating that ligand induced Fe makes totally
different catalytic activity for ORR. Therefore, this valuable insight into the additional ligand effect
on the ORR can provide more valuable insight in the development of advanced Fe-based catalysts for
fuel cells and metal-air batteries given this novel knowledge of how to alleviate the charge transfer

resistance during the ORR process beyond the conventional Fe/N/C catalyst approach.

Experimental Section
Preparation of HS-[Fe(phen),(NCS),/-H,0 and LS-[Fe(phen),(CN),/-3.5H,0
HS-[Fe(phen),(NCS),]-H,O and LS-[Fe(phen),(CN),]-3.5H,0 were prepared by the previous
literature. Briefly, for the [Fe(phen),(NCS),]-H,O, proper amount of FeCl,-7H,0, 3phen (1,10-
phenanthroline), and 2KSCN were dissolved and kept in methanol for 1 day and then reflux in
methylcyclohexane at 180°C for 2 days to gain [Fe(phen)y(NCS),]-H,O. For the
[Fe(phen),(CN).]-3.5H,0, all procedure were exactly same except 2NaCl as ligand. All chemical
reagents were purchased from commercial sources and were used without further purification. From
EA analysis, for [Fe(phen),(NCS),]-H,O (C,sH20NsO,S,Fe); Calc.: C, 54.39; H, 3.55; N, 14.78; S,
11.28 %. Found: C, 54.64; H, 3.01; N, 14.95; S, 1159 %. Mw: 568.45 g/mol. For
[Fe(phen),(CN),]-3.5H,0 (CysH23NsO35Fe); Calc.: C, 58.77; H, 4.36; N, 15.82 %. Found: C, 58.64; H,
4.11; N, 15.63 %. Mw: 531.34 g/mol.

127



Preparation of [Zn,O(BDC)3(H,0);] 3H,0-1.5DMF (MOF-5°)

[Zn,0(BDC)3(H,0),]-3H,0-1.5DMF (MOF-5") was prepared by the previous literature
(Figure 1a). Terephthalic acid (2.83 g, 15.4 mmol) and triethylamine (4.3 mL) are dissolved in 200
mL of DMF. Zn(NQs),-2H,0 (10.10 g, 38.7 mmol) is dissolved in 250 mL of DMF. The zinc salt
solution is added to the organic solution with stirring over 15 min, forming a precipitate, and the
mixture is stirred for 1.5 h. The precipitate (MOF-5) is filtered and washed with DMF/MeOH and
then dried in air for 1 day. Yield =5.20 g, 56.0 %. Elemental analysis (EA) for CagsH2,5N150195ZN4
(Mw = 959.62 g/mol), Calc.: C, 35.67; H, 2.36; N, 2.19 %. Found: C, 35.70; H, 2.08; N, 2.38 %. IR
(KBr, cm™): 3606 (m), 3357-3212 (m, b), 1652 (w), 1581 (vs), 1558 (w), 1500 (m), 1403 (w), 1384
(vs), 1309 (w), 1292 (w), 1251 (w), 1147 (w), 1103 (w), 1060 (vw), 1016 (m), 975 (vw), 881 (w),
854 (vw), 813 (s), 714 (s), 667 (w), 592 (vw), 547 (w), 520 (w), 493 (vw), 458 (vw), 420 (vw).

Preparation of [Fe(phen),(CN),]o.04@[Zn,O(BDC)5(H,0),]0.77°1.03H,0-2. IDMF (MOF-5’[LS-Fe])

MOF-5" (200 mg, 0.210 mmol) was added to LS-[Fe(phen),(CN),]-3.5H,0 (100 mg, 0.188
mmol) solution of DMF 5 mL in a 10 mL galss vial. The materials were sonicated for 5 min and
then the vial sealed at RT for 1 day. The resulting orange color powder was collected and washing
with DMF and then dried in air for 1 day. Elemental analysis (EA) for Cas.gH29.70N5.34014.68F€0.04ZN3.08
(Mw = 811.42 g/mol), Calc.: 38.22; H, 3.69; N, 4.04 %. Found: C, 37.78; H, 3.03; N, 4.56 %. IR (KBr,
cm™): 3604 (m), 3380-3290 (m, b), 1645 (w), 1579 (vs), 1498 (m), 1425 (w), 1396 (w), 1363 (vs),
1305 (w), 1247 (w), 1143 (w), 1101 (w), 1061 (m), 997 (w), 879 (W), 846 (m), 813 (m), 748 (s), 723
(m), 665 (w), 578 (w), 545 (w), 518 (w), 464 (vw).

Material characterization

Elemental analyses (C, H, and N) were performed using a Thermo Scientific Flash 2000
elemental analyzer. Metal ions (Fe and Zn) were analyzed using a Varian 720-ES inductively coupled
plasma atomic emission spectrometer (ICP-AES). FT—IR spectra were recorded in the range 4000 ~
400 cm™ using a Varian 670 FT—IR spectrophotometer. Powder X-ray diffraction (PXRD) data was
recorded using a Rigaku D/M 2500T automated diffractometer at room temperature with a step size of
0.02° in 20 angle. The material morphology was examined using a SEM (Nanonova 230, FEI)
operating at 10 kV and spin state of Fe was analyzed using XPS (Thermo Fisher, UK).

Preparation of catalysts ink and RRDE measurements

Detail method for catalysts ink and RRDE procedure are described in our previous report
(See Table S1).° Briefly, for 3-MOF[Fe-CN] + KB, 3 mg of MOF[LS-Fe] were dispersed in 1 mL of
0.05 % Nafion (Aldrich) solution in distilled water and 5.5 mg of ketjenblack 600JD (KB) were
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dispersed in 3 mL of 0.05 % Nafion (Aldrich) solution in distilled water. Then, two inks were mixed
by ultrasonically for at least 1 hr to form homogeneous catalysts ink. Then, 6 pL of the catalysts ink
was carefully dropped onto a polished glassy carbon (GC) electrode of 4 mm diameter (RRDE Pt
Ring/GC Disk Electrode, cat. NO. 011162, ALS Co., Ltd.). Glassy carbon electrodes were polished
with 0.05 pm polishing alumina to maintain a good condition of working electrode (PK-3 Electrode
Polishing kit, ALS Co., Ltd.). Catalyst-coated GC electrodes were then dried under vacuum at room
temperature for at least 1hr.

Rotating ring disk electrode (RRDE) (ALS Co., Ltd) experiments were carried out using the
as-prepared catalysts film (deposited on GC electrode) as the working electrode in 0.1 M KOH
alkaline electrolyte. Pt wire and Hg/HgO is used as counter and reference electrode, respectively.
Before RRDE test, 0.1 M KOH electrolyte was bubbled with pure oxygen gas (99.9 %) for 30 min.
Electrochemical characterization was conducted using bi-potentiostat (lviumStat). 10mV of scan rate
was swept from 0.15 V to -0.7 V and sufficient ring potential of 0.4 V was biased to oxidize
intermediate during ORR. The collection efficiency was determined under Ar atmosphere using 10
mM K;[Fe(CN)g], which is around 0.41.This value is very close to its theoretical value, 0.42.

Hydrogen peroxide yields and the number of transferred electrons were calculated using the equations

below
HO, (%) = 200i
2170 I+ 1, /N
Iy
=4—°"
SRS PN WIN;

Determination of Fe contents using Inductively Coupled Plasma (ICP) analysis

The contents of Fe are 1) 0.83 wt % in 3-MOF[Fe-CN], 2) 0.55 wt % (Fe-CN) + 9.28 wt%
(Fe-NCS) in 2-MOF[Fe-CN] + 1-Fe-NCS, 3) 0.28 wt % (Fe-CN) + 19.65 wt % (Fe-NCS) 1-MOF-
[Fe-CN] + 2-Fe-NCS, and 4) 29.47 wt % (Fe-NCS) of 3-Fe-NCS, respectively (See Table S2). It is
noted that insertion of Fe-CN into MOF-5’ is difficult so that the contents of Fe-CN in MOF-5’ is
relatively much lower than Fe-NCS complex.

129



Appendix 1: Permission from all cited journal papers in this thesis

All cited materials in this thesis are properly adapted with permission from following

1. Figure 1-1. and 1-2. and chapter 1 (from “Metal-Air Batteries with High Energy Density: Li-Air
versus Zn—Air.” Advanced Energy Materials 2011, 1 (1), 34-50)

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Dec 29, 2013

This is a License Agreement between JANGSOO LEE ("You") and John Wilev and Sons ("John
Wiley and Sons") provided by Copyright Clearance Center ("CCC"). The license consists of vour
order details, the terms and conditions provided by John Wiley and Sons, and the payment terms

and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number
License date
Licensed content publisher

Licensed content
publication

Licensed content title

Licensed copyright line

Licensed content author

Licensed content date
Start page

End page

Type of use

Requestor type

Format

Portion

Will you be translating?
Total

Terms and Conditions

3298551331361

Dec 29, 2013

John wiley and Sons
Advanced Energy Materials

Metalal?Air Batteries with High Energy Density: Lial?Aair versus
Znat?Air

Copyright ADZ 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

Jang-Soo Lee,Sun Tai Kim,Ruiguo Cao,Nam-Soon Choi,Meilin
Liu,Kyu Tae Lee, Jaephil Cho

Dec &, 2010
34

50

Dissertation/Thesis
Author of this Wiley article
Print and electronic

Full article

No

0.00 UsD

130



2. Figure 1-4. (from “Revised pourbaix diagrams for zinc at 25-300 °C.” Corrosion Science 1997, 39
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5. Figure 2-2. (from “Metal-air batteries: from oxygen reduction electrochemistry to cathode
catalysts.” Chemical Society Reviews 2012, 41 (6), 2172-2192.) Adapted from ref. 6 with permission
from RSC. (This is RSC policy and recommend format.)
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Appendix 2: Experimental section for RRDE technique

1. Non-electrochemical kinetic parameters for RDE data analysis in 0.1M KOH, 25°C, 1atm O,.
D, (diffusion coefficient of O, in solution): 1.87x10° m?-s™ in 0.1 M KOH
C, (saturation concentration of O, in solution): 1.21 mol-m®in 0.1 M KOH
V (kinematic viscosity): 1 x 10°m?*-s™ for 0.1 M KOH
A (geometric are of the disk electrode=RDE glassy carbon electrode):
@ 3mm (diameter: 0.3cm) for RDE glassy carbon electrode
Radios: 0.15cm = 1.5 x 10°m
Area: (1.5 x 10°m)®> x 3.14=7.06 x 10°m?*(= 0.070cm?)

@ 4mm (diameter: 0.4cm) for RRDE glassy carbon electrode
(Disk: 4mm; Ring ID:5mm; Ring OD:7mm)

Theoretical collection efficiency (N) = 0.42

Radios: 0.2cm =2 x 10°m

Area: (2.0 x 10°m)? x 3.14 = 0.1256cm?

o (the angular frequency of the rotation) (rad-s™)

2. Calculation of B using above parameters in Koutecky-Levich(K-L) plot

I4 = 0.20nFAc®(® = rpm number)/2D?/3y~1/6 = Bno'’’

B = 0.20FAc®D?/3y~1/6
B= 1000 * 0.20 * 96500C/mol (F) * (1.87x10° m*-s1(2/3) (D) * (1 x 10°m*-s)(-1/6) (v) * 1.21
mol-m3(Cy) * 7.06%10°m? (A) = 2.5*10°mA -rpm™?

I4 = 0.20nFAc%0™/*D?/3v=1/6 = 2.5 x 103nw '

1/(slope in K-L plot) = 2.5*10° mAxrpm™? x n

3. Preparation of electrodes for RDE

The detail method of thin-film rotating disk electrode is described in previous Shao-Horn’s
group paper.>® A weighed mass of the catalysts powder was dispersed using ultrasonication in 0.05wt%
Nafion of distilled water solvent to form a catalysts ink. A measured volume of the ink was then
casted onto polished glassy carbon electrode by means of micropipette. After loading aqueous volume
of catalysts ink, catalysts thin-film can be prepared using vacuum drying for at least 30mintes in
Appendix Figure 2-1, 2-2, and 2-3.

138



Appendix Figure 2-1. Loaded aqueous catalyst ink onto glassy carbon electrode.

Appendix Figure 2-2. Vacuum drying for the preparation of catalysts films.
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Appendix Figure 2-3. As-prepared catalysts thin-film.

4. Determination of RRDE collection efficiency

Although manufacture provides collection efficiency in Appendix Figure 2-4,'2 modified
electrodes can be different from bare-electrodes. Therefore, the flow dynamic can be modified,
affecting the collection efficiency. It is required to determine the collection efficiency at catalysts

loaded electrodes using well-known redox couple such as Kz[Fe(CN)g]. In this system, we can expect

that Fe** + &= — Fe”" at disk, otherwise, Fe?* — Fe® + e at ring electrode. Therefore, it is possible

to calculate collection efficiency using the equation, N=-1g/lp, where I is ring current and Ip is disk

current at a specific potential in Appendix Figure 2-5.
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This Microsoft Excel Worksheet provides sn essy way to predict the theoretical collection efficiency for any Retated Ring-Disk Electrode (RRDE)
The equstions used by this worshest are taken from the dlassic text Electrochemical Methods, by Alan Bard and Lamy Faulkner (John Wiley & Sons, 1380).

{S=e equation 2.4.18 in section 2 .4.2 of the text for more informaticn.)

Mote that Fine actuslly machines electrodes using English units. The metric dimensions in the following table are nearest Metric equivalent

Standard Pine RRDE Designs

EE Series 5.00 8.50 7.50 16.00 250 3.25 375 0.78 7.50 0.1863 0.1100 25.68%
EEHT Series 5.50 6.50 2.50 15.00 275 3.25 428 0.50 6.50 0.2378 0.2356 38.2%
E7RE Series 4.57 493 5.38 15.00 228 247 2.89 0.18 8.62 0.1840 0.0384 21.8%
E7R3 Series 5.61 8.25 7.92 15.00 281 2.13 23.98 0.22 7.08 0.2472 0.1859 37.0%
‘Older Style Pine RRDE Designs

MT28 Series 4.57 493 5.38 13.50 228 247 2.89 0.18 8.12 0.1840 0.0384 21.8%
MT23 Series 5.61 8.25 7.92 12.50 281 2.13 3.98 0.22 5.58 0.2472 0.1859 37.0%
MTI24 Series £.00 T80 2.580 16.00 200 375 4.25 0.78 €50 0.2837 0.1257 24.0%
MTI36 Series 500 7.50 850 1500 250 375 435 125 650 0.1883 01257 22 5%
Enter Your hwn Di Here

custom

custom | [

Appendix Figure 2-4. Collection

from supplied sheets)

efficiency of the RRDE supplied by Pine Inc.*? (Data was taken
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0.0005

o.o004] K[Fe(CN)]
0.0003
0.0002 4 Felt — Fe3t + e
< 0.00014
—  0.00001]
[
O -0.0001-
5 -0.00024
O 6.0003]
] ——900 rpm (Disk)
-0.0004 ——900 rpm (Ring)
-0.0005 1 Fe3+ + o — Fe2+ — 1700 rpm (Disk)
-0.0006 4 —— 1700 rpm (Ring)
T T T T T T T T T T 1
-0.6 0.4 -0.2 0.0 0.2 0.4

Potential (V vs Hg/HgO with 0.1M KOHR)

Appendix Figure 2-5. Determination of collection efficiency of the RRDE using catalysts modified
electrode. All measurements were conducted in Ar-saturated electrolyte.
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Appendix 3: Construction of pourbaix diagram of zinc

1. Construction pourbaix diagram of zinc in aqueous electrolyte (Figure 1-4)*

Taking the general equation for a half-cell reaction as,
aA+mH"+ze =bB + H,0
the Nernst equation becomes

2.303RT [reduced]

E, = E° l
¢ 9 [oxidised]
or
E, = E°+0'05911 [A]* ™ 0.0591pH
e — 7 Og [B]b 7 . p

For the case that oxygen dissolved in water is in equilibrium with water.
O, + 4H" + 4¢ = 2H,0

E, = E°+0'05911 (021" 4 0.0591pH
= 4 9,017 TP
E, = 1223+0'05911 (021" 40 0591pH
e = 4 9012 307

E, = E°—0.0591pH

For the case that water is in equilibrium with gaseous hydrogen.
2H+ +2e = Hz

2
E,= E°— E0.0591;{)171

2
Ee = 0= 0.0591pH

E, = —0.0591pH

Zn** + 2¢” = Zn (reaction i)

0.0591  [Zn®**]!
2 9zt

For reactiononi: E, = —0.763 + 0.02951 log[Zn?*]

E,= E°+
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Zn(OH), + 2H™ + 2" = Zn +2H,0 (reaction ii)

o, 0.0591 [Zn(OH),]* 2
E,= E°+ > log [Zn]t —50.0591pH

For reactiononii : E, = —0.439 — 0.0591pH

HZnO,+ 3H" + 2e" = Zn +2H,0 (reaction iii)

o , 0.0591 [HZnO;]* 3
E,=E°+ > log Zn]! —50.0591pH

For reaction on iii : E, = 0.054 — 0.0886pH + 0.02951log[HZn0; ]

ZnO,”+ 4H" + 2¢" = Zn +2H,0 (reaction iv)

g goy 00591 [Zn03 T
= 2 %9 ]t

For reactionon iv : E, = 0.441 — 0.1182pH + 0.02951log[Zn02™]

4
—50.0591pH

Assuming [Zn(aq)]w: = 10° molal,® we can construct above pourbaix diagram for Zinc in aqueous

electrolyte.

—— 0O, +4H +4e =2H O

2.44 ——2H +2e =H,

2.0 Zn* +2e =1Zn

164 Zn(OH), + 2H' + 2 =Zn +2H 0O
1] ——HZnO, + 3H' +2e =Zn +2H.0

ZnO,"+4H" + 2 =Zn +2H O

0.0 Zn(OH), Zno,?
. Hzno/J
. ] ----':

Zn Zn Zn
8 10 12 14
pH

Appendix Figure 3-1. Pourbaix diagram for zinc at 25°C and [Zn(aq)]:: = 10 molal.
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Appendix Figure 3-2. Stable chemical species in Pourbaix diagram for zinc at 25°C and [Zn(aq)]it =

10 molal.

In constructed pourbaix diagrams, it is worth to note following three lines:

1) Horizontal lines. The reactions on these lines depend on electrons, not pH. Therefore, neither H
nor OH ions participate in these reactions.

For example,

Zn** + 2¢” = Zn (reaction i)

2) Diagonal lines with slope. The reactions on these lines depend on both electrons and pH.
For example,

O, +4H" + 4e = 2H,0

2H" +2e =H,

Zn(OH), + 2H" + 2" = Zn +2H,0 (reaction ii)

HZnO, + 3H" + 2e" = Zn +2H,0 (reaction iii)

ZnO,”+ 4H* + 2¢” = Zn +2H,0 (reaction iv)

3) Vertical lines. The reactions on these lines depend on either H or OH ions, not potential. In these
reactions, electrons do not participate in the reactions.

For example,

Zn(OH), + 2H" = Zn** +2H,0 (at pH 8.5)

Zn(OH), = HZnO, + H" (at pH 10.7)

HZnO, = ZnO,” + H* (at pH 13.1)
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Appendix 4: Zinc utilization (%) in Zn-air battery

It is important to calculate the zinc utilization (%) in studying Zn-air battery to maximize the
intrinsic potential of metal-air battery such as high capacity. Usually, zinc utilization (%) is below 60%
so that the theoretical capacity (820mAh/gz,) can be significantly reduced. In this regard, generally
constant current discharge for already charged zinc-air battery has been widely used and is much more
practical than C-rate discharge used in Li-ion battery.**"® Therefore, how to increase zinc utilization

can be a critical issues in advanced zinc-based batteries beyond commercial Li-ion battery.
1. Zinc utilization (%) using C-rate discharge

Appendix Table 4-1. Taken results for Zn-air cell at different discharge rates in the previous

literature.*

Parameter Discharge rate
C/5 (0.2C) C/10 (0.1C) C/20 (0.05C)
Theoretical capacity 1560 1560 1560
(mAh) (820mAh/g * 1.90g=
1560mAh)
Discharge current 300 150 75
(MA) (1560/5=312) (1560/10=156) (1560/20=78)
Discharge time (h) 4.31 9.35 19.08
Real capacity (mAh) 1293 1402.5 1431
(300 * 4.31=1293) (150 * 9.35=1293) (75 * 19.08=1293)
Zinc Utilization (%) 82.88 89.90 91.73
(1293/1560 (1402.5/1560 (1431/1560
*100=82.88) *100=89.90) *100=91.73)

1) Zn utilization (%) = Practical capacity (mAh)/ Theoretical capacity (mAh) * 100
Practical capacity (mAh) = applied current (mA) (or from C-rate based on theoretical
capacity) * measured discharge time (h)
Theoretical capacity (mAh) = 820mAh/g * initial Zn mass (Q)

2) Specific capacity of Zinc-air battery was was normalized to the mass of consumed Zn.
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2. Calculation of driving distance using Zn-air battery
Note: all calculation was based on the previous presentation by MEET inc. Korea.'

1) Calculation of theoretical specific energy density (Wh/Kgz,) of Zn-air battery
Assuming that all zinc metal can be consumed and average working potential is ca. 1.2V,
Zn — Zn* + 2¢e°

2mole” 1molZn 9.64x10*C(A-s) mAh

X X X = 820mAh
1molZn = 65.38g Tmol e~ 3.6C mAh/gzn
820mAh 0.984Wh
X 12V = "~ — 984Wh/Kg,,
87n 87n
Or
820mAh 6538820 _ c3611mAh/mol,. = 53.611Ah/mol
g7n 1mol Zn mAh/molzy = 53. /molzn
53.611Ah 57Kcal

X 1.2V = 64.33Wh/molz, (ca.

molz, mol
About 57Kcal/mol of Zn is more efficient than 37Kcal/mol(=43.7Wh/mol) delivered by thermal
power generation if 40 % of energy conversion efficiency of thermal power is assumed.

2) Calculation of practical specific energy density (Wh/Kgz,) of Zn-air battery
Assuming that 60% of zinc metal can be consumed because of side reactions in Zn electrode and
average working potential is ca. 1.2V,
984Wh
Kgzn
Therefore, arithmetically specific energy density (Wh/Kgz,) of Zn-air battery is larger than those in
long-term goal of USABC.

X 0.6 = 590Wh/Kgz,

Appendix Table 4-2. Power and energy density in USABC long-term goal.*®

USABC long-term goal

Power density (W/Kg) 400 W/Kg

Energy density (Wh/KQ) 200 Wh/Kg

3) Calculation of theoretical generated energy per zinc
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Assuming that 8kWh of energy is required for 64km (40miles) by car,
125 Wh/km is needed.
8000Wh
64Km
Therefore, required Zinc metal per 1km is,
984Wh
Kgzn
53.611Ah 64.33Wh
— X 1.2V =

moly,, V= moly,, = ~1Wh/gzn

= 125Wh/km

X x Kgz, = 125Wh (127g of zinc is required)

In other words, 1Wh of energy can be generated with 1g of zinc. Furthermore, 1Mwh electricity can
be stored in 1tone of zinc, which is 140L of zinc spelter or 250L of zinc ball assuming that specific
gravity of Zn is 7.14 g/cm®. (1L=1000cm®)

7.14g y 1000cm3 _ 7140g
cm3 1L L
Also, 127g of Zinc has 15.5cm? of volume, which is much smaller than 50~100cm?® of gasoline.

4) Calculation of theoretical required zinc metal for 450Km distance by car.
Required energy for 450Km is,

125Wh
450Km X ———— = 56250Wh
Km

19 of Zinc can generate 1Wh,
~1Wh/an
Required Zinc metal for 450Km distance are 56.250kgz.

87n
56250Wh X TWh

= 56250g,, = 56.250Kg,,
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Appendix 5: Research flow of Zinc-air battery

Catalysts ink
(water + Nafion)

Zn-air full cell test

Full cell manufactures

Drop and dry process
(Preparation of working electrode)

Evaluation of catalysts using R(R)DE technique
1
“ .
E
2e" Disk 2e"
I Electrode T
HZO' m HZO' fGO_IL_MnOx (10 h/, 4 "3
de o
OH- AR

2

1. Levich—Koutecky equation
(Quantitative comparison)

2. Half wave potential
(Qualitatively comparison)

3. Tafel plot
(Reaction mechanism)

Potential vs HgHgO (V)

Appendix Figure 5-1. Schematic research flow of zinc-air battery.
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1. Preparation of gas diffusion layer (GDL)

Activated carbon (Darco G-60A, SigmaAldrich) and PTFE binder (60
wt% PTFE emulsionin water, Sigma Aldrich) at a ratio of 7 to 3.

Gas diffusion layer
(GDL)

2. Catalysts ink for preparation of catalysts layer and preparation of air electrode

Catalysts ink

N

Catalysts layer

Dry X
Gas diffusion layer Gas diffusion layer
(GDL) (GDL)
3. Zinc-air Full cell assembly
. Separator
A sy Zinc + KOH
1 - _._._.-_._.- _______ E-/
P Gas d“(:f(:;:?)n layer \catalysts layer
- “““‘sep.]ralcr
Hmesh < R?Jnc powder

air electrode = catalysts layer + GDL

+ 6M KOH (0.15mL)

air

Appendix Figure 5-2. Schematic description of zinc-air full cell manufactures.
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Appendix 6: Current Interrupt Technique for Zinc-air battery

To discriminate ohmic and activation loss from overall resistance loss, current interrupt
technique can be used because both ohmic and activation loss as resistances exists in zinc-air
battery."* *"® This method is based on each different time scale.” For example, the time scale in the
buildup and decay of activation loss is 10 -10™s, otherwise, ohmic resistance instantaneously appears
and disappear (<10 s). Therefore, after ceasing current, instantaneously recovered voltage gap can be
considered as IR drop (#=IR) from ohmic loss. In contrast, slowly recovered voltage gap can be
activation polarization following the Tafel equation (= A In (i/ig)), where A is Tafel constant and i is
exchange current density. Typically, activation loss is more dominant than ohmic drop in zinc-air
battery. Therefore, to reduce activation loss, following solutions can be effective: 1) increasing cell

temperature, 2) using highly active catalysts, and 3) increasing active surface area of electrodes.

16 0.16
14 + 4 0.14
Activation 058 (1 5.) b —
12 (Slow final rise to OCV) 4 0.42
IR toss (IR drop) { V)

10 F I {immediate rise in vottage) 4 0.10
) Sz
2 p8 - {008 T
£ ' £
> 08| 1006 ©

0.4 | Rest time ; 15min . 4004

02 F Time of current intarrupt -1 0.02

0.0 J el ' L 0.00

Time (s)

Appendix Figure 6-1. Voltage and current profile according to time before and after current

interrupt.”® (This figure was directly taken from previous literature.)
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