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ABSTRACT

Laser-Induced Graphene for Energy application
by
Muging Ren

The rapidly increasing demand for clean energy has stimulated extensive
research efforts on the renewable energy technologies, such as fuel cells, hydrogen
and oxygen production from water splitting, and rechargeable metal-air batteries.
The underlying chemical processes, including the oxygen evolution reaction (OER),
hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR), generally
suffer from sluggish reaction kinetics. Therefore, effective catalysts are necessary to
facilitate the reactions. This thesis focuses on the development of laser-induced
graphene (LIG) derived materials and catalysts for electrochemical energy storage
devices. LIG is a 3D porous graphene material grown on a flexible substrate that is
prepared by a one-step laser scribing process on commercial polyimide (PI) film.
The LIG derived from PI is highly porous and is easily synthesized under ambient

conditions in a scalable process.

Chapter 1 discusses the oxidation of LIG by Oz plasma to form oxidized LIG,
which boosts its performance in both OER and ORR resulting in an enhanced activity
towards rechargeable Li-O2 battery. In Chapter 2, a distinctive re-lasing method was
proposed to prepare metal oxide/LIG composites as efficient catalysts for water

oxidation (OER). Unlike the conventional methods, such as solvo-/hydro-thermal,



iii
thermal pyrolysis or chemical vapor deposition processes, the re-lasing synthesizes
the NiFe-based catalysts through a facile laser scribing process without any tedious
procedures. Chapter 3 introduces a bifunctional catalyst Co304/LIG that was
synthesized through a facile re-lasing process, showing OER and ORR activity
comparable to noble metal-based catalysts in alkaline electrolyte. Furthermore, the
Co0304/LIG exhibited promising performance in Zn-air and Li-O2 batteries. Chapter 4
discusses ternary metal oxide/graphene hybrid catalysts by combining ORR-active
Co/Mn with OER-active Ni and Fe species to promote the bifunctional activity all in
an in situ formed LIG flexible film. These hybrid catalysts exhibit high catalytic
activity and surpass the performance of precious metal Pt and RuOz2 catalysts in Zn-
air batteries and demonstrate applications in flexible Zn-air batteries that would be
beneficial for wearable and flexible electronic devices. Chapter 5 discusses the
performance of bifunctional OER/ORR catalysts MnNiFe/LIG (M111/LIG and
M311/LIG, where the numbers reflect the relative molar ratio of Mn, Ni and Fe
species) in Li-O2 and Li-air batteries without the presence of a redox mediator. The
underlying mechanism in Li-O2 battery was investigated. Chapter 6 introduces the
design of dual polymer gel electrolyte (DPGE). The combination of DPGE with a Mn-

based catalyst enhance the performance of quasi-solid-state Li-O2 batteries.
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Chapter 1

Oxidized Laser-Induced Graphene for
Efficient Oxygen Electrocatalysis

This chapter was entirely copied from reference 1.

1.1. Introduction

The ever-increasing demand for clean energy has led to extensive research
on the development of renewable energy technologies,24 such as fuel cells,> ¢
hydrogen and oxygen production from water splitting,”-° and rechargeable metal-air
batteries.10. 11 The underlying chemical processes, including the oxygen evolution
reaction (OER), hydrogen evolution reaction (HER) and oxygen reduction reaction
(ORR), generally suffer from slow kinetics.12 Effective catalysts are necessary to

accelerate the reactions. Noble metals and metal oxides, such as Pt, RuOz and IrO:



are known to be very efficient.13-1> However, the high cost and scarcity of the raw
materials for these catalysts have slowed their mass production and
commercialization. The design and synthesis of efficient noble metal-free catalysts
remain a challenge.1® Recently, carbon nanomaterials doped with heteroatoms such
as B, N, P, and S have attracted extensive attention due to their excellent
electrocatalytic performance for OER and ORR.17-22 The modified electroneutrality
and charge modulation induced by heteroatoms have led to enhanced
electrocatalytic activity.23 24 For example, Qu et al. prepared nitrogen-doped
graphene by chemical vapor deposition (CVD) that shows excellent ORR activity.2>
Hu et al. demonstrated ORR, OER and HER activity from N and S co-doped graphitic
sheets.26 Lu et al. reported the enhanced OER performance from multiwall carbon
nanotubes treated by surface oxidation, hydrothermal annealing and
electrochemical activation.?” Although the metal-free catalysts have proven to be
promising candidates for electrocatalysis, the complicated and multi-step synthetic
process requiring CVD and hydrothermal reactions is a disadvantage for large-scale
applications. The facile synthesis of catalysts with excellent electrocatalytic

performance and understandable mechanistic behaviors remain of interest.

We present here an efficient metal-free catalyst for OER/ORR based on
oxidized laser-induced graphene (LIG-O). LIG is a 3D porous graphene material
fused to a flexible substrate that is prepared by a one-step laser scribing process on
commercial polyimide (PI, Kapton®) film.28-30 LIG derived from PI is highly porous
and is easily formed in the air at room temperature in a scalable process. The

oxidation of LIG by an Oz plasma to form LIG-O boosted its OER performance,

2



exhibiting a low onset potential of 260 mV with a low Tafel slope of 49 mV dec, as
well as an increased activity for ORR. Additionally, LIG-O showed unexpectedly high
activity in catalyzing Li202 decomposition in Li-O2 batteries. The overpotential upon
charging was decreased from 1.01 V in LIG to 0.63 V in LIG-O. The oxygen-
containing groups make essential contributions, not only by providing the active
sites, but also by facilitating the adsorption of OER intermediates and lowering the
activation energy. LIG-O and other oxidized graphitic nanomaterials may be

promising catalysts for various energy related applications.

1.2. Oxidized Laser-Induced Graphene for Efficient Oxygen

Electrocatalysis

1.2.1. Experimental Section

1.2.1.1. Material Synthesis

Preparation of laser-induced graphene (LIG). All samples were prepared
under room temperature and ambient air. Kapton® PI films (McMaster-Carr, Cat. No.
2271K3, thickness: 0.005") were used as received. LIG was generated by a CO2 laser
cutter system (10.6 pm, Universal XLS10MWH laser cutter platform) on the Kapton®
polyimide film in air using 3% of full power and 5% of full speed with an image

density of 6.

Preparation of oxidized laser-induced graphene (LIG-O). The

incorporation of oxygen functional groups to LIG was performed using a Model



1020 Plasma Cleaner (Fischione Instruments). Briefly, the as-prepared LIG on PI
was placed in the plasma cleaner chamber and the oxidation was performed in the
02 environment for 10 min. Then the LIG-O was scratched from the PI for further

testing.

Preparation of thermally annealed (LIG-A). ~10 mg LIG was thermally
reduced at 750 °C for 2 h in an Ar atmosphere at a ramping rate of 5 °C min-1. The

thermal reduction removed most of the oxygen-containing groups on the LIG.

1.2.1.2. Material Characterization

General characterization. SEM images were obtained on a FEI Quanta 400
high-resolution field emission SEM. TEM images were obtained by a JEOL 2100F
field emission gun transmission electron microscope. XPS was done by a PHI
Quantera SXM scanning X-ray microprobe with a monochromatic 1486.7 eV Al KR X-
ray line source, 45° take off angle, and a 200 pm beam size. Raman spectroscopy
was performed at 532 nm laser excitation. ICP-OES was carried using a Perkin
Elmer Optima 8300 instrument. The BET characterization was done by a

Quantachrome Autosorb-3b BET surface analyzer.

Electrochemical measurements. For preparation of the working electrode,
4 mg of the catalyst and 80 pL of 5wt% Nafion solution were mixed in 1 mL
water/ethanol (1/1, v/v) followed by 2 h bath-sonication (Cole Parmer, model
08849-00) to form a homogeneous ink. 8 pL of the ink was loaded onto a rotating

disk electrode (RDE, glassy carbon, 5 mm in diameter), and dried in air at room



temperature. RuOz (Aldrich Chemical Company, Inc.) working electrode was
prepared by the same procedures for comparison. The electrochemical
measurements were carried out in a 3-electrode configuration using a CHI 608D
electrochemical workstation. A Pt plate and Hg/HgO (1 M KOH) were used as the
counter and reference electrode, respectively. The tests regarding oxygen evolution
were done on the RDE at 1600 rpm in 1 M KOH with 95% iR compensation unless
otherwise noted. 95% instead of 100% iR compensation was applied to avoid the
possible over-compensated resistance during the test, because the equivalent serial
resistance might be affected by bubble generation/desorption, turbulence and the
local change of pH at high current density. The potential was normalized with RHE.
The tests regarding oxygen reduction were done in 0.1 M KOH with 95% iR
compensation. Oz bubbling in the electrolyte was maintained throughout the

measurement to ensure the continuous saturation of Oz.

For the OER test at different temperatures, a Ag/AgCl electrode (with
saturated potassium chloride electrolyte) was used as the reference electrode. The
test was carried out using RDE at 1600 rpm in 1 M KOH. The effects of temperature

on pH and the potential of Ag/AgCl were corrected.

The number of electrons transferred (n) during ORR was calculated by
Koutecky-Levich (K-L) equation based on the LSV curves with varying rotating
speed from 225 to 1600 rpm. According to Equation 1.1, at various electrode

potentials:



1 1 1 1 1

: =
j Jk Ju Jk Bw'/?

B = 0.2nFCyDZ/*v=1/6

Equation 1.1. Koutecky-Levich equation.

where j is the measured current density, and jk and j. are the kinetic and
diffusion-limiting current densities, respectively. w is the rotating speed in rpm, Fis
the Faraday constant (96485 C mol-1), Co is the bulk concentration of Oz (1.2 x 106
mol cm3), Do is the diffusion coefficient of Oz in 0.1 M KOH (1.9 x 10-> cm?2 s1), and v

is the kinematic viscosity of the electrolyte (0.01 cm? s-1).

Rotating ring-disk electrode (RRDE) measurement. The catalyst inks and
electrodes were prepared by the same method as those of RDE. We combined a CHI
608D workstation (CH Instruments, Inc.) with a CV-50W Voltammetric Analyzer
(Artisan) to carry out the measurement. The disk electrode was scanned at a rate of
20 mV s'1 and the ring potential was kept constant at 0.4 V vs. Ag/AgCl. The HO2-

yield and n were calculated using Equation 1.2 and Equation 1.3:

I./N

HO;% = 200% X ———
2% h I./N + I

Equation 1.2. Calculation of the HO2-% from the RRDE measurement.

n=4XxX————
I./N+I4



Equation 1.3. Calculation of n from the RRDE measurement.

where 4 is disk current, Ir is ring current and N is collection efficiency (0.38).

1.2.1.3. DFT Calculation

The structural optimizations were carried out by adopting the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional, along with the projector-augmented wave (PAW) potentials.
The electronic wave functions were expanded in a plane wave basis set with the
kinetic energy cutoff of 400 eV. For the Brillouin zone integration, 2 x 1 x 1
Monkhorst-Pack k-point meshes were used. The energy convergence criterion for
the electronic wavefunction was set to be 10-5 eV. A vacuum distance of about 10 A

was chosen to guarantee a negligible spurious interaction between layers.

As has been proposed,3? 32 the free energy of O: is derived as G(02) =
2G(H20) - 2G(Hz2) + 4.92 eV, where 4.92 eV is taken from the free energy change of
reaction Oz + 2H2 — 2H20 under the standard condition. The free energy of OH- is
determined as G(OH-) = G(H20) - G(H*) assuming H* + OH- = H20 is in equilibrium.
The free energy of H*, G(H*), is that of half of hydrogen molecule, 1/2G(Hz). At a pH
different from 0, G(H*) is corrected by the concentration dependence of the entropy,
G(pH) = kTIn[H*] = -kTIn10 x pH. The effect of the bias is included for all states
involving electrons in the electrode, by shifting the energy of this state by -neU,
where n and U are the number of electrons involved and the electrode potential,
respectively. Under these approximations, the maximum potential achieved by

thermodynamics is ~0.4 eV at pH = 14, which is consistent with the standard

7



reduction potential of the OER in alkaline solution. The Gibbs free energies of
intermediates at U= 0 V is determined as AG = AE + AZPE - TAS, where AE, AZPE and
AS are the difference in total DFT energies, zero-point energies due to reactions, and
the change of the entropy. AE are taken from DFT calculations, AZPE and AS are

taken from references.31 32

1.2.1.4. Electrochemically active surface area and electrochemical

impedance spectroscopy

The electrochemically active surface area (EASA) is calculated from the
double-layer capacitance of the catalyst.33 Typically, the CV curves of LIG catalysts
were recorded in non-Faradic region (-0.05 to 0.05 V vs Hg/HgO in 1 M KOH) at scan
rates ranging from 10 to 100 mV s-1. The current density j solely originated from the

charging/discharging of the double layer capacitance as given by:

dv

i = Cq - —
] i oy

Equation 1.4. Calculation of the Ca of LIG-based catalysts.

Cal
EASA = —
C

Equation 1.5. Calculation of the EASA of LIG-based catalysts.

where Cs is the ideal specific capacitance of a smooth planar surface. The

value of Cs is determined to be 40 pF cm2 according to a recent study, where the Cs

8



values on a variety of electrodes have been evaluated in 1 M OH-33 40 pF cm2 is a
creditable value according to the results from a variety of electrode surfaces.3? The
geometric surface area (GSA) of the glassy carbon electrode is 0.196 cm?. The j is

recorded at 0 V (vs Hg/HgO).

The electrochemical impedance spectroscopy (EIS) measurements were
performed by a CHI 608D electrochemical workstation. EIS spectra were collected
by applying ac potentials covering the frequency range from 100000 to 0.1 Hz with
an amplitude of 5 mV. Nyquist plots were used to study the surface intermediates
coverage and charge transfer properties of the electrodes. The equivalent circuit

used to simulate the electrochemical process is shown in Figure 1.1:34

Figure 1.1 Equivalent circuit for the EIS analysis of LIG-based catalysts.

Rs is the equivalent series resistance and Ca is double-layer capacitance. R1 +
Rz represents the charge transfer resistance. Cads is the capacitance associated with
the intermediate adsorbed on the electrode during oxygen evolution. The relation
between Cads and the surface coverage (0) of intermediate at a potential is defined as

in Equation 1.6.35



do(E)

Cads(E) =0 dE

Equation 1.6. Determination of the Cads.

o is the charge density for a monolayer coverage and is assumed to be
constant. Cads is obtained from the EIS and normalized by EASA. The surface
coverage is estimated by integrating Cads with E, and normalized at a potential below

OER onset (1.21 V vs RHE).

1.2.1.5. Identification of the OER rate determining step (RDS)

The OER mechanistic pathways on carbon-based catalysts are generally

considered as in the following Equation 1.7.36

M+OH > M—-O0OH"+e - (a)

M — OH* + OH™ > M — 0" + e~ - (b)

M —0"+OH™ > M— O0H" + e~ -+ (¢)

M — OOH* + OH™ > M + H,0 + 0, + e~ - (d)

Equation 1.7. Proposed OER mechanistic pathways.

M is a catalytically active surface site, and the superscript * means it is a

surface state.
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Since the LSV curves were recorded at a very low scan rate, only the RDS
would be irreversible while all other elementary steps were in quasi-equilibrium.

The total anodic current is limited by the RDS and expressed by Equation 1.8.37

ayFn
i =ige RT

Equation 1.8. Effect of overpotential on the anodic current.

where io is the exchange current, aa is the transfer coefficient, F is Faraday’s
constant and 7 is the overpotential. Then the Tafel slope b is determined by

Equation 1.9.

on

~ologi 4 F

Equation 1.9. Relationship between Tafel slope and transfer coefficient.

For a multistep reaction that has one RDS, the aa can be estimated by

Equation 1.10.37

ng
Tq =~ +n,.p
Equation 1.10. Estimation of the transfer coefficient in OER.

where nr is the number of electrons transferred before RDS, v is the number

of times that RDS occurs, nr is the number of electrons transferred in RDS. S is the

11



symmetry factor, and indicates how the changes in overpotential will affect the

changes in the activation energy.  is generally assumed to be 0.5.38

For a preliminary estimation, if Equation 1.7a is the RDS, nris 0, nris 1 and aa
is 0.5. The Tafel slope b would be ~120 mV dec-1. If Equation 1.7b is the RDS, nris 1,
vis 1, nris 1 and aais 1.5. The Tafel slope b would be ~40 mV dec1. Hence, based on
the electrochemiucal data (see below), for LIG-O, Equation 1.7b is the RDS. For LIG-

A, Equation 1.7a is the RDS.

The surface coverage 6 is further included to study the reaction
mechanism.34 35 For LIG-A, Equation 1.7a is the RDS and thus the current is related

to the velocity v of the RDS as shown by Equation 1.11:38

BFE
i xv= ky-0y aog--€eRT

Equation 1.11. Effect of overpotential on the anodic current of LIG-A.

k1 is forward rate constant and E is the applied potential. Ou is the proportion
of surface sites exist as M. Its value ranges from 0 to 1, suggesting no M or all the
sites exist as M. It is not applicable to normalize the surface coverage 6 to unity. But
it is reasonable that 6 will increase as the potential increases. For LIG-A at low
overpotential (n = 300-400 mV) where the OER starts to happen, 6u is close to 1.

Hence, the Tafel slope is shown as Equation 1.12:

on__ = 23035% _ 120 mV dec-
dlogi  dlogv 7 UBF v dee

bLIG—A =

12
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Equation 1.12. Estimation of the Tafel slope for LIG-A.

The observed b of LIG-A is 117 mV dec! (see below) that agrees with the

analysis.38

For LIG-0, Equation 1.7b is the RDS and the current is related to the velocity of

the RDS in Equation 1.13:38

BFE
l OCUZHM_OH'aOH—'eRT

Equation 1.13. Effect of overpotential on the anodic current of LIG-O.

In this case, Equation 1.7a is in equilibrium as show as Equation 1.14:

BFE (B-1DFE
ki Om-aon--eRT =k_1-Oy_on-e KT

Equation 1.14. OER equilibrium reaction of LIG-O.

Therefore:

BFE kq ) (B+1)FE
UV = Oy-on - Aon- " € RT :9M'_k "Aonp- e RT
-1

Equation 1.15. Estimation of the reaction velocity for LIG-O.

And the Tafel slope is shown as Equation 1.16:

13
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0E

biico = —— = 2.303 ——— = ~4 -1
LIG-0 alogu 303 (’B-l-l)F 0 mV dec

Equation 1.16. Estimation of the Tafel slope for LIG-O.

It should be noted that, as the overpotential is increased, the AG of Equation
1.7a will be further lower (more negative) and the formation of M-OH" is preferred
at high overpotential. As a result, at higher overpotential Om-on will be close to 1, and

the Tafel slope is shown as Equation 1.17:

b= 0F —2303RT— 120 mV dec™?!
= gy~ 2303 5F = mV dec

Equation 1.17. Estimation of the Tafel slope for LIG-O at high overpotential.

The experimental data (see below) shows the two Tafel regions with b of 49
and 134 mV dec!, demonstrating the proposed mechanism of LIG-O. It should be
noted that in practical measurements (especially at high overpotential),
experimental factors such as mass transport limitations, charge transfer efficiency,
side reactions at high potential etc. will have interference on the Tafel plots, and

lead to a much higher b.

Our analysis has shown the two distinct RDS of LIG-0 and LIG-A based on the
surface coverage 6 and overpotential n. The RDS of LIG-A is the formation of
discrete adsorbed hydroxide intermediates which may be ascribed to the low

content of oxygen-containing groups. The RDS of LIG-O is the formation of epoxide

14



on the surface of LIG. The low affinity (compared with transition metal oxides) may

be rate-determining.

1.2.1.6. Li-O2 battery using LIG as the air cathode

Briefly, a piece of LIG-O film was carefully scraped from the PI substrate and
used as the air cathode without any binders or catalysts. The cells were assembled
in an argon-filled glovebox with a lithium metal anode. The separator was Celgard
2400 membrane. A stainless-steel mesh was used as the supporter and current
collector for the LIG-O film to allow Oz diffusion. The electrolyte was 0.5 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) with 0.05 M Lil in tetraethylene glycol
dimethyl ether (TEGDME).3° The total area of the cathode that exposed to 02 was
12.5 mm? (0.063 mg of LIG-0). Li-O2 batteries with commercially available Pt/C
(Sigma-aldrich, 205931) as the cathode catalysts were fabricated for comparison.
Then the cells were rested at open circuit condition with Oz purging for 10 h prior to
test. For the galvanostatic charge/discharge measurements, the current was kept
constant at 0.01 mA and the time was limited to 6h. The lower and upper voltage

limits were 2.5 and 4.3 V (vs Li), respectively.

1.2.2. Result and Discussion

As depicted in Figure 1.2a, the LIG-O was prepared by direct laser scribing
on Kapton® PI films followed by Oz plasma treatment, which is known to create
surface defects and oxygen-containing groups on carbon materials.*® According to

previous work on graphene, the LIG powder (removed from the PI substrate) was
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heated at 750 °C in Ar for 2 h to remove most of the surface oxygen-containing
groups to produce annealed LIG (LIG-A).#1 42 The highly porous filiform structure of
LIG was maintained in LIG-O after the Oz plasma treatment as shown in the scanning
electron microscope (SEM) images in Figure 1.2b, Figure 1.3 and Figure 1.4.
However, this structure collapsed slightly after thermal annealing and resulted in
the flake-like structure of LIG-A as shown in Figure 1.5. The typical multilayer
graphitic structure of LIG remained after either treatment, as revealed by the
transmission electron microscopy (TEM) images in Figure 1.2, Figure 1.6 and
Figure 1.7, which is consistent with the clearly identified D, G and 2D peaks in the
Raman spectra (Figure 1.8).28 LIG-O has abundant graphene edge structures that
improve the electrolyte wettability and retain good electric conductivity. The In/Ic
increased after the treatments, indicating that more defects were formed.43 Oxygen
plasma treatment also increased the porosity of LIG. The Brunauer-Emmett-Teller
(BET) surface area of LIG-O is 246.8 m? g1, whereas that of LIG is 178.7 m? g1

(Figure 1.8).
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Laser Scribing Oxygen Plasma

Figure 1.2 Preparation and structural characterization of LIG-O.

(a) Preparation of LIG-0. (b) SEM and (c) TEM images of LIG-O.
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Figure 1.4 SEM images of LIG.
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Figure 1.5 SEM images of LIG-A.

Figure 1.6 TEM images of LIG-O.
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Figure 1.7 TEM images of LIG-A.
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Figure 1.8. Raman spectra and BET messurement.

(a) Raman spectra of LIG-O, LIG and LIG-A. (b) The ratio between the
intensities of D and G band in (a). And nitrogen adsorption/desorption plot of
(c) LIG and (d) LIG-O.

The OER activities of LIG-O, LIG and LIG-A were characterized in 1 KOH by
using a rotating disk electrode (RDE, glassy carbon (GC)) loaded with the catalyst
ink at 1600 rpm, with a Pt counter electrode and a Hg/HgO reference electrode. The
use of RDE was to ensure electrolyte mixing and fast removal of bubbles generated
at the catalyst surface. As shown by the linear sweep voltammetry (LSV) results in

Figure 1.9a, LIG was moderately active for OER while LIG-O showed a remarkably
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lowered onset potential of 260 mV with enhanced current density (jesa, current
normalized by the geometric surface area of the electrode). The jesa of LIG-O
reached 10 mA cm=2 at a low overpotential of 364 mV; such a low value is
comparable to that of transition metal-based catalysts.33 44-47 Figure 1.9b shows the
Tafel plots derived from the LSV curves. The Tafel slope of LIG-O is 49 mV dec’},
which is lower than most metal-free catalysts (Table 1.1), demonstrating the
significantly enhanced OER activity after O: plasma treatment. LIG-A has a
performance inferior to LIG-O and LIG, with an onset potential of 290 mV and a
Tafel slope of 117 mV decl. Although the benchmark RuO2 has the lowest onset
potential of 210 mV, the higher Tafel slope of 67 mV dec-! made its performance less
competitive with LIG-O at high current density. The Tafel slope of RuO2 ranges from
~50 to ~100 mV dec! in the literature, probably due to the structurally sensitive
activity on RuO2 in that the Tafel slope depends on the orientation of the lattice.#* 45
LIG-0O also showed impressive OER activity in 0.1 M KOH (Figure 1.10). The onset
potential was 290 mV with a Tafel slope of 56 mV dec! and the overall performance

surpassed that of RuO..
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Figure 1.9 OER performance characterized in 1 M KOH.

(a) LSV curves of LIG-0, LIG, LIG-A and a GC electrode recorded in 1 M KOH at a
scan rate of 2 mV s-1, (b) Tafel plots calculated from (a). (c) LSV curves with
current normalized by the EASA. (d) Stability test. Potential profile of LIG-O

for bulk OER at 5 mA cm-2.
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Onset potential Tafel Slope

Catalyst Electrolyte V) (mV dec)
1 M KOH 1.49 49
LIG-0O
0.1 M KOH 1.52 56
N, O, P tri-doped
borous carbon®® 1 M KOH 1.52 84
O-CNTs?? 1 M KOH 1.52 47.7
Pristine CNTs#? 1 M KOH 1.58 60
B doped CNTs50 1 M KOH 1.65 /
NG-CNT>1 0.1 M KOH 1.54 141
N, S co-doped
graphitic sheets?26 0.1 M KOH 149 71
Néfa;‘;;ggg;;d 0.1 M KOH 1.52 59
Ode’CZlf)(tthS"’;rbon 0.1 M KOH 1.56 82
O'E(r)?r;hsi“e 0.1 M KOH 1.57 137

Table 1.1. Comparison of OER performance of LIG-O with recently reported
metal-free OER catalysts.
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Figure 1.10 OER performance of LIG-0 in 0.1 M KOH.

(a) LSV curves of LIG-0 recorded in 0.1 M KOH at a scan rate of 2 mV s-1 and (b)
the corresponding Tafel plots. Inset in (a) shows the potential profile of OER at
2 mA cm2,

The OER activities were further studied based on the electrochemically
active surface area (EASA) that was calculated from the double-layer capacitance
recorded in the non-Faradic region (Experimental Section and Figure 1.11).33 LIG-O
has the highest EASA of 83.6 cm? per geometric cm? of the GC electrode. The values
of LIG and LIG-A are 36.3 and 33.0 cm?, respectively. The high EASA of LIG-O
indicates its porous structure and good compatibility with the electrolyte. It should
be noted that the increased hydrophilicity after oxidation may have also contributed
to the high EASA. As shown in Figure 1.9¢, LIG-O has a much higher jeasa than that
of LIG and LIG-A, indicating that the oxidation not only increased the EASA of LIG,
but also created more active sites; both contributed to the high activity. At 350 mV
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overpotential, the jeasa of LIG-0 is as high as 0.08 mA cm-?; this value is higher than
that of transition metal based catalysts.2” Additionally, the long-term stability of LIG-
O is outstanding as shown in Figure 1.9d. After bulk OER at 5 mA cm-2 for 20000 s,
the overpotential slightly increased by 13 mV, suggesting a negligible degradation of

the catalysts.
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Figure 1.11. Determination of the Ca and EASA.

CV curves recorded at 10, 20, 40, 60, 80 and 100 mV s1 for (a) LIG-O, (c) LIG
and (e) LIG-A. Current density at 0 V (vs Hg/HgO) as a function of scan rate for
(b) LIG-O, (d) LIG and (f) LIG-A. The contact angle measurements and
wettability of surfaces of (g) LIG and (h) LIG-O on PI substrate.
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In order to explain the high OER activity of LIG-O, we first excluded the
contamination by metal impurities. The CV curve (Figure 1.12) shows no redox
peaks in the OER region, indicating that the OER activity was not from any redox
mediator (e.g. Ni2* — NiOOH). Likewise, no nanoparticles were observed in the TEM
images. This is consistent with the high-resolution XPS spectra shown in Figure
1.13, where no detectable contamination of Ni, Co or Fe was found (the transition
metal oxides are generally considered highly active for OER). Inductively coupled
plasma optical emission spectrometry (ICP-OES) confirmed there is no detectable

contamination from Co, Ni or Fe species (<0.0005 at%).
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Figure 1.12. CV curve of LIG-0 in 1 M KOH.
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Figure 1.13. XPS spectra of LIG-O.

(a) XPS survey spectrum of LIG-0. Elemental spectra in (b) Fe 2p, (c) Co 2p and
(d) Ni 2p regions.

Detailed investigations of the OER activity of LIG-O were then carried out.
Figure 1.14a shows the elemental composition of the catalysts as determined by
XPS, where LIG-O has a high oxygen content of 11.6 % compared to 3.1 % for LIG

and 1.4 % for LIG-A (Table 1.2), suggesting the significant effects of oxygen-
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containing groups on OER activity. High-resolution XPS spectra (Figure 1.14b and
Figure 1.14c, Figure 1.15 and Figure 1.16) further reveal the ratios of the oxygen
and carbon species. The O 1s spectra was deconvoluted into three peaks that were
assigned to C-O (~533.5 eV), C=0 (~532.3 eV) and physisorbed oxygen/carbonate
species (~530.5 eV), respectively.19.55-60 The C 1s spectra were deconvoluted into
the peaks from sp? (284.5 eV), sp3 (285.0 eV), C-0 (285.9 eV), C=0 (287.2 eV) and O-
C=0 (288.7 €V).57.58 As summarized in Table 1.3, LIG-O has the highest C=0 content
(11.0 % vs 4.8 and 0.2 % of LIG and LIG-A, respectively) while its C-O content is
comparable to those of LIG and LIG-A. Hence, the OER activity is strongly correlated
to the C=0 content. Recent studies on carbon nanotubes suggest that the carbon
atoms near C=0 are the predominantly active sites for OER due to the charge
redistribution induced by the highly electronegative oxygen atoms,1% 27. 60 3

conclusion that is supported by the low activity of LIG-A compared to LIG-O.

Catalyst C (at%) 0 (at%)
LIG-0O 88.4 11.6
LIG 96.9 3.1
LIG-A 98.6 1.4

Table 1.2.Elemental composition of LIG-0, LIG and LIG-A from XPS.
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Figure 1.14. Analysis on the OER mechanism of LIG-O.

(a) XPS survey spectra of LIG-O, LIG and LIG-A. (b) XPS O 1s and (c) C 1s
spectra of LIG-0. (d) Surface coverage of OER intermediates. (e) LSV curves of
LIG-O recorded at different temperature and (f) Arrhenius plots fitted at
different overpotentials.
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Catalyst sp? sp3

C-0 C=0 0-C=0
LIG-O 60.3 20.6 7.0 11.0 3.1
LIG 65.7 24.2 5.3 4.8 <0.1
LIG-A 66.7 28.1 4.1 0.2 <0.1

Table 1.3. XPS fitting results of carbon species on LIG-0, LIG and LIG-A (at%).

Intensity (a.u.)

202 290 288 286

284 282 280

Bindina Eneray (eV)

Figure 1.15. XPS elemental spectra in C 1s region.
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Figure 1.16. XPS elemental spectra in O 1s region.

First-principles calculations were exploited to understand and quantify the
mechanism of OER catalysis at graphene edges.tl 62 The spin-polarized density
functional theory (DFT) calculations were performed using the Vienna ab-initio
simulation package (VASP)¢1 62 code (Experimental Section). As shown in Figure
1.17 and Figure 1.18, the edge sites on graphene that are adjacent to C=0 were
taken into consideration to determine the change of Gibbs free energy which
represents the thermodynamic barriers during OER. In the 4-electron OER process,
the step with maximum Gibbs free energy change (AGmax) is recognized as the
thermodynamics-limiting step as shown in Figure 1.17e. The For the oxygen-free
edges, the AGmax are higher than 1.27 eV (Table 1.4), which indicates a very high
overpotential for OER. On the contrary, a low AGmax of 0.49 eV was found for the
oxygen-containing edges (hex-0-C). The LIG-O has abundant edges as revealed by

the TEM and EASA analyses, and thus has more active sites in good contact with the
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electrolyte. The C=0 moieties on or near the five/seven-membered rings may also
activate their neighboring carbon atoms to have higher OER activity, since the
distorted electron clouds around the five/seven-membered rings would be more
easily affected. An abundance of five/seven-membered rings are present in LIG
since it forms through a rapid cooling in the lasing process, making it kinetic
graphene-like. For instance, the AGmax of a pentagonal site is 0.72 eV and thus these
sites may be catalyzing OER as the overpotential increases (pen-0-C in Figure 1.17).
These calculations show that the oxygen-defects may indeed significantly enhance

the OER performance of graphene edges by lowering the AGmax on adjacent carbons.
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Figure 1.17. DFT simulation results of LIG-based catalyst.

Atomic structures and nonequivalent sites at graphene edges with (a) oxygen
adsorbed hexagon marked as hex-0-A, -B, -C, -D, (b) oxygen adsorbed
pentagon as pen-0-A, -B, -C, (c) hexagon as hex-A, -B, (d) pentagon as pen-A, -B.
Gray and red balls represent carbon and oxygen atoms, respectively. (e) Gibbs
free energy diagrams for OER on nonequivalent graphene edge sites in
alkaline solution under conditions of pH 14 and the maximum potential
allowed by thermodynamics. Figure credit to Luqing Wang and Prof.
Yakobson.
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Figure 1.18. OER intermediates adsorption structures on edge sites.

(a) Oxygen adsorbed hexagon marked as hex-0-A, -B, -C, -D, (b) oxygen
adsorbed pentagon as pen-0-A, -B, -C and (c) hexagon as hex-A, -B and
pentagon as pen-A, -B. Gray and red balls represent the carbon and oxygen
atoms, respectively. Figure credit to Luqing Wang and Prof. Yakobson.

sites AGmax (eV) sites AGmax (eV)

hex-A 1.55 pen-A 2.59

hex-B 1.32 pen-B 1.27
hex-0-A 2.66 pen-0-A 1.52
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hex-0-B 1.42 pen-0-B 1.42
hex-0-C 0.49 pen-0-C 0.72
hex-0-D 1.78

Table 1.4. OER catalytic sites at graphene edges and the corresponding AGmax.

In addition to the thermodynamic analysis, we focused on the reaction
kinetics of LIG-O since the reaction is energetically favorable at potentials beyond
the onset. The generally considered four-electron oxidation pathway for OER in

alkaline is shown in Equation 1.7 (Experimental Section):36 63

M+OH > M—-O0OH"+e™ - (a)

M — OH* + OH™ > M — 0" + e~ -+ (b)

M —0"+OH™ > M— O0H" + e~ -+ (¢)

M — OOH* + OH™ > M + H,0 + 0, + e~ - (d)

Equation 1.7. Proposed OER mechanistic pathways.

where M is the active site and the star (*) means it is a surface state. The
Tafel slope analysis (Experimental Section) demonstrates that Equation 1.7a is the
rate determining step (RDS) for LIG-A whereas Equation 1.7b is the RDS for LIG-O.
This result is intuitively understandable and further confirmed by the

electrochemical chemical impedance34 (Experimental Section) and the estimation of
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the adsorption of OER intermediates (Figure 1.14d).3> As shown in Figure 1.19, the
charge transfer resistance (Rcr) of LIG-O greatly decreased from more than 10000 Q
to ~10 Q as the potential exceeded the onset potential, suggesting the efficient
charge transfer between the electrode and the electrolyte. Conversely, the Rcr of
LIG-A remained as high as 1000  even at a higher potential of 1.65 V. The OER
intermediate surface coverage (6) was calculated from the capacitance of the
intermediate adsorption (Cads).3> Since the Cads was normalized by EASA, the result
shows the intrinsic ability of LIG-O and LIG-A for adsorbing the intermediates.
Figure 1.20 shows the Cads at different potentials where LIG-O had much higher Caas
than LIG-A, especially at the potentials beyond the OER onset. We further calculated
the 6 by integrating the Cads with potential as in Equation 1.6 (Experimental
Section):19.35

do(E)
dE

Cags(E) =0

Equation 1.6. Determination of the Cads.

where o is the charge density for a monolayer coverage and is assumed to be
constant and the same for LIG-O and LIG-A. LIG-O has much higher 6 value than LIG-
A, which is consistent with the OER activity. As for LIG-A, the low C=0 content not
only limited the number of active sites, but also hindered the first OER step
(Equation 1.7a) resulting in a high Tafel slope of 117 mV dec, while LIG-O
benefited from the high C=0 content, and the Tafel slope is as low as 49 mV dec!

(Figure 1.21). Furthermore, we estimated the apparent activation energy (Eapp) of
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the RDS assuming that the velocity of OER was solely dominated by the RDS.64 65
The data are summarized in Figure 1.14 and Figure 1.22 where Eapp was extracted
from the Arrhenius plots. Increasing the temperature slightly increased the current
density of both LIG-O and LIG-A. However, the Eapp of LIG-A was ~15 k] mol-1 higher
than that of LIG-O. The effect of overpotential on the Eapp was further deduced
(assuming the symmetry factor f§ = 0.5 and the RDS is not thermodynamically
limited) to yield the intrinsic activation energy (Eint) as shown in Figure 1.22.38 The
Eint of LIG-0 is significantly lower than that of LIG-A by ~20 kJ mol-1, indicating that
the velocity of the RDS of LIG-0O is ~3000 times higher than that of LIG-A under the
same overpotential at room temperature. As has been discussed, the carbon atoms
near C=0 are the predominate active sites for OER, thus the concentration of C=0
also has significant effect on the OER reaction kinetics not only by inducing the
active sites, but also by facilitating the adsorption of OER intermediates and

lowering the activation energy.
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Figure 1.19. EIS analysis of LIG-0 and LIG-A.

Nyquist plots of (a) LIG-O and (b) LIG-A. The fitted Rcr and Rs of (c) LIG-O and
(d) LIG-A at different potentials.
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Figure 1.20. Cads (normalized by EASA, pF cm-2) of LIG-O and LIG-A.
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Figure 1.21. Tafel slope of LIG-O at different overpotentials.
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Figure 1.22. OER reaction kinetics of LIG-O and LIG-A.

(a) LSV curves of LIG-A recorded at different temperature and (b) Arrhenius
plots fitted at different overpotentials; the activation energy fitting results for

(¢) LIG-A and (d) LIG-O.

activity. The ORR performance was characterized by CV in Oz-saturated 0.1 M KOH
(Figure 1.23). Both the LIG-O and LIG-A showed a reduction peak. The onset
potential of LIG-A was 0.68 V with a peak potential at 0.46 V, while the onset and

peak potentials of LIG-O were 0.77 and 0.60 V, respectively. The positively shifted

The oxidation of LIG promoted the OER activity and improved the ORR
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potentials indicate the improved ORR performance of LIG-O, which was also
evidenced by the increased area of the CV curve. The ORR kinetics was investigated
using the Koutecky-Levich equation and rotating ring-disk electrodes (RRDE),
respectively (Figure 1.23, Figure 1.24 and Figure 1.25).56 The Tafel slope of LIG-O
is as low as 90 mV dec1. The electron transfer number n of LIG-O was calculated to

be 4.0 at 0.6 V, suggesting an efficient four-electron transfer pathway to generate

OH-. However, n decreased to 2.8 as the potential decreased to 0.4 V, indicating the
coexistence of a pathway producing H202. In comparison, LIG-A has a n of 2.5-2.8
through 0.6 to 0.4 V. The decrease in n was caused by the two-electron transfer
process on the pristine carbon surfaces.®’.68 This observation suggested that both
LIG-O and LIG-A underwent the four-electron transfer pathway while LIG-O showed
an enhanced activity. Additionally, the LIG-O has shown good structural stability

through the OER and ORR tests.
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Figure 1.23. The ORR performance of LIG-O.
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(a) CV curves of LIG-0 and LIG-A recorded in 0.1 M KOH with Ar or Oz bubbling
at 50 mV s'1, (b) LSV curves of LIG-O at different rotating speed in 0.1 M KOH
with Oz bubbling.
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Figure 1.24. Reaction Kinetics of the ORR of LIG-O.
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(a) Koutecky-Levich plots and (b) Tafel plots of LIG-O for ORR. (c) Long-term
stability of LIG-O for ORR, inset shows the LSV curve at 900 rpm. (d) The RRDE
LSV of ORR and (e) the corresponding HO:" yield and n.
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Figure 1.25. ORR performance of LIG and LIG-A.

LSV curves for ORR at different rotation speed and the Koutecky-Levich plots
of (a, b) LIG and (¢, d) LIG-A, respectively.
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Figure 1.26. SEM and Raman characterization of LIG-O after OER and ORR test.

The morphology and graphenic structure were characterized by SEM and
Raman, respectively, to reveal the structure of catalysts after OER and ORR test
(Figure 1.26). The catalysts were scraped off the GC electrode after electrochemical
tests for SEM and Raman characterization. The post-OER and post-ORR LIG-O
maintained the porous structure as the pristine LIG-O. Similarly, Raman spectra

shows the characteristic multilayer graphene structure for pristine, post-OER and
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post-ORR LIG-0. The results showed nearly no significantly change in the structure

of the LIG-0, regarding the surface morphology and graphenic structure.

The electrochemical performance of LIG-O in OER and ORR highlighted its
potential use in Li-O2 batteries since a bifunctional material is the prerequisite,
especially for the oxygen evolution from the decomposition of Li202.%° The
electrocatalytic activity of LIG-O was examined in a Li-O2 battery. The device
structure is shown in Figure 1.27a. The CV curves of the battery, which was tested
in Ar and Oz atmosphere at a scan rate of 0.5 mV s-1, are shown in Figure 1.28. The
battery showed significantly increased current with redox peaks in 02 when
compared to the results in Ar. The potentials of Li2O2 formation and decomposition
were 2.76 and 3.49 V, respectively, which are very close to the theoretical potential
of 2.96 V, indicating the high activity of the LIG-O cathode. The battery was further
characterized by galvanostatic discharge/charge tests as shown in Figure 1.27b.
Despite the similar overpotential in the discharge process, LIG-O showed a
remarkably lowered overpotential of 0.63 V, which was much lower than the
overpotential of 1.01 V from the pristine LIG. Additionally, LIG-O showed cycle
stability superior to that of LIG and commercial Pt/C as depicted in Figure 1.29. LIG
showed increased overpotential in both the charge and discharge processes as the
cycle number increased. The LIG-O had much smaller changes in overpotential
through 20 cycles. The decomposition of Li2z02 at lower potential is of great
importance for improving the roundtrip efficiency of batteries. A demonstration of
the LIG-0 Li-O2 battery is presented in Figure 1.29d, where a LED (NTE30105, 2.8V,

25 mA) was lit by one cell. Due to the high activity of LIG-O, it is probable that the
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performance of LIG-O could be further improved by optimization for practical

utilization.
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Figure 1.27. Li-O2 battery using LIG-O as the cathode catalyst.

a) Schematic drawing of the structure of Li-O:z battery with LIG-O as the
cathode and b) the charge/discharge profle of the 5th cycle of a battery at 0.16
Agl,
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Figure 1.28. CV curves of the Li-O2 battery with LIG-O cathode at 0.5 mV s-1.
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Figure 1.29. Cycling performance of the Li-O2 batteries.

(a) LIG-O, (b) LIG and (c) Pt/C cathode at a current density of 0.16 A g1. (d)
Illustration of the Li-O2 battery with LIG-O cathode for lighting a yellow-green
LED.

1.2.3. Conclusion

In summary, we prepared oxidized LIG-O as an efficient catalyst for oxygen

electrocatalysis. The oxidation of LIG with intrinsic high surface area produces

50

50



abundant active sites for electrocatalysis, leading to the excellent OER/ORR activity.
Additionally, the LIG-O is particularly advantageous for the Li202 decomposition
that can dramatically lower the overpotential of the charging process by ~380 mV.
The outstanding OER performance of LIG-O is rationalized by the oxygen-containing
groups (e.g. C=0) that enhance the adsorption of OER intermediates and facilitate
the rate-determining step. Benefiting from its high performance with low cost and
facile preparation, LIG-O is a promising alternative to metal-based catalysts for
water splitting, metal-air/02 batteries and many other applications. Our findings
lead to a better understanding of the catalytic mechanism of LIG derived materials
as well as further improvements in the catalytic activity of surface-oxidized carbon

nanomaterials.

1.3. Experimental Contributions

Mugqing Ren designed the experiments, prepared the samples, conducted
part of the characterizations including SEM, TEM, BET and battery test. Jibo Zhang
designed parts of the experiments, prepared the samples, and conducted part of the
characterizations including Raman, XPS, ICP-OES, electrochemical measurements
and etc. Luging Wang conducted the theoretical calculation and analysis. Yilun Li

helped in SEM and TEM.
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Chapter 2

In Situ Synthesis of Efficient Water
Oxidation Catalysts in Laser-Induced
Graphene

This chapter was entirely copied from reference 70.

2.1. Introduction

Electrically splitting water into Hz and O: offers an attractive method for
renewable energy storage.”l73 However, the oxidation half reaction of water
splitting, which is known as the oxygen evolution reaction (OER),74#76 is kinetically
unfavorable and suffers from high overpotential and energy loss as compared with
the reduction half reaction, the hydrogen evolution reaction (HER).”7-72 Noble metal
oxides such as IrOz and RuO2z have shown outstanding catalytic performance in OER,
but the large-scale application is restricted by their high cost and low abundance.1%
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80 Alternatively, first-row transition metal oxides and hydroxides have garnered
attention for their low cost, high activity and stability in basic solutions. Co-/Ni-/Fe-
based OER catalysts have undergone extensive research in the past decade.*+ 81,82
Among the various materials, NiFe-based catalysts (oxides and oxyhydroxides)
stand out due to their superior performance, showing low onset potentials, low
Tafel slopes and excellent durability.83-8¢ Generally, the NiFe catalysts were
synthesized by solution-based methods such as co-precipitation,8”.88 solvothermal
and hydrothermal reaction8 90 and electrodeposition.’’. 92 In a recent work, Miiller
et al. demonstrated an alternative approach using pulsed-laser ablation in liquids to
synthesize NiFe layered double hydroxides (LDH) that showed an impressively low
overpotential of 260 mV at 10 mA cm-2 for OER.?3.94 However, there are very few
reports on the direct solid phase synthesis of efficient OER catalysts. A facile and

scalable synthetic route to NiFe catalysts is still in demand.

Recently, our group developed a straightforward method to grow porous
graphene by direct laser writing on a polyimide (PI) sheet to produce laser-induced
graphene (LIG).2% 29 We further improved the method to prepare metal oxide
nanoparticle/graphene composites from metal-complex containing PI films for the
oxygen reduction reaction.?> But the tedious procedures to incorporate the metal
species in poly(amic acid), the PI precursor, followed by thermal curing and post-
annealing, diminished the accessibility for practical applications. We present here a
significantly improved strategy for synthesizing metal oxide/graphene hybrid

materials as highly efficient catalysts for OER. By pre-forming LIG, then merely
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adding the proper metal precursors to the existing LIG layer, followed by re-lasing,
the nucleation of metal oxide nanoparticles ensured that were uniformly embedded
in the LIG. Benefiting from this solid phase synthetic method, we prepared a series
of NiFe oxide/graphene hybrid catalysts (NiFe/LIG) that showed remarkably high
OER activity, among which the best catalyst had a remarkably low overpotential of
240 mV at 10 mA cm-2 with a Tafel slope of 32.8 mV dec! and excellent stability.
Moreover, the method is also applicable for non-LIG/PI substrates such as carbon

fiber paper (CFP) to a directly fabricated self-supported catalytic electrode.

In addition to the high OER activity of the NiFe/LIG catalysts, the simplified
method presented meets the requirement of roll-to-roll production and could be
applied to many metal precursors regardless of their solubility and compatibility
with the precursor of P1.> The composition of nanoparticles is conveniently tunable
by altering the precursor for applications in various electrocatalytic reactions such

as hydrogen evolution and oxygen reduction.

2.2. In Situ Synthesis of Efficient Water Oxidation Catalysts in

Laser-Induced Graphene

2.2.1. Experimental Section

2.2.1.1. Material Synthesis

Preparation of LIG. Kapton® PI films (McMaster-Carr, Cat. No. 2271K3,

thickness: 0.005") were used as received. LIG was generated by a CO:2 laser cutter
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system (10.6 pm, Universal XLS1I0MWH laser cutter platform) on the Kapton® PI in
air using 3% of full power and 5% of full speed with an image density of 6. The LIG

was patterned on Pl as a 2x2 cm? square.

Preparation of the catalysts. 1 M NiSO4 and 1 M FeCls solutions were
prepared with deionized water. Then the mixture solutions with different molar
ratios ([Ni2*]: [Fe3*]) were prepared, and the total concentration of metal cations
([Ni%*] + [Fe3*]) was kept at 1 M. The as-prepared LIG (2 x 2 cm?) was treated in the
UV-ozone cleaner (Boekel Model 135500) for 3 min to ensure the wettability of LIG
with aqueous solutions. 80 uL of the solutions were dropped uniformly onto the LIG.
The soaked LIG (on PI) was dried in air at room temperature overnight and then
vacuum (~120 mm Hg) dried for 3 h. The LIG was lased again on the same LIG
pattern under the same conditions (3% of full power and 5% of full speed with an
image density of 6). Then the powder was scratched off from the PI using a spatula

and collected for characterization.

Preparation of the NiFe/CFP. A piece of carbon fiber paper (CFP, ~1 x 1
cm?, FuelCellStore) was treated by a UV-ozone cleaner (Boekel Model 135500) for 5
min to improve the wettability. Then 80 pL of the precursor solution ([Ni2+]: [Fe3*],
1:1) was dropped onto the CFP. The CFP was dried in air at room temperature
overnight and then transferred into a vacuum chamber (~120 mm Hg) and dried at
room temperature for 6 h. The CFP was scribed by the laser beam with 3% of full
power, 5% of full speed and an image density of 6. The area of the lased pattern was
7 x 7 mm?.
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2.2.1.2. Material Characterization

General characterization. SEM images were obtained on a FEI Quanta 400
high-resolution field emission SEM. TEM images and elemental mapping images
were obtained by a JEOL 2100F field emission gun transmission electron
microscope. XPS analysis was done on a PHI Quantera SXM scanning X-ray
microprobe with a monochromatic 1486.7 eV Al KR X-ray line source, 45° take off
angle, and a 200 pm beam size. The XPS spectra were taken from the as-prepared
catalysts on PI. Raman spectroscopy was performed at 532 nm laser excitation. ICP-

OES was carried out using a Perkin Elmer Optima 8300 instrument.

Electrochemical measurements. For the preparation of the working
electrode, 4 mg of the carbon-metal catalyst composite and 80 puL of 5 wt% Nafion
solution were mixed with 1 mL water/ethanol (4/1, v/v) followed by 2 h bath-
sonication (Cole Parmer, model 08849-00) to form a homogeneous ink. 5 pL of the
ink was dropped onto a glassy carbon electrode (3 mm in diameter) and dried in air
at room temperature (the catalyst loading is ~0.265 mg cm-2). The electrochemical
measurements were carried out in a 3-electrode configuration using CHI 608D
electrochemical workstation. Pt plate and Hg/HgO (in 1 M KOH) were used as the
counter and reference electrode, respectively. The tests regarding oxygen evolution
were done in 1 M KOH with 95% iR compensation. The potential was normalized

with RHE.
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The EASA is calculated from the double-layer capacitance of the catalyst.
Typically, the CV curves of LIG catalysts were recorded in the non-Faradic region (-
0.05 to 0.05 V vs Hg/HgO in 1 M KOH) at scan rates ranging from 10 mV s-1 to 100
mV s1. The geometric current density jesa solely originates from the
charging/discharging of the double layer capacitance as given by the following

Equation 2.1 and Equation 2.2:

_C av
J = La dt

Equation 2.1. Calculation of the Ca of NiFe/LIG catalysts.

EASA is calculated based on:

EASA = ¢
S C
Equation 2.2. Calculation of the EASA of NiFe/LIG catalysts.

where Cs is the ideal specific capacitance of a smooth planar surface. The
geometric surface area (GSA) of the glassy carbon electrode is 0.07 cm2. The value of
Cs is considered as 40 pF cm?, and the j is averaged by the charge and discharge

current recorded at 0 V (vs Hg/HgO).

Fe-incorporation test of Ni/LIG. This test was done on Ni/LIG. The catalyst

(on glassy carbon electrode) was cycled from 1.21 to 1.53 V (vs RHE) in 1 M KOH
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with slow magnetic stirring (60 rpm). The Fe-containing electrolyte was prepared
by adding 100 pL of 1 M FeCls into 100 mL 1 M KOH and then the suspension was
stirred for 6 h. The excess Fe precipitated, ensuring soluble Fe3* saturated the 1 M
KOH solution. For the Fe-incorporation test, the electrode was cycled in 1 M KOH for

20 cycles prior to further cycling in the Fe-containing electrolyte.

Calculation of the turnover frequency (TOF). The turnover frequency
represents the number of catalytic cycles occurring at the active center per unit time
and is generally calculated as: TOF (s'1) = (number of oxygen turnover)/(number of
active sites) = (j/4F)/n, where j is the current density at a specific overpotential (e.g.
300 mV) and n is the number of active sites calculated based on the ICP-OES result.

The number of oxygen turnover is calculated with Equation 2.3:

1— 1 mole™_  1mol0,
1000 mA)(96485 C) 4 mol e~

U 2)( X Ny

Equation 2.3. TOF calculation of the NiFe/LIG catalysts.

2.2.2. Result and Discussion

The in situ synthesis of NiFe/LIG catalysts were done by a laser assisted
method as shown in Figure 2.1Error! Reference source not found. Briefly, the LIG

was patterned on a piece of PI sheet followed by UV-ozone treatment to increase the
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hydrophilicity. Then the precursor solution containing Ni?* and Fe3* was dropped
onto the LIG. Due to the increased hydrophilicity and porosity of LIG, the solution
was uniformly adsorbed by the carbon structure. After drying, we lased the PI sheet
again atop the original LIG. The extremely high local temperature (>2500 °C)
generated while the underlying PI film was being graphitized facilitates the
nucleation process of the metal ions, leading to a metal oxide/graphene composite
structure. The NiFe/LIG catalysts were prepared based on 3 different Ni:Fe molar
ratios of the precursor solutions,83 2:1 for NiFe/LIG-1, 1:1 for NiFe/LIG-2 and 1:2 for
NiFe/LIG-3, along with Ni/LIG (1:0) and Fe/LIG (0:1) for comparison. Unlike the
previously reported method, the current method does not require the
solubility/compatibility of metal precursors in poly(amic acid) solutions, nor the
utilization of chemical vapor deposition system (CVD).%> All of the procedures can be

directly done on the PI sheet in the ambient environment and water solvent.

a

Laser scribe Add precursor solution Laser scribe again

Ni?, Fes*

Figure 2.1. Preparation of the NiFe/LIG catalysts and the SEM images.
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(b) NiFe/LIG-1, (c) NiFe/LIG-2 and (d) NiFe/LIG-3. The scale bar represents 10
pm.
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Figure 2.4. SEM images of NiFe/LIG-3.

The scanning electron microscopy (SEM) images shown in Figure 2.1,
Figure 2.2, Figure 2.3 and Figure 2.4, illustrate the morphology of the catalysts.
Regardless of the different Ni:Fe ratio, the catalysts show a highly porous structure
with no nanoparticle aggregates. The catalysts are powders for which the sheet
conductivity could not be measured, but prior work shows the porous LIG graphitic
structure maximizes the exposure of the surface active sites and contributes to a

good electric conductivity for electrochemical reactions.

d

NiFe/LIG-1
NiFe/LIG-2

NiFe/LIG-3

1000 2000 1 3000
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Figure 2.5. TEM images and Raman spectra of the NiFe/LIG catalysts.

(a) NiFe/LIG-1, (b) NiFe/LIG-2 and (c) NiFe/LIG-3. The scale bar represents 10

nm.

The transmission electron microscopy (TEM) image shown in Figure 2.5
revealed the nanoparticle/graphene hybrid structure. The nanoparticles are well
embedded in the graphene structure and surrounded by a few layers of graphene.
For NiFe/LIG-1 and NiFe/LIG-3, the size of the nanoparticles is ~10-15 nm.
NiFe/LIG-2 has a smaller nanoparticle size of ~5-12 nm, indicating a higher surface
area compared to NiFe/LIG-1 and NiFe/LIG-3. The NiO phase planar spacing of the
(211) plane (0.21 nm) was clearly observed from the high-resolution images. Figure
2.5d demonstrates the graphene structure in the catalysts (see also Figure 2.6).96.97
The clearly identified D, G and 2D peaks suggest the existence of defected or bent
multi-layer graphene as the characteristic sign of LIG,?8 which is consistent with the
TEM observations. The results confirmed that the nanoparticles and LIG were

formed during the laser scribing.
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Figure 2.6. Powder XRD diffraction pattern of the catalysts and supplementary
Raman spectra and TEM images.

Solid rhombus (€) represents the pattern from NiO, open rhombus (<)
represents the pattern from NiO, and solid roundness (®) represents the

pattern from Fez03. (b) Raman spectra of Ni/LIG and Fe/LIG. And the TEM
images of (c¢) Ni/LIG and (d) Fe/LIG.
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Figure 2.7. XPS analysis of the NiFe/LIG catalysts.

The high-resolution spectra in (a) Ni 2p, (b) Fe 2p, (c) C 1s and (d) O 1s regions
(The satellite peak is abbreviated as sat.).

X-ray photoelectron spectroscopy (XPS) measurements were performed to
analyze the elemental composition and chemical valence states of the catalysts. The
results are summarized in Figure 2.7. The Ni 2p3/2 region of the NiFe/LIG catalysts
shows two main peaks at ~852.8 and ~855.8 eV that can be attributed to the Ni®
and Ni2* with the split spin-orbit components at ~870.1 and 873.1 eV,
respectively.?® The Fe 2ps/2 and Fe 2p1/2 peaks locates at 710.8 and 729.3 eV alone
with the satellite peaks, which are the characteristic binding energies of Fe3+.100
These features indicate the existence of small amount of elemental Ni in the
catalysts that might be caused by the reduction at high temperature induced by the
laser. However, the Ni% would be oxidized to Ni2* and further to Ni3* under anodic

conditions prior to the OER potentials.82
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The C 1s spectra show a characteristic peak of LIG at 284.5 eV, corresponding
to the sp? carbon from graphene. The O 1s spectra has two distinct peaks: the peak
at ~532 eV originates from the oxygen-containing moieties such as C-O and C=0
from LIG; and the peak at ~530 eV corresponds to the metal oxides. In addition to
the XPS measurement, the ratios of Ni:Fe are determined by the inductively coupled
plasma optical emission spectrometry (ICP-OES). The molar ratios of Ni:Fe are

61:39, 46:54 and 33:67 for NiFe/LIG-1, NiFe/LIG-2 and NiFe/LIG-3, respectively.

Although the signal to noise ratio of the XRD patterns in Figure 2.6 is low, we
can still find the characteristic peaks that help to understand the bulk composition
of the catalysts. The broad peak at ~26° corresponds to the (002) planes of
multilayer graphene (LIG). Fe/LIG shows a broad (311) peak at ~35°, however, this
peak becomes very weak and nearly indistinguishable from the noise in the
NiFe/LIG catalysts. This result shows that most of the Fe species are not in the form
of monometallic oxide (Fe203). Ni/LIG shows characteristic peaks from both Ni0
((110) peak at ~39° and (111) peak at ~44°) and NiO ((111) at ~37° and (200) at
43°), both approximately the same height. This is consistent with the XPS result
(Figure 2.7) and TEM images (Figure 2.6). Comparison of the Ni? peak in the
Ni/LIG catalyst to the same position in the NiFe/LIG catalysts shows a reduction in
size in the NiFe/LIG catalyst, especially when compared to the NiO peak from the
NiFe/LIG catalysts. Figure 2.6b shows the Raman spectra of the Fe/LIG and Ni/LIG

catalysts for comparison to the Raman spectra for the NiFe/LIG catalysts in Figure
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2.5. The clearly identified D, G and 2D peaks suggest the characteristic multi-layer

graphene structure of LIG which is consistent with the TEM images.

Figure 2.8. TEM elemental mapping of the catalysts.

The elemental maps of Ni and Fe (Figure 2.8) show that the distribution of
Fe species overlaps well with that of the Ni, suggesting that the nanoparticles
consist of both Ni and Fe. The XRD result (Figure 2.6a) indicates that there are few
separate phases of Fe in the NiFe/LIG catalysts, in contrast to those found in the
Fe/LIG (Fez203). Also, the high resolution TEM images of the NiFe/LIG catalysts

indicate little Fe20s3, but the characteristic lattice plane spacing of NiO was observed.
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By combining the results from high resolution TEM, XRD and elemental mapping,

we conclude that the Fe species are mainly doped in the NiO nanoparticles.

a 3o b -
— Ni/LIG 36.6 mV dec
251 — NiFe/LIG-1 104
0] — NiFelLIG-2
o — NiFe/LIG-3 '
§ 45] —FelLic § 1
< < —— NiLIG
E 0 JUSTIRORY N SN £ —— NiFe/LIG-1
~ 10 mA cm ~ 01 —— NiFe/LIG-2
5 72.4 mV dec” —— NiFe/LIG-3
0 o 0.01 51.5 mV dec’ —— FelLIG
1.2 1.3 1.4 1.5 1.6 100 200 300 400 500
Potential (V vs RHE) Overpotential {(mV)
C 450 d 2.0
—— NiFe/LIG-1
400 Fe/LIG @ m) —— NiFe/LIG-2
¢ Ni/LIG @ T 1.8]—— NiFe/LIG-3
[~ J 1]
z 380 o Ir0, NPs =
= 2 169 12mV 11 mV 34 mv
= 300+ o NiFe/LIG-3 g
250 3DIr ) NiFe/LIG-1 S 1.4
[=]
200 NFeLIG2 & j=10 mA cm?
- - - - - 1.2 : : : :
20 30 40 50 60 70 80 0 3000 6000 9000 12000 15000
Tafel Slope (mV dec™) Time (s)

Figure 2.9. OER performance characterized in 1 M KOH.

(a) LSV curves recorded at 2 mV s1. (b) Tafel plots calculated from the LSV
curves. (c) Comparison of the Tafel slopes and nio of the catalysts with IrO:

nanoparticles101 (<) and 3D Ir192 (5%). (d) Stability test, potential profile of the
catalysts for bulk OER at 10 mA cm2,

The OER activity of the NiFe/LIG catalysts along with Ni/LIG and Fe/LIG was
assessed in 1 M KOH using a 3-electrode configuration. Figure 2.9a shows the linear

sweep voltammetry (LSV) curves recorded at 2 mV s-1. The NiFe/LIG catalysts
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exhibited much higher activities than either Ni/LIG or Fe/LIG. The OER onset
potentials of the NiFe/LIG catalysts are ~210 mV despite overlapping with the Ni
oxidation peak.193 In contrast, the onset potentials of Ni/LIG and Fe/LIG are much
higher at 250 and 290 mV, respectively. The current density (j) of NiFe/LIG-2
reached 10 mA cm-2 at a remarkably low overpotential (n10) of 240 mV. The n1o of
NiFe/LIG-1 and NiFe/LIG-3 are 266 and 279 mV, respectively. Conversely, the 110 of
Ni/LIG is very high at 380 mV and that of Fe/LIG is even higher at 395 mV. The
NiFe/LIG-1 and NiFe/LIG-2 rose to j of 100 mA cm at very low overpotentials of
324 and 309 mV (Figure 2.10), indicating the intrinsic high activity of the catalysts.
Figure 2.11shows the galvanostatic OER performance of NiFe/LIG-2. The catalyst
exhibited excellent stability at j ranging from 10 to 100 mA cm-2. It should be noted
that a slight variation of the potential during the bulk OER is reasonable due to the
formation and desorption of bubbles on the electrode surface. The reaction kinetics
was characterized by the Tafel plots shown in Figure 2.9b.63 The binary metal oxide
based catalysts have shown significantly improved OER kinetics over the
monometallic oxides. The NiFe/LIG-2 has an impressively low Tafel slope of 32.8
mV dec?, followed by 33.4 mV dec! for NiFe/LIG-1 and 36.6 mV dec! for NiFe/LIG-

3.

Figure 2.9c provides a straightforward comparison of the catalysts with the
benchmarking Ir-based catalysts in terms of nio and Tafel slope. The NiFe/LIG
catalysts demonstrated much higher activity than the IrO2 nanoparticles.191 The

NiFe/LIG-2 even have a comparable performance to that of the 3D Ir catalyst.102 A
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detailed comparison of NiFe/LIG catalysts with state-of-the-art Ni-Fe OER catalysts
is summarized in Table 2.1, where the NiFe/LIG catalysts stand out for their
superior OER activity in addition to the simple and feasible preparation method. In
addition to for the high OER activity, the NiFe/LIG catalysts showed excellent
durability throughout the test (Figure 2.9d). After 15000 s of bulk OER at 10 mA
cm2, the n1o slightly increased by 11, 12 and 34 mV for NiFe/LIG-1, NiFe/LIG-2 and

NiFe/LIG-3, respectively.

Catalyst mthods (mvdech) S
NiFe/LIG-1 LIG 33.4 266
NiFe/LIG-2 LIG 32.8 240
NiFe/LIG-3 LIG 36.6 279
NiFe LDH93 PLAL 47.6 280

Ni-Fe/3D-ErGO104 ED 33 259

Ni-Fe104 ED 58 331

NiFe LDH101 PC 67 347
NiFe LDH/CNT hybrid8? PC 31 247
Fe:Ni(OH)2 film105 1A 40 280
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FeNi LDH%0 PC 48 232

NiFe LDH exfoliated101 EX from PC 40 302

Table 2.1. Comparison of the NiFe/LIG catalysts with recently reported OER
catalysts.

aAbbreviations for the methods: LIG, this work; PLAL, pulsed laser ablation in
liquid; ED, electrodeposition; PC, precipitation; IA, iron incorporation by
aging; EX, exfoliation.
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Figure 2.10. LSV curves of the catalysts at high potential.
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Figure 2.11. Galvanostatic OER performance of NiFe/LIG-2 ramping from 10 to
20, 40, 60, 80 and 100 mA cm2 in 1 M KOH.
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Figure 2.12. Electrochemical analysis of the catalysts.

(a) CV curves recorded in 1 M KOH at 2 mV s-1. (b) Geometric current density
(jesa) at 0 V (vs Hg/HgO) plotted against the scan rate for the determination of
Ca. (c) EIS of the catalysts. Inset shows the equivalent circuit to simulate the Rs
and Rcr.1%6 (d) TOF and mass activity of the catalysts at 300 mV overpotential.

The results above have shown that the NiFe/LIG catalysts have much lower
thermodynamic and kinetic barriers than either Ni/LIG or Fe/LIG. In order to

further understand the high activity of the catalysts, we performed -cyclic
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voltammetry measurements (CV) as depicted in Figure 2.12a. The data were
collected at a low scan rate (2 mV s'1) to ensure a quasi-equilibrium measurement.
There is no feature associated with the change in the oxidation state of Fe as
suggested by previous reports.83 On the contrary, a pair of anodic and cathodic
waves was observed in the Ni-containing catalysts, which was attributed to the
redox of Ni2* to higher oxidation states (Ni3* and Ni#*).107 The redox waves shifted
anodically and decreased gradually as the Fe content increased. For NiFe/LIG-2 and
NiFe/LIG-3 (where the Fe content is 54% and 67%, respectively), the anodic wave
started to overlap with the OER current. It is evident that the presence of Fe
suppressed the oxidation of Ni2* to higher oxidation states, however, the underlying
mechanism is still under debate.l97 Several hypotheses have been proposed, for
example, the decreased affinity to oxygen of the Ni surfacel%® and the destabilization
of Ni3* species in presence of Fe3+109 Additionally, it was also revealed that the
effective conductivity of the catalysts was sensitive to the Fe content, which might

also contribute to the redox behavior of the NiFe-based catalyst.107

Our results are in accord with the NiFe catalysts synthesized by solution-
based methods where the maximum performance is achieved with Fe content of
~15-50% while further increasing Fe content would decrease the activity.110 In light
of recent studies regarding the crucial effect of Fe on the local activity of
Ni(OH)2/NiOOH,111 we carried out a Fe-incorporation test of Ni/LIG (Figure 2.13).
In the electrolyte without intentionally added Fe3+, the Ni/LIG showed nearly no

increase in the OER activity (300 mV overpotential) after 300 CV cycles. On the
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contrary, an immediate increase in the OER activity was observed when the
electrode was moved into the Fe-containing electrolyte, suggesting a rapid Fe
incorporation.111 We also noticed that the change in the OER activity upon gradual
Fe incorporation was not directly related to the shifts of the peak position of
Ni2+/Ni3 redox. Our findings coincide with the mechanism proposed by Boettcher et
al,111 indicating that the OER activity depends more on the Fe incorporated at the
edges/surface defects of Ni(OH)2/NiOOH than on the Fe inside the bulk
nanoparticles. And it might be the case that the rapid laser heating would lead to
more surface defects of the nanoparticles as compared with other solution based
methods.% It is likely that the Fe sites incorporated at the surface of y-NiOOH
account for the highest activity for their lowest overpotential proposed by
theoretical calculations.108 On the other hand, the measured redox curve of Ni2*/Ni3+*
(Figure 2.12a) represents a cumulative result over the bulk nanoparticles and so
that the electrochemical behavior of the active sites might be averaged in the CV

measurements.
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Figure 2.13. Fe-incorporation test of Ni/LIG.

(a) CV curves of Ni/LIG in 1 M KOH without intentionally added Fe. (b) The CV
curves of 1st, 25th and 300t cycle from (a). (c¢) CV curves of Ni/LOH in Fe-
containing electrolyte. The initial 20 cycles were recorded in 1 M KOH without
intentionally added Fe. (d) The CV curves of 75t and 200t cycle from (c), and
that of NiFe/LIG-2. (e) and (f) show the current density at 300 mV
overpotential (j3300) and anodic Ni2*/Ni3+ peak position (Eanodic) as a function
of the cycle number adapted from (a) and (c), respectively.
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Recent studies have shown that Fe impurities would readily incorporate into
Ni(OH)2/NiOOH during electrochemical measurements.112 Figure 2.13 and b show
the CV curves of Ni/LIG in 1 M KOH with the current density at 300 mV
overpotential (j;300) and anodic Ni2*/Ni3* peak position (Eanodic) plotted against the
cycles in Figure 2.13e. In initial cycles (1~25), the Eanodic shifted to low potential
and as peak slightly narrowed and increased. The shift of Eanodic should be due to the
formation of more ordered Ni(OH)2/NiOOH. After the 25t cycle, the Eanodic shifted
anodically and the peak decreased gradually. At 300t cycle, the Eanodic was 29 mv
higher than that of 25t cycle. However, the jy300 did not show much change during
the entire cycling. The mere change in Eanodic could be explained by the presence of
trace amount of Fe in the electrolyte and the results are in consistent with a recent
study by Boettcher et al.197 Nevertheless, it should be noted that, the trace Fe
impurities has little effect on the OER performance of our catalysts since the jy300 is

far lower than those of the NiFe/LIG catalysts.

The Fe-incorporation test of Ni/LIG was done in the electrolyte with
intentionally add Fe3+ as shown in Figure 2.13c. The initial 20 cycles were recorded
in 1 M KOH and the subsequent cycles were done in the Fe-containing electrolyte.
When the electrode was moved into the Fe-containing electrolyte at 21th cycle,
immediate increases in both Eanodic (by 8 mV) and j;300 (by 1.5 mA cm?) were
observed. Further cycling resulted in the gradual increase of j;300 till its maximum
value of 12.8 mA cm-2 at ~75t% cycle, where the Eanodic was 22 mV anodically shifted

than that of 21t cycle. After ~75t% cycle, the Eanodic kept increasing while the j;300
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decreased. At 200t cycle, the Eanodic and j;300 were 1.404 V (vs RHE) and 7.1 mA cm2,

respectively.

In our measurement, the gradually shifted Eanodic with decreased intensity
agreed well with the long-held opinion that Fe suppressed the oxidation of Ni%* to
higher valence state (+3 and +4).83 However, the results also revealed that j;300 is
not directly related with Eanodic. As shown in Figure 2.13d, the OER activity of 200t
cycle was inferior to that of 75t cycle, despite the more suppressed Ni2+/Ni3* redox.
In consideration of our catalysts which are nanoparticles with diameter of ~10-20
nm embedded in graphene, it is reasonable to assume that the Fe would firstly
incorporate at the edges/surface defects, and further move inside of the bulk
nanoparticle. On the other hand, the effective conductivity of NiOOH remains high
through the potential window and it is not decreased by the Fe incorporation.107
Therefore, the measured Ni2*/Ni3* redox would be a cumulative result of the whole
nanoparticle. Since the OER activity is more dependent on the surface structure of
the heterogeneous catalyst, the immediate change at 21th cycle should be induced by
the instant Fe incorporation at the edges/surface defects of Ni(OH)2/NiOOH. Since
the edges/surface defects are gradually incorporated as the cycling continued, the
rate of current increase reduced and the jy300 reached the maximum value at~75th
cycle (Figure 2.13f). The decrease of jy300 upon further cycling were caused by
several reasons, such as the formation of FeOOH phase on the surface of NiOOH and
the distorted bulk structure after Fe incorporation. Whereas, since the measured

Eanodic is related to the bulk nanoparticle, it kept increasing as Fe was incorporated.
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Our results coincide with the recent study on Ni(OH)z2 thin film,111 suggesting
the effects of Fe on the local structure. The active species based on our catalyst is
likely to be the NiOOH with Fe incorporated at the edges/surface defects. And the
enhanced activity was attributed to the partial charge transfer between Ni and Fe.107
It's worth noting that although the efficient catalyst could be prepared by Fe
incorporation, our LIG method provides a more convenient and scalable way to

produce catalyst with better performance (Figure 2.13d).

In addition to the inherent activity of the active sites, the electrochemically
active surface area (EASA) is also important to the overall catalytic performance
since it determines the total active sites exposed to the electrolyte.3? Figure 2.12b
illustrates the double-layer capacitance (Cal) calculated from the CV curves (Figure
2.14). Benefiting from the porosity and conductivity of LIG, the catalysts have
reasonably high Ca of 1.76, 3.06 and 1.20 mF cm for NiFe/LIG-1, NiFe/LIG-2 and
NiFe/LIG-3, respectively. And the corresponding EASA are about 44, 76 and 30 cm?
per cm? of the geometric surface area (GSA), respectively. The electrochemical
impedance spectrum (EIS) was used to study the reaction kinetics under OER
conditions (Figure 2.15).106 As shown in Figure 2.12c, NiFe/LIG-2 has a
remarkably low charge transfer resistance (Rcr) of 15 Q under 280 mV
overpotential, and the Rcr further decreased to 8 () under 300 mV overpotential
(Figure 2.15d). The Rcr of NiFe/LIG-1 and NiFe/LIG-3 are slightly higher as 22 and
66 (), respectively, in concert with their lower activities than that of NiFe/LIG-2. The

large EASA is beneficial for the intimate contact of the catalysts with the electrolyte,
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along with the exposure of active sites to ensure an efficient charge transfer
between the electrode and the electrolyte that contributes to the excellent OER

activity.

In order to provide an indication of the activity of a specific site, we
calculated the turnover frequency (TOF) by averaging over the total moles of metal
ions (Ni and Fe) based on the j at 300 mV overpotential.83 Table 2.2 summarizes
data from the NiFe/LIG catalysts and compares it to recently published results. The
NiFe/LIG catalysts have comparatively high TOF with a high mass loading of ~0.265
mg cm-2. The highest TOF of 0.42 s-1 is achieved on NiFe/LIG-2 with a j of 85.70 mA
cm2 at 1.53 V. The j is also of much importance since it demonstrates the specific
mass activity of the catalyst, although a higher TOF is usually calculated from low
mass loading. Another notable phenomenon is that the carbon-composited catalysts
generally have much higher activities than the unsupported ones, and this includes
the exfoliated LDHs that have a high surface-volume ratio.193 As summarized in
Table 2.3, the catalysts have high current density (86 mA cm-2), high TOF (0.42 s1)
along with high mass activity (323 mA mg1). The NiFe/LIG catalysts have shown
comparable performance to the ones prepared by more elaborate solution-based

processes.
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Figure 2.14. Determination of the Ca.

CV curves recorded at 10, 20, 40, 60, 80 and 100 mV s-1 of the catalysts.
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Catalysts j(mAcm2) TOF(s1) Massloading (mgcm-)

Ni/LIG 0.95 2.0x10-3 ~0.265
NiFe/LIG-1 51.99 2.6x10-1 ~0.265
NiFe/LIG-2 85.70 4.2x101 ~0.265
NiFe/LIG-3 28.15 1.1x10-1 ~0.265
Fe/LIG 0.20 6.2x104 ~0.265

NiFe LDH101 5.5 1.0x10-2 0.07

NiFe LDH exfoliated101 9.35 5.0x10-2 0.07
NiFeOx film112 1.24 2.1x101 0.0012

Fe:Ni(OH)2 film10> 25-28 1.5 30 nm of active layer
FeNi LDH?0 Notreported  2.8x10-2 0.25
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FeNi-rGO LDH hybrid®® Notreported  9.9x10-1 0.25

NiFe LDH/CNT hybrid  Notreported  5.6x10-1 0.25

Table 2.2. Comparison of catalyst activity with recent published works (1.53 V
vs RHE).

Current density TOF per active site Mass activity
(mA cm-2) (s1) (mA mg1)
Catalysts
n =250 n =300 n =250 n =300 n=250 n=300
(mV) (mV) (mV) (mV) (mV) (mV)
Ni/LIG 0.24 0.95 5.1x104  2.0x10-3 0.91 3.57
NiFe/LIG-1 3.40 51.99 1.7x102  2.6x101 12.81 196.17

NiFe/LIG-2 16.51 85.70 8.0x102 4.2x101 62.32 323.40

NiFe/LIG-3 1.73 28.15 6.9x10-3 1.1x10-1 6.54 106.20

Fe/LIG 0.06 0.20 1.9x10-4 6.2x104 0.22 0.75

Table 2.3. TOF and mass activity of the catalysts at 250 and 300 mV
overpotentials.

The OER performance could be further improved by loading the catalysts on

a porous substrate, such as the Ni foam. Benefiting from the high surface area and
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high conductivity of Ni foam, the NiFe/LIG-2@NF showed a remarkably high j of 400

mA cm-2 at a very low overpotential of 354 mV as shown in Figure 2.16a.
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Figure 2.16. OER performance of the catalyst loaded on Ni foam and carbon
fiber paper.

(a) LSV curve of the NiFe/LIG-2 loaded on Ni foam (~0.5 mg cm-2). (b) The OER
performance of NiFe/CFP in 1 M KOH. Inset shows the corresponding Tafel
plots.

In addition to the LIG/PI substrate, our method also worked on other
compatible substrates. The CO2 laser is widely used for the manufacturing of carbon
fiber based materials due to the significant thermal input from the incident laser
beam.113 Therefore, the thermal effect could be utilized to prompt the nucleation of
metal oxides. Following a procedure similar to that for NiFe/LIG, we prepared the
free-standing NiFe/CFP electrodes, where the catalyst was formed in situ on the CFP
through the laser scribing process. Figure 2.16b illustrates the excellent OER
performance of NiFe/CFP, the onset potential ~1.45 V and j reaching 100 mA cm2 at

285 mV overpotential with a Tafel slope of 89 mV decl. These results not only
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provide a feasible method for the preparation of self-supported catalytic electrodes,
but also demonstrate the wide breadth of the LIG method for the synthesis of

various catalysts.

2.3. Experimental Contributions

Muging Ren designed part of the experiments and conducted part of the
characterizations including SEM, TEM, XRD and ICP-OES. Jibo Zhang designed part
of the experiments, prepared the samples, and conducted part of the
characterizations including Raman, XPS, electrochemical measurements and etc.

Yilun Li helped in SEM and TEM.
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Chapter 3

Laser-Induced Graphene with
Bifunctional Catalysts for Metal-
Oxygen Batteries

This chapter was entirely copied from reference 114.

3.1. Introduction

The rapid economic development and increasing consumption of carbon
fuels have spawned high CO2 emissions.115 116 This increase, coupled with the
awareness of climate change, has prompted the development of carbon neutral and
renewable energy. Recently, rechargeable metal-O2 batteries have garnered
increasing attention as efficient energy-storage systems due to their considerably

high theoretical energy densities.10. 117-119 [n contrast to conventional batteries,
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metal-O2 batteries feature an open cell structure so that the cathode material, Oz,

can be obtained from the ambient atmosphere.120.121

Metal-O2 batteries exhibit high energy densities. For example, Li metal
possesses a high theoretical specific energy (~3600 Wh kg1), with a high cell
voltage (nominally 2.96 V) in a Li-O2 battery.11 122 Similarly, the Zn-02 system stands
out for its high specific energy density (~1080 Wh kg1) and volumetric energy
density (~6100 Wh L-1) in aqueous electrolytes.11. 123 However, the overall reactions
of oxygen at the cathode in the rechargeable metal-Oz batteries, known as the
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), are often
hindered by sluggish kinetics that lead to a decrease in both energy and power
densities of the batteries.124 125 Therefore, the development of efficient bifunctional
electrocatalysts for both ORR and OER is of great importance to enhance the

performance of metal-O2 batteries.

Generally, the noble metal-based materials, such as Pt,126.127 pd,128,129 [r130
and Ru,131 are highly efficient for electrocatalysis in metal-Oz batteries, but practical
applications are severely limited by their high cost and scarcity. Considerable efforts
have also been devoted to the development of noble metal-free bifunctional
electrocatalysts, such as the nitrogen-doped graphene and carbon nanotubes,?25 132,
133 first-row transition metal oxides,13* perovskite oxides,135 136 and graphene

composited catalysts.137,138
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The synthesis of the catalysts generally consists of two major approaches:
wet chemistry methods such as hydro-/solvothermal reactions, and thermal
annealing/pyrolysis processes. Recently, our group developed a facile method to
produce porous graphene by direct laser writing on a polyimide (PI) sheet to
produce laser-induced graphene (LIG).28 LIG has high porosity, good electrical
conductivity and chemical stability, all of which are conducive to the development of
porous materials for efficient cathode catalysts.2? 30 Based on this technique, we
further develop approaches for the in situ formation of metal oxide/LIG composites
for either OER or ORR.70. 95 We present here a straightforward method for the
syntheses of highly efficient bifunctional OER/ORR catalysts combining both
advantages of the LIG and cobalt oxides. The catalyst is synthesized by one-step
laser scribing on the precursor-loaded LIG/PI sheet that does not require any
further liquid phase reactions, post thermal annealing or pyrolysis. The resultant
Co304/LIG shows remarkably high OER/ORR activities, with performances
comparable to the noble metal-based catalysts in alkaline electrolyte. Moreover, the
Co304/LIG demonstrates high activity as the cathode material for both aprotic Li-O2
and aqueous Zn-air batteries. The batteries exhibited low overpotentials in both
charge and discharge processes with improved durability. This report regarding
LIG-assisted synthesis of bifunctional catalysts in the solid phase might even be

beneficial for the synthesis of other transition metal-based catalysts.
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3.2. Laser-Induced Graphene with Bifunctional Catalysts for

Metal-Oxygen Batteries

3.2.1. Experimental Section

3.2.1.1. Material Synthesis

Preparation of the catalyst. All samples were prepared under ambient air
following the similar procedures as reported in Chapter 4. Kapton® PI films
(McMaster-Carr, Cat. No. 2271K3, thickness: 0.005") were used as received. LIG was
generated by a CO2 laser (10.6 pum, Universal XLS10MWH laser cutter platform) on
the PI film in air using 3% of full power and 5% of full speed with an image density

of 6. The LIG was patterned on Pl as a 2 x 2 cm? structure.

1 M Co(NO3)2 solution was prepared with deionized water. The as-prepared
LIG (2 x 2 cm?) was treated by the Oz plasma (Boekel Model 135500) for 1 min to
increase the hydrophilicity. 80 uL of the solution were dropped onto the LIG. The
soaked LIG (on PI) was dried in air at room temperature overnight and then under
vacuum (~120 mm Hg) for 6 h. Then the LIG was lased again atop the previous LIG
pattern under the same conditions (3% of full power and 5% of full speed with an
image density of 6). Then the powder was scratched off from the PI and collected for
further characterization. MnOx/LIG was prepared by the same procedures except

that the solution was 1 M MnSOa4.
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3.2.1.2. Material Characterization

General characterization. Scanning electron microscope (SEM) images
were obtained by a FEI Quanta 400 high-resolution field emission SEM.
Transmission electron microscopy (TEM) images were obtained by a JEOL 2100F
field emission gun transmission electron microscope. X-ray photoelectron
spectroscopy (XPS) was done by a PHI Quantera SXM scanning X-ray microprobe
with a monochromatic 1486.7 eV Al KR X-ray line source, 45° take off angle, and a
200 pm beam size. The XPS spectra were taken from the as-prepared catalysts on PI.
Raman spectroscopy was performed at 532 nm laser excitation. ICP-OES was done

by a Perkin Elmer Optima 8300 instrument. The material was digested by HNOs.

Electrochemical measurements. Electrochemical measurements were
done on a rotating disk electrode (5 mm in diameter, Pine Research
Instrumentation). For the preparation of the working electrode, 4 mg of the catalyst
and 80 pul of 5wt% Nafion solution were mixed in 1 mL water/ethanol (4/1, v/v)
followed by 2 h bath sonication (Cole Parmer, model 08849-00) to form a
homogeneous ink. Then 12 pL of the catalyst ink was dropped onto the glassy
carbon electrode and dried under vacuum (~120 mm Hg) at room temperature (the
loading is ~0.265 mg cm2). The electrochemical measurements were carried out in
a 3-electrode configuration using a CHI 608D electrochemical workstation. A Pt wire
and a Hg/HgO electrode (in 1 M KOH) were used as the counter and reference
electrodes, respectively. The tests were done in 0.1 M KOH with 95% iR

compensation. For the OER test, the scan rate of working electrode was 5 mV s-1
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with a rotating speed of 1600 rpm. The number of electrons transferred (n) during
ORR was calculated by the previously discussed Koutecky-Levich (K-L) equation

according to the LSV curves with varying rotating speed from 225 to 1600 rpm.

Battery test. The electrochemical performance of Co304/LIG bifunctional
catalysts was tested in lithium-oxygen cells through coin type CR2032 cells. All the
cells were assembled in the glove box under argon atmosphere. The CR2032
lithium-oxygen cell includes the lithium foil, Celgard 2500 membrane, 0.5 M lithium
bis(trifluoromethanesulfonyl)imide/tetraethylene glycol dimethyl ether
(LiTFSI/TEGDME) with 0.05 M Lil and the air cathode electrode. The cathode was
prepared by casting slurry which consists 80 wt% catalysts, 10 wt% (Super P,
TIMCAL) and 10 wt% polyvinylidene difluoride (PVDF; Alfa Aesar) in N-methyl-2-
pyrrolidone (NMP) on a piece of carbon paper. The galvanostatic discharge/charge
tests were carried out in voltage range of 2.0 to 4.3 V (vs Li/Li*). Pure Oz flow was
maintained during the test. The Co304/LIG cathode for rechargeable Zn-air battery
was tested on a home-made device. The electrolyte is 6 M KOH with 0.2 M Zn(OAc)2.
The cathode material was loaded on a carbon fiber paper (~1 mg cm2), and a Zn

plate was used as the anode. Pure Oz flow was maintained during the test.

3.2.2. Result and Discussion

The Co304/LIG catalyst was prepared by a recently developed LIG-assisted
method in the solid phase. As shown in Figure 3.1a, LIG was formed on a PI sheet

followed by Oz plasma treatment to enhance the hydrophilicity of the LIG. Then the
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precursor aqueous solution, 1 M Co(NO3)2, was added to the LIG pattern. The porous
LIG with enhanced wettability uniformly adsorbed the solution and therefore the
metal salts were well-distributed in the LIG after the drying process. Subsequently, a
second laser scribing was carried out atop the treated LIG. The nucleation of Co2*
was triggered by the extremely high local temperature when the laser hit the LIG
and resulted in the formation of the Co304/LIG catalyst.28 In the previously reported
synthesis of CoOx/LIG, the metal precursor was dissolved in the poly(amic acid), the
PI precursor, and a pressurized thermal cycle of 250-300 °C was needed followed by
a thermal annealing process at 750 °C.9> The present method is not limited to the
poly(amic acid) solubility of the metal precursor and it can all be done on the
commercial PI film. Also, the resultant Co304/LIG is directly used as the cathode

catalysts for metal-O2 batteries without any post treatment.

a Laser scribe  Add precursor
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Figure 3.1. Synthesis and characterization of Co304/LIG.

(a) Preparation of the Co304/LIG catalyst. (b) SEM and (c) TEM images of the
Co304/LIG. The inset HRTEM image shows the lattice planes of Co0304
nanocrystals.

Figure 3.1b and Figure 3.2 shows the scanning electron microscopy (SEM)
images of the Co304/LIG at different magnifications. The Co304/LIG exhibits a highly
porous surface morphology with much graphenic structure opening to the surface,
which would contribute to a large active surface area?8 70 to enable facile mass
transport with the electrolyte during the electrochemical reactions. No large
particles or aggregates were observed in the SEM images, suggesting a
homogeneous distribution of the metal oxide particles in the LIG. The transmission
electron microscopy (TEM) images shown in Figure 3.1c illustrate that the
nanoparticles are embedded in the graphene with sizes of 5 to 10 nm. The
nanocrystals in Co304/LIG display clear lattice fringes in the high-resolution TEM
images. The Co304 crystal phase planar spacing of the (220), (311) and (111) planes
are 0.286, 0.242 and 0.480 nm, respectively.13° The multilayer graphene structure is
also evidenced by the characteristic interplanar spacing of 0.34 nm as shown in

Figure 3.3.28
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Figure 3.3. TEM images of the Co304/LIG.

The structure of Co304/LIG was further studied by Raman spectroscopy and
X-ray diffraction (XRD). As shown in Figure 3.4a, the peaks at ~1585 and 2700 cm!
of the Raman spectrum correspond to the G and 2D peaks of graphene, respectively.
The D band at 1342 cm-! is characteristic of bent graphene layers and defects.140 The
Ic/I2p ratio is ~2.5, indicating the presence of a multilayer graphenic structure,
which is consistent with the observation from the TEM images. The region circled by
the dashed line in Figure 3.4a displays the Raman features of Co304 as illustrated in
Figure 3.4b. Two characteristic peaks at ~470 and 671 cm! can be assigned to the
Eg and A1g modes of Co304.141 The XRD spectra of Co304/LIG further confirmed the
graphenic structure of LIG by a typical (002) peak of graphene at ~26° (dooz = 0.34
nm). The (111), (311), (222) and (422) peaks from crystalline Co304 were also

observed.141

The amount of Co in the Co304/LIG was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). The Co content is ~4.2 wt%. The
chemical composition of the Co304/LIG was studied by X-ray photoelectron
spectroscopy (XPS). The Co 2p3/2 core level region consists of two main peaks at 780
and 782 eV, which indicate the presence of both +2 and +3 oxidation states of Co.142
The C 1s spectrum, with a predominant peak centered at 284.5 eV, reveals the
graphitic carbon in the catalyst. The O 1s spectrum further shows the C-O and C=0

moieties on the LIG.29
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Figure 3.4. Characterization of the C0304/LIG.

(a-b) Raman spectra of the catalyst, the dashed line indicates the Raman
fingerprints of Co304. The Raman active modes are Fz2g (191 cm1, 511 cm1 and
610 cm1), Eg (472 cm1), and A1g (678 cm1). (c) Powder XRD pattern of the
C0304/LIG. High-resolution XPS spectrum in (d) Co 2p and (e) C 1s and O 1s
regions.
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Figure 3.5. Electrochemical characterization of the Co304/LIG.

(a) CV curves of Co304/LIG and pristine LIG in Oz-saturated 0.1 M KOH at 1600
rpm. (b) OER polarization curves of Co304/LIG and pristine LIG at 1600 rpm;
the inset shows the corresponding Tafel slope. (c) CV curves of Co304/LIG in
Ar- and Oz-saturated 0.1 M KOH at a scan rate of 20 mV s-1. (d) LSV curves for
ORR at different rotating speeds in Oz-saturated 0.1 M KOH.

The electrocatalytic activity of Co304/LIG was characterized using a rotating

disk electrode in 0.1 M KOH electrolyte. The cyclic voltammetry (CV) curves in

Figure 3.5a show the complete electrocatalytic reactions (ORR and OER) of
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C0304/LIG and pristine LIG at 1600 rpm in O2-saturated electrolyte. The Co304/LIG
exhibited significantly enhanced current density compared LIG in both OER and
ORR despite the low content of the Co species. A pair of redox peaks was observed
for Co304/LIG at ~1.1 V (vs RHE), which are attributed to the faradic reaction for Co-
0/Co-O0H.143 The OER kinetics were further investigated by linear swept
voltammetry (LSV) as shown in Figure 3.5b. The Co304/LIG exhibited an onset
potential of ~1.49 V, beyond which the current density increased rapidly with a low
Tafel slope of 40 mV decl. The current density reached 10 mA cm2 at 340 mV
overpotential. The electrochemical impedance spectra (Figure 3.6) also revealed
the low charge transfer resistance of 25 () at 350 mV overpotential. Conversely,
pristine LIG suffered from sluggish kinetics with a Tafel slope as high as 135 mV dec-
1, While the catalyst system here is clearly very easy to prepare in a solvent-free
manner, the OER performance of Co304/LIG is comparable or even better than the

other Co-based OER catalysts that have been reported as summarized in Table 3.1.
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Figure 3.6. EIS of Co304/LIG at different OER overpotentials in 0.1 M KOH.

Preparation Onset E 110 Tafel slope
AR method ) (mV)  (mVdec))
Co304/LIG LIG 1.49 340 40
Co304/MCNT144 Hydrothermal 1.51 390 65
C03Q4/C Hydrothermal a}nd 147 290 70
nanowires14> thermal annealing
Au-meso-CosO446  lvanocasting 1.53 440 46
method
meso-C0304147 Template method - 411 80
Hollow Ni-Co NaBHs reduction 1.501 362 61.4
oxidel48
MnxCo3-x04-514° Self-templating 1.52 350 85
NiCo LDH Solvothermal 1.52 420 113
nanosheets150
ZnCo o
LDH/graphene!s! Co-precipitation 1.56 430 73

Table 3.1. Comparison of the Co304/LIG catalysts with Co-based OER catalysts
(in 0.1 M KOH).

Figure 3.5c displays the CV curves of C0304/LIG for ORR in Ar- and O2-

saturated electrolyte. Despite any disturbances caused by 02 bubbling as seen by the
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small-peak riddled, the current density sharply increased with an E1/2 redox peaks
of O2/0H- at 0.72 V, suggesting an efficient reduction of 02 to OH-. The Co304/LIG
showed an improved activity compared to LIG (Figure 3.7), and the low ORR Tafel
slope of 70 mV dec! (Figure 3.8) is comparable to those of graphene-based
composites such as Fe-N-rGO (~110 mV dec1)152 and Co304/N-rmGO (~42 mV dec
1).137 The ORR kinetics was further assessed by LSV at different rotating speeds.
Linear fitting of the K-L plots reveals an electron-transfer number (n) of ~3.5 at the
selected potentials (Figure 3.8b), demonstrating that the ORR by Co304/LIG is
dominated by a four-electron transfer pathway (02 to OH-). The slight deviation of n

from 4 might be caused by the carbon surfaces as observed for conductive carbon

supported catalysts.68
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Figure 3.7. LSV curves of Co304/LIG and LIG in Oz-saturated 0.1 M KOH at 1600

rpm.
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Figure 3.8. Supplementary ORR data for Co304/LIG.

(a) LSV curves of Co304/LIG for ORR, inset shows the Tafel slope. (b) K-L plots
of Co304/LIG.

The bifunctional catalytic activity of Co304/LIG was characterized by the
difference in potential between the selected OER current density (10 mA cm-2) and
ORR current density (-3 mA cm-2). The values are summarized in Table 3.2.The
Eoer-Eorr of Co304/LIG is 0.98 V, which is slightly higher than that of Ir/C (0.92 V),
but still remarkably lower than that of Pt/C (1.16 V) and Ru/C (1.01 V).153 In
addition, the Co304/LIG shows higher bifunctional activity than the Co- and Mn-
based catalysts prepared by hydrothermal reaction or electrodeposition (Table
3.2). The smaller the value is, the lower the overpotential that is required to reach a
specific current for either OER or ORR, which is essential to lower the overpotential

for charge and discharge process in metal-O2 batteries.
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Catalyst Preparation Eorr (V) Eoer (V) [ -

method? at-3mAcm? at10 mA cm2 V)

Co304/LIG LIG 0.59 1.57 0.98
20 wt% Ir/C153 - 0.69 1.61 0.92
20 wt% Pt/C153 - 0.86 2.02 1.16
20 wt% Ru/C153 - 0.61 1.62 1.01
Co304154 HT 0.61 1.74 1.13
Co(OH)2154 HT 0.66 1.68 1.02
NiCo0204/G155 HT 0.54 1.67 1.13
Mn oxidel53 ED 0.73 1.77 1.04

Table 3.2. Comparison of the Co304/LIG catalysts with recently reported
OER/ORR bifunctional catalysts.
aAbbreviation: HT: hydrothermal reaction; ED: electrodeposition.
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Figure 3.9. Zn-air battery with Co304/LIG as the cathode catalyst.

(a) Open-circuit voltage and (b) the power density and charge/discharge
polarization plots. The galvanostatic discharge and charge cycling curves of
the rechargeable battery at (c) 2 mA cm2 and (d) 10 mA cm2. (e) Long-term
cycling performance of the battery at 10 mA cm-2 (600 s per cycle).
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Figure 3.10. Discharge polarization curve and corresponding power density
up to 100 mA cm2,

In consideration of the excellent bifunctionality of Co304/LIG, we fabricated a
homemade Zn-air battery using the gas diffusion layer (carbon fiber paper, CFP)
loaded with catalysts (1 mg cm-2) for the cathode, with a Zn plate as the anode and
0.2 M Zn(OAc)2 in 6 M KOH as the electrolyte. The battery exhibited a high open-
circuit voltage of 1.46 V (Figure 3.9). Figure 3.9b displays the charge and discharge
polarization curves with the corresponding power density. The power density
reached 47.6 mW cm2 at 50 mA cm=2, and further reached 84.2 mW cm-2 at 100 mA
cm? (Figure 3.10). An ideal bifunctional catalyst should possess high discharge
voltage, low charge voltage and reversibility. Figure 3.9c and Figure 3.9d show the
galvanostatic charge/discharge profile at 2 and 10 mA cm2, respectively. The

battery showed a remarkably stable charging voltage of 2.01 V and a discharge
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voltage of 1.24 V at 2 mA cm2. The voltage gap between charge and discharge
increased to 0.96 V at 10 mA cm2. The Zn-air battery also exhibited very good
cycling stability as shown in Figure 3.9e. The voltage gap slightly increased by
~180 mV after 400 cycles. Therefore, the Co0304/LIG has shown promising
applicability as the cathode for Zn-air batteries with a high round-trip efficiency and

notable stability.
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Figure 3.11. Characterization of the Co304/LIG cathode in Li-Oz battery.

(a) Galvanostatic cycling performance of the Co304/LIG electrode at a current
density of 0.08 mA cm2 with limited capacity of 430 mAh g1; (b) first
discharge and charge profile of the cyclic performance; (c) discharge capacity
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and terminal voltage versus cycle number; (d) charge capacity and terminal
voltage versus cycle number.

The electrocatalytic activity of Co304/LIG was further examined in Li-O2
batteries using a coin cell architecture with 05 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and in 0.05 M Lil in tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte. Figure 3.11a shows the
galvanostatic charge/discharge profile of the cell in the first 100 cycles with a cut-off
capacity of 430 mAh g-1. The voltage gap of the charge/discharge process at the 1st
cycle was as low as 0.42 V (Figure 3.11b). The discharge voltage of Co304/LIG cell
was ~2.73 V (vs Li*/Li) in the 1st cycle and slightly decreased to ~2.67 V in the 100t
cycle; both were close to the theoretical discharge voltage (2.96 V), suggesting a

stable energy output of the cell.156

The Li-O2 battery exhibited outstanding cycle stability as shown in Figure
3.11and Figure 3.11d. The charge/discharge terminal voltage and capacity (within
2.0 to 4.3 V) were plotted against the cycle number. The discharge capacity reached
430 mAh gt for 242 cycles with a slightly decreased discharge terminal voltage
from 2.73 V to 2.40 V of the 242nd cycle. Similarly, the charge terminal voltage
increased to 3.73 V at 100t cycle and further to 4.3V at 242nd cycle. The rapid
decrease of capacity starting at the ~245st cycle together with the significant
increase of the overpotentials might be caused by several factors, such as the

electrolyte drying out and/or the cathode becoming covered by insulating
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byproducts. In comparison, the pristine CFP current collector showed poor
cyclability of up to 20 cycles in the same voltage window (Figure 3.12). The
charge/discharge terminal voltage increased/decreased rapidly within the first few
cycles. Therefore, the capacity from the current collector was negligible since the
Co304/LIG possessed much higher activity. It is worth noting that the Co304/LIG also
showed remarkable stability in air. Figure 3.13 illustrates the cycle stability of the
battery working in purified air (CO2 and moisture removed by filtration) for up to
98 cycles. Because of the low overpotential of the Co0304/LG electrode, the
decomposition of the electrolyte and oxidation of carbon support was minimized,

resulting in a long battery cycle life.157
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Figure 3.12. Galvanostatic cycling performance of an CFP electrode at a
current density of 0.08 mA cm2,
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Figure 3.13. Galvanostatic cycling performance of the Co304/LIG Li-O2 battery
in purified air (moisture and CO2 removed by filter).

The electrochemical reaction of Oz in the cell was investigated by CV in Ar
and Oz atmosphere. Figure 3.14a displays the data recorded between 2.0 and 4.5V
with a scan rate of 0.5 mV s-1 obtained after 1st cycle. In Ar, the current density was
very low and did not show any significant peak. Both the cathodic and anodic
currents increased in Oz atmosphere, indicating the ORR of Oz and the OER of the
Li202, respectively. The ORR onset is ~2.77 V, very close to 2.96 V, suggesting the
high inherent oxygen reduction activity of Co304/LIG. The OER onset potential is
~3.15 V, but the overpotentials for both ORR and OER slightly increase as the cell

cycles due to the formation of byproducts and incomplete decomposition of
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discharge products.®® The electrochemical impedance spectra (EIS) were also
measured to study the intrinsic behavior of the Li-O2 battery during cycling. Figure
3.14b shows the EIS recorded at the initial stage and the end of first
discharge/charge process under open circuit voltage. The equivalent serial
resistance remained nearly the same, however, the charge transfer resistance
increased from ~200 () to ~450 (). This increase in the interfacial resistance might
be caused by the poor electrically conductive products at the electrode/electrolyte
interface, which remains a typical hurdle for current Li-O2 batteries.®® The LIG-
assisted method also works well for the preparation of bifunctional catalysts based
on other transition metals in addition to Co, for example, Mn. Figure 3.15 shows the
XPS and cycling performance for MnOx/LIG in a Li-O2z battery. Although the
performance was not as high as in the Co304/LIG, the MnOx/LIG cathode showed

considerable stability for ~100 cycles.
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Figure 3.14. Electrochemical analysis of the Li-O2 battery.
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(a) CV curves of the battery in Ar and Oz atmosphere. (b) EIS of the battery.
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Figure 3.15. MnOx/LIG cathode for Li-Oz battery.

(a) XPS spectrum of MnOx/LIG and the cycling performance of MnOx/LIG as the
cathode for Li-O2 battery in (b) Oz and (c) purified air.
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3.2.3. Conclusion

In this study, we demonstrated the solid phase synthesis of an OER/ORR
bifunctional catalyst, Co304/LIG, through a facile LIG-based process. Benefiting from
the high porosity and conductivity of LIG with the intrinsic high activity of Co304, the
Co304/LIG exhibited high activity for OER and ORR in alkaline media. These
favorable properties further led to the enhancement performance of Co304/LIG as a
cathode material for metal-air batteries. The Co304/LIG worked well as an efficient
cathode material for the aqueous Zn-air battery as well as the aprotic Li-O2 battery.
The batteries showed low overpotentials in both charge and discharge processes
combined with excellent cycling durability. In addition to the notable catalytic
performance of Co304/LIG, the facile synthetic method brings about a new way for
the design and synthesis of bifunctional and multifunctional catalysts. This
contribution is expected to encourage further development in the carbon-metal

oxide composited cathodes for metal-air batteries using the LIG approach.

3.3. Experimental Contributions

Muqing Ren designed the experiments and conducted part of the
characterizations including SEM, XPS, TEM, XRD, OER, ORR and battery test. Jibo
Zhang designed part of the experiments, prepared the samples, and conducted part
of the characterizations including Raman, XPS, ICP-OES, electrochemical

measurements.

110



Chapter 4

Laser-Induced Graphene Hybrid
Catalysts for Rechargeable Zn-Air
Batteries

This chapter was entirely copied from reference 158.

4.1. Introduction

Rechargeable Zn-air batteries are projected to be key players in serving the
increasing demand for high-performance electrical energy storage and conversion
systems.11, 123,159 7Zn-air batteries benefit from several potential advantages such as
high theoretical energy density of 1218 Wh kg! (6136 Wh L-1), low cost and
improved safety.160 However, the large-scale development of Zn-air batteries is
hindered by the poor performance in rechargeability, power density and energy
efficiency. All of these performance problems originate from the fundamental
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chemical behavior in the air cathode that results in the sluggish kinetics of the
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).12 160 Noble-
metal catalysts such as Pt,161162 Ryl63 [rl64 and their derivatives,165 have shown
high activity in the oxygen electrocatalysis. However, their scarcity, high cost and
poor durability have limited their widespread use. The pursuit of earth-abundant
and low-cost electrocatalysts has led to increasing research in the field.166.167 For
example, transition metal oxides,134 168 sulfides169-171 and heteroatom-doped carbon
materials!72 173 have shown promising performance with activities comparable to
those of the noble-metal catalysts. However, the present synthetic methods to
obtain the catalysts are primarily based on wet chemistry and thermal pyrolysis. For
example, the direct carbonization of precursors (e.g. metal-organic-frameworks) at
high temperature,26 145,174 hydrothermal reactions,37.175 and a combination of wet
chemistry and thermal treatments have been used to prepare the catalysts. Either
the precursors or the method itself could increase the complexity and cost for large
scale production. A straightforward and simple method that is free of complex and

high cost procedures would be beneficial to the continued development of the field.

Here, we present the facile synthesis of ternary metal oxide/graphene hybrid
materials by using a laser-based technique to produce efficient cathode catalysts for
rechargeable Zn-air batteries. Laser-induced graphene (LIG) is the porous graphene
grown by direct laser writing on a polyimide (PI) sheet.28 176 The laser systems used
are commonly found in machine shops and the formation is easily conducted in the

open air without exogenous gases or furnaces, paving the way for roll-to-roll
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113

processing routes. This technique has been further developed for the synthesis of
metal oxide nanoparticle/graphene composites through a re-lasing process.”0.95 114
The previous method?> synthesized the metal oxide/LIG composite by doping the
metal salts into the PI precursor (polyamic acid, PA). The laser scribing of the doped
PA simultaneously induces the carbonization of the PA and the nucleation of metal
ions. However, it requires that the metal salts be soluble and compatible with the
PA. In addition, the process takes several days to complete. The present method is a
re-lasing process and does not have the requirement of metal salt solubility and
compatibility in PA. Additionally, the catalysts prepared by the previous method did
not exhibit good ORR activity unless treated at 750 °C for 30 min. Conversely, the
present method is a CVD-free approach and the resultant catalysts exhibit good

activities for both OER and ORR.

In this study, four ternary metal oxide/LIG hybrid materials with different
elemental composition, LIG-CoNiFe-1, LIG-CoNiFe-2, LIG-MnNiFe-1, and LIG-
MnNiFe-2, were synthesized through the facile LIG method without any wet
chemistry or thermal pyrolysis treatments. The elemental composition of the metal
species is easily tuned in precursor solutions. The hybrid catalysts exhibited high
activities toward ORR and OER in alkaline electrolyte that promoted their
performance in rechargeable Zn-air batteries. The best catalyst, LIG-MnNiFe-1,
demonstrates a maximum power density of 98.9 mW cm-2, a small overpotential of
0.88 V, a high energy density of >840 Wh kg1, and excellent cycling stability for

>500 cycles, outperforming the catalysts prepared using conventional wet and
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thermal methods. We further demonstrate the use of the all-LIG-derived materials

for development of flexible Zn-air batteries and water splitting systems.

4.2. Laser-Induced Graphene Hybrid Catalysts for Rechargeable

Zn-Air Batteries

4.2.1. Experimental Section

4.2.1.1. Material Synthesis

Preparation of the catalysts. All samples were prepared under room
temperature and ambient air. Kapton® PI films (McMaster-Carr, Cat. No. 2271K3,
thickness: 0.005") were used as received. LIG was generated by a CO:2 laser cutter
system (10.6 pm, Universal XLSIOMWH laser cutter platform) on the PI film in air
using 3% of full power and 5% of full speed. The preparation of the catalysts
followed a previously reported method.”® 1 M Co(NO3)z2, 1 M MnS04, 1 M Ni(NO3)2
and 1 M Fe(NO3)s solutions were prepared with deionized water. Then the solutions
with different molar ratios were prepared with the total concentration of metal
cations kept at 1 M. The as-prepared LIG (2 x 2 cm?) was treated by Oz plasma
(Model 1020 Plasma Cleaner, Fischione Instruments) for 5 min to increase the
wettability of LIG with the precursor solutions. 80 pL of the solutions were dropped
uniformly onto the LIG. The soaked LIG (on PI) was dried under vacuum (~120 mm

Hg) for 6 h. The LIG was lased again atop the previous LIG pattern under the same
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conditions (3% of full power and 5% of full speed with an image density of 6). The
powder was scratched off the PI using a spatula and collected for characterization.
The MnNiFe/CFP was prepared by following a reported method.”? Briefly, 80 pL of
the precursor solution was dropped onto the Oz plasma treated (1 min) carbon fiber
paper (CFP). Then the CFP was dried in a vacuum chamber (~120 mm Hg)
overnight. The CFP was scribed by the laser beam with 3% of full power, 5% of full

speed and an image density of 6. The area of the lased pattern was 10 x 10 mm?.

4.2.1.2. Materials characterization

Materials characterization. SEM images were obtained on a FEI Quanta 400
high-resolution field emission SEM. TEM images were obtained by a JEOL 2100F
field emission gun transmission electron microscope. XPS was done by a PHI
Quantera SXM scanning X-ray microprobe with a monochromatic 1486.7 eV Al KR X-
ray line source, 45° take off angle, and a 200 um beam size. Raman spectroscopy

was performed at 532 nm laser excitation.

Electrochemical measurements. For preparation of the working electrode, 4
mg of the catalyst and 80 puL of 5wt% Nafion solution were mixed in 1 mL
water/ethanol (1/1, v/v) followed by 4 h bath sonication to form a homogeneous
ink. 12 pL of the ink was loaded onto a rotating disk electrode (RDE, glassy carbon, 5
mm in diameter), and dried in air at room temperature. The mass loading of the
catalyst is ~0.22 mg cm-2. The electrochemical measurements were carried out in a

3-electrode configuration using a CHI 608D electrochemical workstation. Pt wire

115

115



116

and Hg/HgO (in 1 M KOH) were used as the counter and reference electrodes,
respectively. The OER tests were done on the RDE at 1600 rpm in 0.1 M KOH with
95% iR compensation. The potential is normalized with RHE. The ORR tests were
done in 0.1 M KOH with 95% iR compensation. Oz bubbling into the electrolyte was
maintained throughout the measurement to ensure continuous Oz saturation. The
number of electrons transferred (n) during ORR was calculated by Koutecky-Levich
(K-L) eq according to the LSV curves with varying rotating speed from 225 to 1600

rpm.

Zn-air battery test. The air cathode was prepared by casting the catalyst ink
on a gas diffusion layer (AvCarb P75T, FuelCellStore) at a mass loading of 1 mg cm-2.
The Zn-air battery cathode was tested in a two-electrode configuration on a home-
made device with a Zn plate as the anode. The electrolyte was 6 M KOH with 0.2 M
Zn(OAc)z. All the tests were done in ambient air. The galvanostatic cycling tests of
the batteries were conducted at 10 mA cm-2 with 5 min discharge and 5 min charge,
respectively. Pt/C and RuO:2 (Sigma-Aldrich) were mixed at 1:1 mass ratio and used

for comparison.

For the flexible Zn-air battery fabrication, a PI film and a holey PI film (2 mm in
diameter) were used as the substrate and top protection layer, respectively. The
catalyst was loaded on carbon cloth (Plain carbon cloth, FuelCellStore) as the air
cathode with a mass loading of 1 mg cm-2. A piece of Zn foil was used as the anode.
For the preparation of the gel electrolyte membrane, 1 g PVA (MW 89000-98000
Aldrich) and 0.1 g PEO (MW 35000, Polysciences) were dissolved in 10 mL DI water
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at 95 °C under stirring. 1 mL of 18 M KOH solution was added to the above solution,
and the electrolyte was kept stirring at 95 °C for 30 min. The electrolyte solution
was kept in a refrigerator for 12 h for solidification. Kapton tape was used to seal

the edges. A nickel strip was used as the conductive lead.

A NTE30106 dual-color LED was used for demonstration. The catalytic LIG
electrodes, LIG-Co-P and LIG-NiFe were fabricated by electrodeposition in a 3-three
electrode configuration, with Ag/AgCl as the reference electrode and a Pt plate as
the counter electrode. For the fabrication of LIG-Co-P, the electrolyte bath contained
50 mM CoClz, 0.5 M NaH2PO2, and 0.1 M NaOAc. The deposition was done by
consecutive linear scans between -0.3 and -1.0 V (vs Ag/AgCl) at a scan rate of 5 mV
s'1for 10 cycles. For the fabrication of LIG-NiFe, the electrolyte bath contained 3 mM
Ni(NO3)2:6H20 and 3 mM Fe(NOs3)3-9H20. The deposition was done at a constant
potential of -1.0 V (vs Ag/AgCl) at room temperature. The optimized deposition time

was 150 s.
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4.2.2. Results and Discussion
a Laser scribing O, plasma [ t“ ,; “
«;‘) b g ? 2
_) 7,, .

Laser scribing  Add precursor @

s
-

Figure 4.1. (a) Schematic fabrication process of the catalysts and SEM images
of (b) LIG-CoNiFe-1, (c) LIG-CoNiFe-2, (d) LIG-MnNiFe-1 and (e) LIG-MnNiFe-2.
The scale bars are 5 pm.

The synthesis of ternary metal oxide/graphene hybrid materials was done by
the recently developed LIG method.”0 As depicted in Figure 4.1a, the materials were
prepared in situ by laser scribing on the LIG loaded with metal salts. In the previous
study, the Co oxide derived catalyst demonstrated a good ORR/OER bifunctionality
as the cathode catalyst in a Zn-air battery.11* However, the relatively low activity of
Co in OER resulted in a charge potential higher than 2.1 V at 10 mA cm-. A high
charge potential in the Zn-air battery will lead to not only a low round-trip
efficiency, but also the potential oxidation of the ORR active sites under anodic

conditions and/or the corrosion of air cathode. In order to further lower the
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overpotentials in OER, we combined the high OER activity from NiFe-based
catalysts83 84 with the ORR activity from the Co/Mn species177.178 to prepare the four
ternary metal oxide/LIG hybrid catalysts. The Ni:Fe feed ratio of 1:1 is based on the
optimized OER performance as reported.”’? LIG-CoNiFe-1 and LIG-CoNiFe-2 are
prepared with atomic ratios (Co:Ni:Fe) of 1:1:1 and 3:1:1 in the precursor solutions,
respectively. Similarly, LIG-MnNiFe-1 and LIG-MnNiFe-2 are prepared with atomic
ratios (Mn:Ni:Fe) of 1:1:1 and 3:1:1 in the precursor solutions. The scanning
electron microscopy (SEM) images shown in Figure 4.1 illustrate the porous
structure of the catalysts that contributes to good contact with the electrolyte. No
large aggregates of particles were observed, indicating the uniform distribution of
ternary metal oxides which are spontaneously formed in a well interconnected
matrix of LIG. No further processing is needed. The porous LIG structure provided a

conductive scaffold and to maximize the exposure of the surface active sites.
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Figure 4.2. TEM images of (a) LIG-CoNiFe-1, (b) LIG-CoNiFe-2, (c) LIG-MnNiFe-1
and (d) LIG-MnNiFe-2. The TEM elemental mapping of (e) LIG-CoNiFe-2 and (f)
LIG-MnNiFe-1. The scale bar is 10 nm for (a-d), and 100 nm for (e, f).
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Figure 4.3. TEM images of (a) LIG-CoNiFe-1, (b) LIG-CoNiFe-2, (c) LIG-MnNiFe-1
nanoparticles in LIG-MnNiFe-1.

and (d) LIG-MnNiFe-2.
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Figure 4.4. TEM elemental mapping of LIG-CoNiFe-1 and LIG-MnNiFe-2.
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The transmission electron microscopy (TEM) images illustrate the
nanoparticle/multi-layer graphene hybrid structure. As shown in Figure 4.2a-d and
Figure 4.3, the metal oxide nanoparticles were embedded on and within graphene
with a diameter of 5-10 nm. The TEM elemental mapping images (Figure 4.2e-f,
Figure 4.4) further reveal the overlapping distribution of the metal species in the
ternary metal oxides, suggesting the hybrid nature of the nanoparticles. The hybrid
structure is also revealed by the power XRD diffraction pattern (Figure 4.6). The
clearly identified D (~1340 cm1), G (~1580 cm1) and 2D (~2675 cm1) peaks in the
Raman spectra (Figure 4.5) confirm the existence of defective or bent graphenic
structure that is the characteristic sign of LIG,2% 176 and consistent with the
observations from TEM images. The high D/G ratio of ~1.1 indicates the defects and
bent structures. Because LIG is formed through a rapid heating and cooling lasing
process, it leads to the formation of more 5,7-membered rings?8 when compared to
the CVD-grown thermodynamically stable graphene. Therefore, LIG is referred to as
kinetic graphene. The G/2D ratio is ~1.8 through the catalysts, suggesting the multi-

layer structure of the graphene.

123

123



Intensity (a.u.) Q

LIG-CoNiFe-1 b
S |LIG-CoNiFe-1

LIG-CoNiFe-2|
< |LIG-CoNiFe-2

LIG-MnNiFe-1| &
S |LIG-MnNiFe-1

LIG-MnNiFe-2| €
LIG-MnNiFe-2

500 1000 1500 2000 2500 3000

292 290 288 286 284 282 280

Wavenumber (cm™) d Binding Energy (eV)
E Co 2p1'.2 Cq‘2p3/2 = Mn 2p1t’2 "L‘ Mn 2p3/2
5 | LIG-CoNiFe-2 3 [LIG-MnNiFe-2  _#  \
cu- A“ \(-U’ fuslel /‘W_\».t,.: O
> 2| w
» 7 =
c _ c
O [LIG-CoNiFe-1 == I 2
£ b £ .. 11 7 eV
e O LIG-MnNiFe-1_ TR
810 800 790 780 660 655 650 645 640 635
e Binding Energy (eV) f Binding Energy (eV)
> >
8 8
2 2
= =
c c
L] 3
= ) =
Lo MnNi e2 | | | |
880 870 860 850 740 730 720 710

Binding Energy (eV)

Binding Energy (eV)

Figure 4.5. Spectral charaterizations of the catalysts.
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(a) Raman spectra of the catalysts. The high-resolution XPS spectra in (b) C 1s,
(c) Co 2p, (d) Mn 2p, (e) Ni 2p and (f) Fe 2p regions.
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Figure 4.6. Powder XRD diffraction pattern of the catalysts.

The symbols indicate the diffraction peaks from LIG (multilayer graphene),
NiOx and CoOx.

The elemental compositions of the catalysts were analyzed by X-ray
photoelectron spectroscopy (XPS) as shown in Figure 4.5. The C 1s spectra show a
characteristic peak of LIG at 284.5 eV, corresponding to the sp? carbon from
graphene.17® The Co species in LIG-CoNiFe-1 and LIG-CoNiFe-2 exist in +3 and +2
oxidation states as demonstrated by the 2ps3;2 peaks at 780.6 and 782.7 eV,

respectively.180 The satellite peaks might also bear the contributions from Fe Auger
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signals. The Mn species in LIG-MnNiFe-1 and LIG-MnNiFe-2 exhibit a well-resolved
spin-orbit splitting of 11.7 eV between 2p2/3 (641.8 eV) and 2pi1/2 (653.5 eV),
indicating the +4 oxidation state of Mn.181 The Ni and Fe species are in +2 (Ni 2p3,2
856.1 eV) and +3 (Fe 2psz 711.1 eV) states, respectively.l82 The relative

compositions of metal species in the catalysts have been summarized in

Table 4.1, all of which agree well with the feed ratio in the precursor solutions,

suggesting the efficient consistency of the LIG method.

Catalyst Co (%) Mn (%) Ni (%) Fe (%)
LIG-CoNiFe-1 36 - 34 30
LIG-CoNiFe-2 56 - 20 24
LIG-MnNiFe-1 - 34 34 33
LIG-MnNiFe-2 - 57 20 23

Table 4.1. Relative composition of the metal species in catalysts.
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Figure 4.7. ORR performance of ORR LIG-CoOx and LIG-MnOx.

LSV curves of (a) LIG-CoOx and (b) LIG-MnOx in Oz saturated 0.1 M KOH. And
the corresponding n calculated from K-L equation in (c) for LIG-CoOx and (d)

for LIG-MnOx.
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Figure 4.8 OER performance of LIG-CoOx, LIG-MnOx and LIG-NiFe.

(a) OER LSV curves of LIG-CoOx, LIG-MnOx and LIG-NiFe and (b) the calculated
Tafel plots. (c) ORR LSV curves of LIG-NiFe and in Oz saturated 0.1 M KOH and

(d) the corresponding n calculated from K-L equation.
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Figure 4.9. Electrochemical performance of the catalysts in 0.1 M KOH.
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(a) OER polarization curves and (b) the corresponding Tafel plots. (c) ORR
polarization curves in O:-saturated 0.1 M KOH at 1600 rpm. (d) ORR LSV
curves of LIG-MnNiFe-1 at different rotating speeds. (e) Calculated n values at
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different potentials. (f) The Eoer (j = 10 mA cm-2) and Eorr (j = -3 mA cm2)
values of the catalyst.

The electrochemical performance of the catalysts was assessed using a rotating
disk electrode in 0.1 M KOH. As discussed above, Co- and Mn-based catalysts has
shown promising activity for ORR, such as high onset potential and electron transfer
number (n) of ~4 (Figure 4.7). However, their OER activity is limited by the high
onset potentials and Tafel slopes. On the contrary, NiFe oxide possess remarkably
high OER activity but suffers from a poor ORR performance, specifically in terms of
the n value (Figure 4.8). The ternary metal oxide/LIG catalysts are expected to
exhibit high ORR/OER bifunctionality from the hybrid compositions. Figure 4
Figure 4.9a shows the linear sweep voltammetry (LSV) curves for OER at 1600
rpm, where all four hybrid catalysts exhibited lower onset potential than that of LIG-
CoOx with similar Tafel slopes as that of LIG-NiFe. The incorporation of NiFe
significantly enhances the OER performance. The OER activity is further
quantitatively characterized by the potential to reach 10 mA cm2 (Eoer value) as
summarized in Table 4.2. The Eoer values of the ternary metal oxide/LIG catalysts
are significantly lower than that of LIG-CoOx and LIG-MnOx. LIG-CoNiFe-1 exhibited
the lowest Eoer value of 1.517 V (vs RHE). The Eoer value of Mn-based catalyst was
lowered from 1.850 V of LIG-MnOx to 1.543 V of LIG-MnNiFe-1. The ternary metal
oxide/LIG materials have demonstrated OER activity comparable to the

conventionally prepared catalysts (Table 4.3). It should be noted that the
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characteristic anodic peak from Ni2+ oxidation (Figure 4.8a, b) was not observed
from the ternary metal oxide catalysts. This finding confirms the hybrid nature of
the oxides since the high valence ions (Co3* or Mn**) would suppress the oxidation
of Ni2* and it is suggestive of the intrinsic synergetic effect between the metal
species.103.183 The redox peak observed at ~1.4 V originates from the redox of Ni*
and Ni3*% under anodic conditions. Although the underlying mechanism is still
under debate, recent studies have demonstrated that the presence of high valence
metal ions (Fe3+, Co3* and Mn#**) suppress the oxidation of Ni2* to higher oxidation
states.197 The possible reasons may be the decreased affinity of oxygen for the Ni
surface and destabilization of the Ni3* species due to the partial charge transfer from
Ni to the high valence metal ions. In this manuscript, the relative molar ratio of
Mn/Co+Fe to Ni is 2:1 and 4:1. Such high amounts of high valence metal ions would
significantly suppress the redox of Ni, which is consistent with the literature103.105

and our previous observation.”?
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Figure 4.10. ORR LSV curves of (a) LIG-CoNiFe-1, (b) LIG-CoNiFe-2 and (c) LIG-
MnNiFe-2.

132



133

a b -02
] 055V
03 m 055V 03] : 0.45V
e 045V . A 035V
04 A 035V 1~ 1 v 025V
(\IT—\ v 025V 'E '0.4'
: 5
< -0.5 E -0.54
é ‘:-/ ]
< -0.61 '~ 0.6+
\l 4
.07 LIG-CoNiFe-1 0.7 LIG-CoNiFe-2
n~3.2-3.6 | n~3538
002 003 004 005 006 0.07 002 003 004 005 006 0.7
-1/2
o (rpm) o (rpm)
C 02
055V
045V
-0.31 0.35V
o 025V
5 04
< - .
£
T 05
LIG-MnNiFe-1 LIG-MnNiFe-2
-0.61 n~3.8-4.0 1 n~4.0
x T T T x T T T T T - .6 T T T T T
0.02 003 004 0.05 0.06 0.07 0.02 003 004 005 0.06 007

112 172
( (

o (rpm) o (rpm)

Figure 4.11. ORR K-L curves of (a) LIG-CoNiFe-1, (b) LIG-CoNiFe-2, (c) LIG-
MnNiFe-1 and (d) LIG-MnNiFe-2.

At the same time, the ternary metal oxide/LIG catalysts shows promising ORR
activity as inherited from the Co/Mn species. The ORR LSV curves at 1600 rpm were
obtained in Oz-saturated electrolyte as illustrated in Figure 4.9c. LIG-MnNiFe-2
delivers the highest limiting current of -4.62 mA cm2, followed by -4.53 mA cm2 of
LIG-MnNiFe-1. The current densities of LIG-CoNiFe-1 and LIG-CoNiFe-2 are slightly
lower than the former two catalysts. The linearly fitted Koutecky-Levich (K-L) plots

were performed on the ORR LSV curves recorded at various electrode-rotation
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speeds from 225 to 1600 rpm (Figure 4.9d, Figure 4.10 and Figure 4.11) to
examine the ORR kinetic performance. The parallel lines fitted at different potentials
indicate the first-order reaction kinetics with respect to the dissolved O:
concentration. As shown in Figure 4.9e, the catalysts show n values ranging from
3.2-4.0, indicating the existence of direct four-electron reaction pathways. However,
for LIG-CoNiFe-1 and LIG-CoNiFe-2, the n values are ~3.2-3.6 and ~3.5-3.8,
respectively; a significant deviation of n from 4.0 indicating the non-negligible
formation of HO2- through the two-electron pathway. This could be caused by either
the competing sites from NiFe or the LIG matrices.184 In contrast, the LIG-MnNiFe-1
and LIG-MnNiFe-2 possess n values of ~4.0 that originates from the intrinsic high
activity of Mn.185 The overall bifunctional activity is evaluated by the potential
difference between Eoer and Eorr (Figure 4.9f and Table 4.2). The highest activity
was achieved on LIG-MnNiFe-1 (0.974 V), which also exhibits a considerably good n
value of ~3.8-4.0. Although Co species contribute to a higher OER activity, the Mn
species lead to a more balanced OER/ORR bifunctionality of the ternary metal oxide.
And therefore LIG-MnNiFe-1 and LIG-MnNiFe-2 are promising candidates for the

cathode catalysts in Zn-air batteries.
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Catalyst Eorr (V)2 Eoer (V)b n EoEr- Eorr (V)
LIG-NiFe 0.560 1.520 ~2.5-3.5 -
LIG-CoOx 0.571 1.575 ~3.5 1.004
LIG-MnOx 0.622 1.850 ~3.9-4.0 1.228

LIG-CoNiFe-1 0.450 1.517 ~3.2-3.6 1.067
LIG-CoNiFe-2 0.546 1.529 ~3.5-3.8 0.983
LIG-MnNiFe-1 0.569 1.543 ~3.8-4.0 0.974
LIG-MnNiFe-2 0.586 1.566 ~4.0 0.980

a ORR current density reaches -3 mA cm2. b OER current density reaches 10 mA cm-

2-

Table 4.2. Summary of the ORR/OER performance of the LIG catalysts.
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Preparation OER Tafel slope
Catalyst Eoer (V) Ref
method? (mV dec1)
LIG-CoNiFe-1 LIG 1.517 41
LIG-CoNiFe-2 LIG 1.529 38 This
LIG-MnNiFe-1 LIG 1.543 45 work
LIG-MnNiFe-2 LIG 1.566 47
CoSx@PCN/rGO TP 1.57 44 186
Co-C3N4/CNT TP 1.61 68.4 187
NiCo/PFC TP 1.63 106 188
H-Pt/CaMnOs3 TP 1.80 - 189
MnxOy/N-doped carbon TP 1.68 82.6 190
Co/Co304@PGS TP 1.58 76.1 191
S-GNS/NiCo2S4 TP 1.56 65 192

a TP: thermal pyrolysis.
Table 4.3. Comparison of OER activities of the LIG-based catalysts with the

state-of-the-art catalysts (in 0.1 M KOH).
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Figure 4.12. Zn-air battery performance of the catalysts in aqueous electrolyte.

(a) Schematic structure of the battery. (b) Charge-discharge polarization curves of
the batteries with different catalysts. (c) Discharge polarization curves and the
corresponding power density. (d) Galvanostatic discharge-charge cycling curves of
LIG-MnNiFe-1 and LIG-MnNiFe-2 at 10 mA cm. (e) Long time cycling test of LIG-
MnNiFe-1 at 10 mA cm2 (arrows represent the supplement of electrolyte). (f)
Photograph of two Zn-air batteries in serial connection, showing an open circuit
potential of 2.84 V and (g) the LED (2.5 V) lighted by the batteries. (h) Photograph of
the electric water splitting on catalytic LIG electrodes, LIG-Co-P and LIG-NiFe,
powered by two Zn-air batteries in serial connection. Inset shows the zoomed

photograph of the working electrodes.

With the dual ORR/OER electrochemical performances of the catalysts
optimized, we then determined to incorporate them as the cathode catalyst in a
home-made liquid Zn-air battery (Figure 4.12a). The battery charge/discharge
performance was characterized by polarization curves as shown in Figure 4.12b.
The incorporation of NiFe in the catalysts contributes to much lower charge
voltages (LIG-CoNiFe-1, 2.09 V; LIG-CoNiFe-2, 2.13 V; LIG-MnNiFe-1, 2.11 V; LIG-
MnNiFe-2, 2.25 V) than LIG-CoOx (2.26 V) at 50 mA cm2. And the catalysts have
shown performance comparable to Pt/C+RuO2. The LIG-MnNiFe-1 exhibits the
lowest charge/discharge voltage gap of 1.09 V at 50 mA cm-2, which is even better

than the performance of Pt/C+Ru0O2 (1.22 V) or LIG-CoOx (1.31 V) (as measured by
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us, not shown). The LIG-MnNiFe-1 delivered a maximum power density of 98.9 mW
cm?, followed by 95.1 mW cm? from LIG-MnNiFe-2, both surpassing that of
Pt/C+Ru02 (93.8 mW cm2). Although LIG-CoNiFe-1 and LIG-CoNiFe-2 have low
overpotentials in the charge process, their output power densities were hindered by
the ORR activity. Furthermore, at the discharge current density of 10 mA cm-2, the
LIG-MnNiFe-1 battery exhibited a specific capacity of 807 mAh gzn'l, corresponding
to an energy density of 842 Wh kgznl (Figure 4.13). The rechargeability of the
batteries with LIG-MnNiFe-1 and LIG-MnNiFe-2 catalysts was tested by
galvanostatic charge/discharge (10 mA cm2, 10 min/cycle) as shown in Figure
4.12d, e and Figure 4.14. Both batteries showed excellent stability for >500 cycles.
The round-trip voltage gap of LIG-MnNiFe-1 merely increased from 0.88 V in the
initial cycles to 0.97 V after ~2000 cycles (~350 h). And the voltage efficiency
decreased only slightly from 57% to 53%. As for LIG-MnNiFe-2, the round-trip
voltage gap increased from 0.89 V to 1.04 V after 500 cycles coupled with a decrease
in efficiency from 57% to 51%. In contrast, the Pt/C+Ru0O2 showed a higher round-
trip voltage gap of 0.96 V (Figure 4.15). The LIG method was further employed for
the in situ preparation of the catalytic electrode MnNiFe/CFP (see experimental
details), which could be directly used as the cathode in Zn-air battery. As shown in
Figure 4.16, the MnNiFe/CFP exhibited good ORR/OER activity and the battery
worked with good stability for over 1000 cycles under galvanostatic condition. The
performance of the cathodes is strongly related to their element composition, as

illustrated by their OER/ORR activities. Ni/Fe and Co species are highly active for
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OER but suffers from low electron transfer number in ORR, which results in the low
power/energy densities. On the contrary, Mn species promote the overall ORR
activity yet increase the OER overpotential, and the charging potential. Our results
show that the ternary metal oxide strategy is an effective method for bifunctional
catalyst design, while the elemental composition should be carefully selected to

achieve an optimized energy efficiency in Zn-air batteries.

a s b
LIG-MnNiFe-1 | LIG-MnNiFe-1 10 mA cm®
g 1.0 g
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Figure 4.13. (a) Galvanostatic discharge profile of LIG-MnNiFe-1 at 10, 20, 40,
60, 80 and 100 mA cm2, (b) Capacity and energy density of LIG-MnNiFe-1 as
the cathode catalyst. Discharge curve of Zn-air batteries with LIG-MnNiFe-1 as

the cathode catalyst under galvanostatic discharge wuntil complete
consumption of Zn.
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Figure 4.14. Galvanostatic cycling performance of Zn-air battery with LIG-
MnNiFe-2 as the cathode catalyst (10 mA cm-2, 10 min per cycle).
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Figure 4.15. Galvanostatic discharge-charge curves of Pt/C+RuO2.
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Figure 4.16. (a) OER/ORR polarization curve of MnNiFe/CFP. (b) Cycling
performance of the MnNiFe/CFP cathode in a Zn-air battery.

As a demonstration for practical applications, two Zn-air batteries with LIG-

MnNiFe-1 catalyst were serially connected to generate an output voltage of 2.84 V and

power the LED (Figure 4.12f and g). Furthermore, the serial connected Zn-air batteries

were employed to drive the electrical water splitting on catalytic LIG electrodes, L1G-Co-

P and LIG-NiFe (Figure 4.17),'* as shown in Figure 4.9h (Video 4.1 and Video 4.2).

The LIG derived materials exhibited great potential and applicability in electrochemical

energy storage and conversion.
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Figure 4.17. Polarization curves of (a) LIG-Co-P and (b) LIG-NiFe electrodes in
1 M KOH.
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Figure 4.18. Cycling performance of the flexible Zn-air battery.
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Table 4.4 summarizes the performance of rechargeable Zn-air batteries with
various bifunctional electrocatalysts. The ternary metal oxide/LIG catalysts
exhibited comparable performance in terms of power and energy density to those
conventionally prepared catalysts. And the battery with our catalysts has shown
remarkably high durability, which is attributed to the high OER activity of the
catalysts. In a Zn-air battery, the charging process is essentially the plating of Zn at
the anode, coupled with the OER at the cathode. The OER generally shows high
overpotential and Tafel slopes, which results in a high charging voltage of the
battery as well as a high anodic condition on the cathode (even the current
collector). The latter would easily cause the corrosion of the air cathode that leads
to leakage/flooding of the electrolyte and the oxidation of ORR sites,160. 194 both
hampering the durability of the battery. In view of these problems, the hybrid metal
oxides provide OER and ORR sites from different metal species in the nanoparticles,
to prevent the deactivation of the ORR site under anodic condition. Instead of using
a 3-electrode configuration,1°4 our strategy provides the facile synthesized ternary
metal oxide/graphene catalysts with high bifunctional activity, specifically the OER
performance, to minimize the overpotential in the charging process and to enhance

the durability of the batteries.
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Energy
Max power Voltage
Catalyst density Cycling stability Ref
(mWem2)  gap (V)
(Wh kgzn1)
LIG-MnNiFe-1 842 98.9 0.88 (10)
10 mA cm2, 10 min/cycle, >500 cycles
LIG-MnNiFe-2 - 95.1 0.89 (10)
2 mA cm2, 20 min/cycle for 180
NGM-Co 840 152 1.0 (2) 195
cycles
Co304 50 mA cm2, 10 min/cycle for 100
- 40 1.16 (50) 196
nanowires/SS cycles
20 mA cm-2, 20 min/cycle for 100
Ag-Cu on Ni foam 641 86 0.96 (20) 197
cycles
NCNT/CoO- 20 mA cm-2, 10 min/cycle for 100
713 102 0.86 (20) 198
NiONiCo cycles
Co/Co030:@PGS - 118 0.91 (10) 10 mA cm-2, 10 min/cycle for 800h 191
15 mA cm-2, 40 min/cycle for 75
Co(OH)2+N-rGO - 36 1.29 (15) 154
cycles
Co-N,B-CSs - 100.4 1.35(5) 5 mA cm2, for 128 cycles 199
NCNT/CoxMn1-xO 695 81 0.57 (7) 7 mA cm2, 10 min/cycle for 70 cycles 200
N-doped graphene 0.86~1.06 2 mA cm2, 60 min/cycle for 160
- 65 172
nanoribbon (2) cycles

2 Current density shown in parenthesis, unit is mA cm™.

Table 4.4 The performance of rechargeable Zn-air batteries with various

bifunctional electrocatalysts.
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Figure 4.19. Flexible Zn-air battery with LIG-MnNiFe-1 as the cathode catalyst.

(a) Schematic structure of the flexible Zn-air battery. (b) Charge-discharge
polarization curves of the battery. Inset shows the open-circuit potential. (c)
Photograph showing the open-circuit potential of the battery. Inset shows the
side-view photograph. (d) Photograph of a LED driven by the serial connection
of two flexible batteries.

Inspired by the performance of LIG-MnNiFe-1, we fabricated a flexible Zn-air
battery with LIG-MnNiFe-1 supported on carbon cloth as the air cathode and Zn
plate as the anode as illustrated in Figure 4.19a.201 The battery exhibited a high

open-circuit potential of 1.35 V and a good rechargeability as shown in Figure
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4.19b and c. For a practical demonstration, the serial connected devices were
capable of powering a LED. The long-term cycling performance is characterized in
Figure 4.18, which indicates the good durability of the flexible battery. In contrast
to the traditional Zn-air batteries with liquid electrolyte, the flexible batteries show

more attractive characters including flexibility, small size, safety and variability.

4.2.3. Conclusion

In summary, a series of bifunctional hybrid catalysts were prepared through a
facile LIG process. The ternary metal oxide/LIG hybrid catalysts were directly
formed by re-lasing on precursor-loaded LIG using a COz laser. All the catalysts have
shown good ORR/OER bifunctionality and demonstrate promising applications and
they were optimized to afford excellent cathode catalysts for rechargeable Zn-air
batteries. The optimum activity of LIG-MnNiFe-1 outperformed the noble metal Pt/C
+ Ru0O2 benchmark in terms of lower charge/discharge overpotential, higher output
power and more favorable reaction kinetics. The improved OER activity of the
catalysts significantly lowers the overpotential in the charging process, which helps
to avoid the oxidation of the ORR active sites under anodic conditions. The batteries
have shown considerably high stability for >500 cycles with small increases in the
charge/discharge voltage gap over 350 h. There could be several reasons for the
superior performance of LIG-MnNiFe-1: (a) there is a porous and interconnected
carbon structure to anchor the nanoparticles that enables high active surface area
with good electrical conductivity; (b) there is an optimized ratio of metal species in

the nanoparticles resulting in a balanced OER/ORR activity; (c) there are separate
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OER and ORR sites designed to enhance the durability of the catalyst. The catalysts
also demonstrate their potential for applications in flexible Zn-air batteries for
wearable and flexible electronic devices. Furthermore, the study presented here can
lead to a better route to develop high-performance non-precious metal bifunctional

catalysts for metal-air batteries through a scalable and cost-effective LIG approach.

Video 4.1. real-time videos of the water splitting powered by all-LIG materials
(top view)

https://pubs.acs.org/doi/abs/10.1021/acsaem.8b02011

Video 4.2. real-time videos of the water splitting powered by all-LIG materials
(side view)

https://pubs.acs.org/doi/abs/10.1021/acsaem.8b02011

4.3. Experimental Contributions

Mugqing Ren designed the experiments, prepared the samples, and conducted
part of the characterizations including SEM, TEM, Raman, XPS, electrochemical
measurements, battery test. Jibo Zhang designed part of the experiments and
conducted part of the characterizations including, electrochemical measurements,

SEM and XRD.
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Chapter 5

Li-breathing Air Batteries Catalyzed by
MnNiFe/Laser-Induced Graphene
Catalysts

This chapter was entirely copied from reference 202.

5.1. Introduction

The ever-increasing demand on energy storage for many applications including
electrical vehicles, portable electronic devices and grid electricity storage, has
stimulated significant advances in rechargeable batteries. Secondary Li-ion batteries
have shown remarkable success in the past decades; however, their energy
densities are insufficient to meet the demands for future applications.203 204
Rechargeable metal-O2 (or air) batteries are receiving much interest due to their
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high specific energy exceeding that of conventional Li-ion batteries, and they are
therefore being considered the next generation device for high energy density and
energy storage needs.205206 Among the metal-air batteries, Li-air and Na-air are the
most attractive due to their high theoretical energy densities of 3456 Wh/kgLizo2
and 1105 Wh/kgnao2, respectively, both being much higher than that of the Li-ion
batteries (~400-500 Wh/kg).204, 207, 208 Generally, the operation of rechargeable
metal-O2 batteries is enabled by the reversible formation/decomposition of
discharge product (usually the metal oxide or peroxide) at the cathode coupled with
the stripping/plating process of metal at the anode. One of the key challenges of the
realization of metal-O2 batteries is the high overpotentials and sluggish kinetics of
the oxygen electrochemistry at the cathode, the oxygen reduction (discharge) and
evolution (charge) processes.209-211 Therefore, many issues remain to be overcome,
such as the low electrical conductivity of the discharge products, aggregation of
discharge products on the air cathode, intrinsic sluggish oxygen kinetics at the
cathode, and the poor electrode-electrolyte interface.212-214

The implementation of carbon-composite catalysts on the cathode has been
regarded as an effective method to solve the above issues. Benefiting from the high
surface area and electrical conductivity of the carbon matrix, the bifunctional
oxygen electrocatalysts can remarkably lower the overpotential for oxygen
reduction reactions (ORR) and oxygen evolution reactions (OER) and extend the
cycle life of metal-O2 batteries.180.215 216 While noble metal catalysts (Au, Pt, RuO2

and IrO2) have demonstrated their superior electrocatalytic performance,80 217-220
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they are limited due to their high cost and scarcity. Alternatively, non-noble metal
catalysts have been developed as cost-effective alternative for metal-O2 batteries.
For instance, the newly developed Fe/N/C composites could reduce both the
discharge and charge overpotentials when used as the cathode catalyst in Li-O2
batteries.221 NiMn20s4 showed enhanced performance towards ORR and OER
reactions in Li-Oz batteries when compared to pristine carbon particles.222 The
carbon dots-decorated CoO/C composites with oxygen vacancies enhanced the Li-O2
battery cycling stability by 2X when compared to the conventional CoO catalysts.223
However, most of these bifunctional catalysts for metal-air batteries are tested in
pure Oz atmosphere, but a testing atmosphere imitating ambient conditions is
desired. Moreover, the Li-air battery in atmospheric conditions has discharge
products such as LiOH, Li2COs3, and Li202, whereas the decomposition potential of
LiOH and Li2COs is above 4.3-4.6 V (vs Li*/Li),224 much higher than that of Li202
(2.97 V) which is preferentially formed in pure O2. Hence, a study on the battery
performance in an air environment is necessary.

Our group has recently developed a series of methods to prepare metal
oxide/laser-induced graphene (LIG) composites through facile procedures that are
oven-free.’% 114 LIG is a 3D porous graphene formed by a one-step laser scribing
process on commercial polyimide (PI, Kapton®) film.! A typical CO: laser cutter as
found in most machine shops can be used for this work. The process is scalable and
amendable to roll-to-roll processing on plastic films. Further, it is simple to have

enhanced activity through nanoparticle incorporation during the lasing process.
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LIG-derived catalysts benefit from high electrical conductivity and porosity. The
catalysts have exhibited high activities for electrocatalytic processes in aqueous
electrolytes for water splitting, oxygen reduction/evolution and Zn-air batteries.1>8
In view of the high ORR/OER activity of the transition metal oxides of the fourth
period in aprotic electrolyte,22> we present the ternary metal oxides/LIG composites
as cathode catalysts for both Li-O2 batteries in pure Oz and Li-air batteries tested in
breathing air atmosphere. The specific selection of ternary system with Mn, Ni, Fe
was based on our previous studies on the OER and ORR activities in aqueous
electrolytes[#%] that demonstrated that Mn, Ni, Fe ternary oxides exhibited overall
excellent OER/ORR bifunctionality in aqueous electrolyte (O2 electrocatalysis and
Zn-air battery). The Mn, Ni, Fe ternary oxides showed lower overpotential for OER,
ORR and excellent electron transfer number, demonstrating better performance
than Co, Ni, Fe ternary oxides. Generally, a high activity in aqueous electrolyte can
imply a good activity in aprotic electrolyte.208 The preliminary results inspired us to
further study the performance of Mn, Ni, Fe-derived ternary oxides in aprotic Li-O2
batteries. For example, our previously investigated LIG-derived metal oxides have
shown remarkably low overpotentials in Oz electrochemistry and an excellent
electron transfer number of 4 in aqueous electrolyte, leading to a high energy
density rechargeable Zn-air battery. MnNiFe/LIG composites with different element
compositions were synthesized and denoted as M111/LIG (Mn: Ni: Fe = 1:1:1) and
M311/LIG (Mn: Ni: Fe = 3:1:1), respectively. Both M111/LIG and M311/LIG

catalysts have demonstrated superior stability and enhanced cycling life in the Li-air
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batteries without the presence of a redox mediator such as Lil, LiBr,
tetrathiafulvalene (TTF) and 2,2,6,6-tetramethylpiperidinyloxyl (TEMPQ).226-229 The
Li-O2 battery with M311/LIG catalyst can be reliably discharged and charged for
150 cycles with the discharge potential slightly increasing by 0.24 V. The Li-
breathing air battery with M311/LIG catalyst can be cycled for 350 cycles while Li-
breathing air with M111/LIG catalysts can cycled for ~ 300 stable cycles. The
morphology and structure of products during battery cycling were also investigated

to better understand the fundamental electrocatalytic mechanisms.

5.2. Li-breathing Air Batteries Catalyzed by MnNiFe/Laser-

Induced Graphene Catalysts

5.2.1. Experimental Section

5.2.1.1. Material Synthesis

Preparation of the catalyst: All samples were prepared under ambient air.
Kapton® PI films (McMaster-Carr, Cat. No. 2271K3, thickness: 0.005") were used as
received. LIG was generated by a COz laser (10.6 pm, Universal XLS10MWH laser
cutter platform) on the PI film in air using 3% of full power and 5% of full speed
with an image density of 6. The LIG was patterned on PI as a 2x2 cm? square. All of
the catalysts were prepared as previously discussed. 1 M MnS0O4, 1 M Ni(NOs3)2 and 1
M Fe(NOs3)s3 solutions were prepared with deionized water. Then the solutions with

different molar ratios were prepared with the total concentration of metal cations
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kept at 1 M. The as-prepared LIG (2 x 2 cm?) was treated by Oz plasma (Model 1020
Plasma Cleaner, Fischione Instruments) for 5 min to increase the wettability with

the precursor solutions. 80 pL of the metal cation solutions were dropped uniformly

154

onto the LIG. The soaked LIG (on PI) was dried under vacuum (~120 mm Hg) for 6 h.

The LIG was lased again atop the previous LIG pattern under the same conditions
(3% of full power and 5% of full speed with an image density of 6). The powder was

scratched off the PI using a spatula and collected for characterization.
5.2.1.2. Materials characterization

Materials characterization: SEM images were obtained by a FEI Quanta 400 high-
resolution field emission SEM. TEM images measurements were carried out at 80
keV using a FEI Titan Themis3 S/TEM equipped with image and probe spherical
aberration correctors. XPS was done by a PHI Quantera SXM scanning X-ray
microprobe with a monochromatic 1486.7 eV Al Ka X-ray line source, 45° take off
angle, and a 200 um beam size. Raman spectroscopy was performed at 532 nm laser
excitation. XRD measurement were done by a Rigaku SmartLab Intelligent X-ray
diffraction system with filtered Cu Ka radiation (A = 1.5406 A). A piece of Kapton®
thin film covered the sample to minimize the exposure to moisture.

Battery test: The electrochemical performance of M111/LIG and M311/LIG
bifunctional catalysts was tested in Li-Oz, Li-air and Na-air cells through coin type
CR2032 cells. All of the cells were assembled in the glove box under argon
atmosphere. The CR2032 Li-O2 and Li-air cell includes the lithium foil, Celgard 2500

membrane, 1 M lithium bistrifluoromethanesulfonimidate /tetraglyme (LiTFSI/G4)
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and the air cathode electrode. The CR2032 Na-air cell includes the sodium foil,
Celgard 2500 membrane, 1 M sodium perchlorate /tetraglyme (NaClO4/G4) and the
air cathode electrode. The cathode was prepared by casting slurry which consists of
80 wt% catalysts, 10 wt% carbon black (Super P, TIMCAL) and 10 wt%
polyvinylidene difluoride (PVDF; Alfa Aesar) in N-methyl-2-pyrrolidone (NMP) on a
piece of carbon paper. The galvanostatic discharge/charge tests were carried out in
voltage range of 2.0 to 4.5 V (vs Li/Li*). The input Oz/air was filter through

Ascarite/desiccant to remove the moisture and CO2.

5.2.2. Result and Discussion

M111/LIG and M311/LIG catalysts were synthesized in a solid phase process
similar to the previously developed methods.1>8 Briefly, LIG was first obtained
through lasing of a PI sheet followed by the O2-plasma treatment to enhance the
hydrophilicity. Then the aqueous precursor solutions, 1 M MnS04, 1 M Ni(NOs3)2 and
1 M Fe(NOs3)s with desired molar ratio (1:1:1 and 3:1:1) are dripped onto the LIG
pattern using a pipet. The porous LIG with enhanced wettability uniformly adsorbs
the solutions and therefore the metal salts are well-distributed in the LIG after a

drying process. Subsequently, a second laser scribing was carried out atop the
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original LIG. This converts metal salts to metal oxides that are graphene-surrounded.

Then the resultant powders are collected and applied as the catalysts for the

batteries.
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Figure 5.1. TEM images of (a) M111/LI1G and (b) M311/LIG catalysts.
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Figure 5.2. Electrochemical performance of the Li-O2 batteries.

Galvanostatic cycling performance of (a) M111/LIG and (b) M311/LIG
catalysts for Li-O:z batteries. Full discharge and charge capacity of (c)
M111/LIG and (d) M311/LIG catalysts for Li-Oz batteries.

The characteristic morphology of the catalysts is shown by the TEM images in
Figure 5.1. Both catalysts demonstrate the nanoparticles that are embedded on
graphene. The M311/LIG mainly consists of nanoparticles that are uniformly
distributed on LIG graphene foam with a comparatively smaller diameter of ~5 nm
than that in M111/LIG. The TEM images shows that both M311/LIG and M111/LIG
have a quite uniform spatial distribution on the graphene structures. The main
difference is the size distribution of the particles. M311/LIG exhibits, on the average,
smaller nanoparticles than M111/LIG. The LIG process undergoes rapid heating and
cooling, and the transient local temperature can reach >2000 K. Noting that Ni and
Fe species are good catalysts for carbon growth, they exhibit good solubility for
carbon at high temperature. The higher atomic ratio of Ni/Fe (~67% vs 40% in
M311/LIG) in the synthesis of M111/LIG can lead to the aggregation of metal
species, and their properties in dissolving carbon could also facilitate the process.
Additionally, under the extremely high temperature, part of the metal species can be
reduced by carbon to elemental metal. Both Ni and Fe have higher thermal stability
than Mn, and might initiate the nucleation process. Thus, in the M111/LIG, the initial
nucleation of Ni/Fe may be the dominant process when compared to Mn, and could

lead to a different size distribution of the nanoparticles. The difference in particle
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size indicates a higher surface-area-to-volume ratio of M311/LIG, and thus more
exposed active sites than in M111/LIG. It should be noted that the ternary nature of
the nanoparticles was confirmed by elemental mapping,>® and therefore a

synergetic effect between the species is also expected.
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Figure 5.3. Discharge and charge mid-voltage vs the cycle number of Li-02
batteries with (a) M111/LIG and (b) M311/LIG as the cathode catalyst.

Figure 5.2a and b show the representative discharge and charge voltage
profiles for the M111/LIG and M311/LIG catalysts at a current density of 0.08
mA/cm? with a cutoff capacity of 0.4 mAh/cm?2. The charge mid-voltage of the fifth
cycle in the M111/LIG in the Li-O2 battery is remarkably lower (0.09 V) than in
M311/LIG, however, the charge mid-voltage value for the Li-O2 (M111/LIG) battery
kept increasing with the increase in cycle numbers while the mid-voltage values of
Li-0O2 (M311/LIG) was much more stable and the charging voltage slightly increased
by 0.31 V (Figure 5.3). It should be noted that the intrinsic activity of LIG and the
gas diffusion layer (carbon fiber paper) have been investigated, both exhibiting poor
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cycling stability with high overpotentials.l 114 The results suggest that higher Mn
content leads to a better ORR/OER activity. The tetraglyme-based Li* electrolyte, the
preferential discharge/reduction product of Oz is Li20z2, is poorly conductive.230,231
As the cycle numbers increased, the insulating discharge products (that are not fully
decomposed during the charge process) can build on the surfaces of the catalysts.
Such aggregation will not only increase the internal resistance but also block the 02
diffusion to the catalyst, leading to a gradually increasing overpotential in both
discharge and charge processes. The deep-voltage cycling performance provides
support for this hypothesis. As shown in Figure 5.2c and d, the discharge capacity of
the Li-O2 battery with the M311/LIG catalyst (vs Li*/Li) reached 26.3 mAh/cm? at
2.0 V, which nearly doubled that of the M111/LIG catalyst (11.9 mAh/cm?2). The
higher capacity suggests there are more accessible ORR active sites in M311/LIG
than in M111/LIG, which is in accord with the observations in the TEM. Although
both M111/LIG and M311/LIG exhibit good rechargeability, the successive
accumulation of small amounts of undecomposed discharge products will become
significant upon long-term cycling. Since the electrochemical reactions at the
cathode are heterogeneous, the aggregation of insulating species on the surface of
the catalysts may diminish their intrinsic high activity. The enhanced cycling
performance of M311/LIG catalyst (Figure 5.3) not only demonstrates its high
catalytic activity but may imply an improved surface morphology of the discharge

product on the catalyst.
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Figure 5.4. Electrochemical performance of the Li-air batteries with M111/LIG

catalyst.

(a) Galvanostatic cycling performance and (b) the discharge and charge mid-

voltage vs cycle number.
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(a) Galvanostatic cycling performance and (b) the discharge and charge mid-
voltage vs cycle number.

Instead of using pure oxygen, M111/LIG and M311/LIG catalysts were tested in
filtered breathing air (see experimental section). M111/LIG enables the Li-air
battery to reliably discharge and charge for 300 cycles with a cut-off capacity of 0.4
mAh/cm?. The charge overpotential increased by 0.94 V after 300 cycles (Figure
5.4). The M311/LIG catalyst could produce a 350 cycle Li-air battery with the
charge overpotential increase of 0.57 V (Figure 5.5). The slightly higher cyclability
in air than in Oz might originate from the less passivated Li anode due to the lower
partial pressure in air. The O2 crossover towards anode can lead to the formation of
insulating products that increase the overpotential of Li platting/stripping.232-234
Apart from the anode side, the cathodic results suggest that although Ni-Fe species
are OER-active catalysts and present in both M111/LIG and M311/LIG, the higher
Mn content in the catalyst leads to a higher evolution of Oz during the charge
process. Indeed, Mn-based catalysts have been reported to be efficient in OER.75 235
237 M111/LIG and M311/LIG were compared with other reported ternary metal

oxides for Li-O2 batteries (Table 5.1); both catalysts show an enhanced stability and

cycle life.
Catalyst Electrolyte Cycle Battery type Ref
a-MnO:@GN 0.5 M LiCl04/DMSO 45 (1000 Li-Oz (Swagelok 238
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composite mAh/g) cell)

Carbon 1 M LiTFSI/TEGDME 70 (1000 Li-02 (2032 coin- 239

nanosheets/moly mAh/g) cells)

bdenum carbide

PdNi-NSMmC/CP 1 M LiCF3S03/TEGDME 74 (500 Li-O2 (Swagelok 240
mAh/g) cell)

Co0/rGO 1 M LiTFSI/TEGDME 69 (1000 Li-O2 (Swagelok 241
mAh/g) cell)

Pt-Cu/C 1 M LiCFsSO03/TEGDME 50 (500 Li-O2 (Swagelok 242
mAh/g) cell)

C-Co304-10 1 M LiTFSI/TEGDME 20 (500 Li-O2 (Swagelok 69
mAh/g) cell)

CxNy particles@N- 1 M LiTFSI/TEGDME 200 (1000 Li-02 (2032 coin- 243

doped porous mAh/g) cells)

graphene

N-Doping 1 M LiCF3S03/TEGDME 30 (1 Li-O2 (Swagelok 244

Cobalt@Graphene mAh/cm?) cell)

Co[Co, Fe]O4/NG 1 M LiCFsSO3/TEGDME 110 (1000 Li-02 (2032 coin- 245
mAh/g) cells)

Co-Mn-0 MOFs 1 M LiCFsS03/TEGDME 100 (0.16 Li-02 (2032 coin- 246
mAh/cm?) cells)

CoFe204/CNT 1 M LiTFSI/TEGDME 30 (430 Li-O2 (Swagelok 247
mAh/g) cell)

CoFez04 1 M LiTFSI/TEGDME 47(500 Li-O2 (Swagelok 248
mAh/g) cell)

M111/LIG 1 M LiTFSI/TEGDME 150 (0.4 Li-O2 (2032 coin-  This
mAh/cm?2) cells) work
ca. 430
mAh / Secatalyst

M111/LIG 1 M LiTFSI/TEGDME 300 (0.4 Li-air (2032 coin- This
mAh/cm?2) cells) work
ca. 430
mAh / Scatalyst

M311/LIG 1 M LiTFSI/TEGDME 150 (0.4 Li-02 (2032 coin-  This
mAh/cm?) cells) work
ca. 430
mAh / Scatalyst

M311/LIG 1 M LiTFSI/TEGDME 350 (0.4 Li-air (2032 coin- This
mAh/cm?2) cells) work
ca. 430
mAh / Scatalyst
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Table 5.1. Comparison of the M111/LIG and M311 catalysts with metal

oxides/graphene catalysts.

For a fundamental understanding on the mechanism of the M111/LIG and
M311/LIG catalysts in the batteries, O2 was preferred since the electrochemistry in
breathing air will be more complicated due to the side reactions and products. For
example, Li can react with N2 to form LisN. LisN is considered a good SEI layer
promoter for protecting Li metal anode249-251, therefore, it will influence the cycling

performance of the battery.

Figure 5.6. Catalyst morphology, as shown by SEM,
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of (a) the pristine M111/LIG electrode, (b) the discharged M111/LIG electrode,
(c) the charged M111/LIG electrode, (d) the pristine M311/LIG electrode, (e)
the discharged M311/LIG electrode and (f) the charged M311/LIG electrode.

Figure 5.6 summarizes the morphological changes of the catalysts after a deep
discharge-charge cycle as shown by scanning electron microscopy (SEM). The
typical morphologies of pristine M111/LIG and M311/LIG electrode are shown in
Figure 5.6a and d, exhibiting a highly porous structure in the LIG-derived
catalysts.1. 70,114,158 These porous structures facilitate the fast diffusion of Oz, and
also provide a conductive and high surface area host that interacts with the
electrolyte to maximize the accommodation of discharged products. After a deep
discharge to 2.0 V in 02 atmosphere, both M111/LIG and M311/LIG were covered
by particles of the discharge product as shown in Figure 5.6b and e. Interestingly,
the discharge products on M111/LIG are aggregates of particles with diameters < 1
pum. In contrast, the discharge products on M311/LIG are well-dispersed smooth
particles with a larger diameter of ~1-2 um. Despite the difference in particle size,
both discharge products possess morphologies similar to crystalline Li202.252
However, the significant variance in the size and configuration of particles might
imply a fundamentally different nucleation processes in each catalyst. After the
electrodes were fully charged, the particles disappeared, and the morphology
resembled the pristine catalysts as shown in Figure 5.6c and f, suggesting the
decomposition of discharge products. Although the results indicate a similar activity

for M111/LIG and M311/LIG catalysts in the reversible formation and
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decomposition of discharge products in a Li-Oz battery, a further detailed

investigation was conducted.
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Figure 5.7. XRD characterizations of the (a) M111/LIG and (b) M311/LIG
electrodes.

The crystalline structure changes of the discharge products during discharge
and charge process in a Li-O2 battery were obtained from the X-ray diffraction
(XRD) data (Figure 5.7 a and b). In addition to the characteristic peak of multilayer
graphene observed at 25.6° two major products are identified after the discharge
process: LiOH and Li202. At room temperature, Li202 is both the thermodynamically
and kinetically stable product of oxygen reduction in aprotic Li* electrolytes, due to
the higher change in Gibbs free energy (AG:9(Li202) = -571 kJ/mol, AG:°(Li20) =-561
k]/mol) and the high activation energy required to break the 0-O bond.?53 In a
typical ORR process, O2 is reduced to Oz~ which precipitates with Li* to form LiO2z in

low donor number solvent, such as the ethers used in this study.3! The subsequent
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reduction from LiO2 to Li202 is accomplished through the reduction and/or
disproportionation of LiO2 deposited on the cathode surface, which highlights the

surface catalytic activity of the Oz electrode.

The formation of LiOH in the Li-O2 battery could be ascribed to several
processes. The reaction between Li202 and trace amounts of H20 in the
electrolyte/02 atmosphere leads to the formation of LiOH (2Li202 + 2H20 — 4LiOH +
02). Another plausible source for LiOH is the high reactivity of LiO2 with the PVDF

binder as shown in Equation 5.1: 254256

LiO2 + -(CH2-CF2)- - HOz + -(CH=CF)- + LiF

2HO2 - H202 + O2

Equation 5.1. Plausible source for LiOH.

Mn species would facilitate the decomposition of H202 and move the reaction
forward to result in the formation of LiOH.25> This process is also suggested by the
slightly higher intensity of LiOH in the M311/LIG catalyst. Since the characteristic
layering morphology of LiOH is not observed in the SEM images, we conclude that
the formation of LiOH is not the major process in the batteries and would
precipitate as small particles along with Li202 formation.2>*¢ Despite the dual
discharge products, both catalysts have shown remarkably high activity in
decomposing the discharge products during the charge process, as indicated by the

loss of crystalline structures from the charged electrodes. The higher oxygen
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evolution activity of NiFe species over Mn species would contribute to a lower
overpotential of M111/LIG than in M311/LIG.257 258 As shown in Figure 5.3,
M111/LIG exhibits a comparatively lower charge voltage than in M311/LIG in the
first few cycles. However, as the cycling continued, the high activity NiFe species
would be compensated by the increase of electrode polarization caused by irregular
accumulation of discharge products, resulting in a higher overpotential. As shown in
Figure 5.2, M111/LIG showed a charge voltage of ~3.82 V at the 5t cycle, which is
lower than that of M311/LIG (~3.97 V). However, at the 25t cycle, the voltage of
M111/LIG is 60 mV higher than that of M311/LIG (4.07 V vs 4.01 V). During the
discharge/charge cycles, the peaks from the discharge products were barely
observed, possibly due to the strong signals from the LIG. The graphenic structure of
LIG is maintained as suggested by the Raman spectra (Figure 5.8), which suggests
the excellent structural stability of the LIG catalysts even under high anodic

conditions.
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Figure 5.8. Raman spectra of the M111/LIG and M311/LIG electrodes.
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Figure 5.9. High-resolution XPS characterization of (a, b) Li 1s and (c, d) O1s
regions of the catalysts.

The chemical composition of the discharged and charged electrodes were
studied by X-ray photoelectron spectroscopy (XPS) (Figure 5.9). The elemental
compositions of the pristine catalysts have been well studied.?2 Among the

catalysts, Ni and Fe species are in +2 (Ni 2p3/2 856.1 eV) and +3 (Fe 2p3,2 711.1 eV)
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states, respectively. The Co species exhibits a combination of +3 (780.6 eV) and +2
(782.7 eV) oxidation states. The +4 oxidation state of Mn was confirmed by the spin-
orbit splitting of 11.7 eV between Mn 2pz/3 (641.8 eV) and 2p1/2 (653.5 eV).202 After
discharging the electrode, Li 1s peaks emerged at ~55 eV (Figure 5a and 5b), which
could be deconvoluted to Li20 (53.6 eV) and LiOH/Li202 (54.5 eV). Simultaneously,
The main peak of Ol1s for both discharged M111/LIG and M311/LIG electrodes
(Figure 5.9 c), located at ~ 530.9 eV, demonstrates the presence of Li202/LiOH,
since the Li 1s binding energies of Li202 and LiOH overlap. The binding energy of Li
1s at 53.6 eV is ascribed to Li20, which is in accordance with previous
observations.253.259 The presence of Li20 is possibly due to the exposure to ambient
air during the transfer of samples, because of the absence of Li2O features in the
XRD results.260 Both O 1s and Li 1s spectra of the electrodes have demonstrated the
activity of the catalysts in the formation and decomposition of the discharge
products: Li202/LiOH. In the Li 1s spectra, the predominant peak at 54.5 eV
diminished when the electrode was charged, which accords well with the decrease

of the O 1s peak at 530.9 eV.
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Figure 5.10. The schematic discharge process of (a) M111/LIG and (b)
M311/LIG. (c) CV curves of the Li-Oz battery with different catalyst electrodes
in 02 atmosphere. (d) EIS analysis of the Li-Oz batteries at different cycles
(recorded at charged state).

The results from SEM, XRD and XPS suggest that the key factors to increase the
performance of a Li-O2 battery is not only to promote the catalytic activity of the Oz
electrode, but also to tailor the accumulation morphology of discharge products to

facilitate the charge transfer and ion diffusion. As proposed in Figure 5.10, the
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particles in M311/LIG have a higher density of surface active sites on the electrode
due to the smaller particle size than in M111/LIG (Figure 5.1), as well as a higher
content of Mn species that are active towards oxygen reduction. During the
discharge process, Oz would first undergo a one-electron reduction to Oz~ and
precipitate with Li* as LiOz2 because of the low donor number of the ether electrolyte
(tetraglyme).295 The reaction of LiO2 leads to the discharge products. At the initial
stage, the discharge products preferentially deposit on the catalyst particles due to
their high affinity for oxygen. As the discharge continues, the exposed catalyst
particles would be gradually covered by the discharge products. For the M111/LIG,
which has fewer surface active sites, discharge products would completely cover the
sites and start to precipitate irregularly on the electrode surface, eventually
blocking the ion/O: diffusion and reaching maximum capacity. The irregular
precipitation is suggested to be a heterogeneous nucleation and results in the
accumulation of small particles as shown in Figure 5.5b. Since M311/LIG has a
much higher density of active sites, the discharge products could be favorably
hosted on the catalyst surface as small particles even as the discharge capacity
increases. This process might be a surface-assisted homogeneous nucleation
process. The surface active sites would further lead to the growth of large particles
as shown in Figure 5.5e, and a higher discharge capacity than in M111/LIG. During
the charge process, the discharge products that are deposited far from the catalyst
particles (as those on M111/LIG) might require a high overpotential to decompose,

thus leading to an incomplete decomposition. The accumulation of poorly
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conductive discharge products on the cathode results in high internal resistance

and/or poor ion/0z2 diffusion that causes the battery to fail.

R Rer anode Rercathose  Warburg element

g SR g U

L} LI |

Cdl anode Cu‘l cathode

Figure 5.11. Equivalent circuit for the fitting of EIS data.

Rs stands for the equivalent serial resistance. Cdi anode and Car cathode Stand for
the double-layer capacitance at the anode and cathode, respectively. Rcr anode
and Rcr cathode stand for the charge-transfer resistance at the anode and

cathode, respectively. Ws is the Warburg impedance.

In order to support this hypothesis, we recorded the cyclovoltammetry (CV)
results of the catalysts as illustrated in Figure 5.10c. In an Oz atmosphere, both
catalysts showed the electrochemical signals towards the formation and
decomposition of discharge products. M111/LIG and M311/LIG exhibited similar
onset potential of oxygen reduction at ~2.8 V. However, the current of M311/LIG
increased more rapidly and reached a higher discharge capacity than M111/LIG,
which implies (1) M311/LIG has many more accessible sites and (2) the Oz diffusion
in M311/LIG is better. The enhanced rechargeability of M311/LIG is also

demonstrated by the electrochemical impedance spectra (EIS) in Figure 5.10d
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(Equivalent circuit shown in Figure 5.11). At the 5t cycle, M111/LIG exhibited
slightly lower cathode charge-transfer resistance (Rcrcathode) Of 241 Q than that of
M311/LIG (296 Q). The Rcr cathode 0f M111/LIG increased by 93 Q at 35t cycle, which
is ~60% higher than the increasement of M311/LIG (56 ). The more increased Rcr
cathode Suggests the more significant accumulation of undecomposed discharge
products on M111/LIG than on M311/LIG. The SEM images of electrode with a
discharge capacity of 10 mAh/cm? (Figure 5.12) also support this hypothesis. The
discharge capacity of M311/LIG is 26.3 mAh/cm?, and the morphology at 10
mAh/cm? demonstrates the continuing growth of discharge products. However, as
for M111/LIG electrode, the discharge products cover the surface at 10 mAh/cm?.
This observation matches the previous result (Figure 5.2, Figure 5.6 and Figure

5.13) and emphasizes the importance of morphology control of discharge products.
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Figure 5.12. SEM images of the (a,b) M111/LIG and (c,d) M311/LIG electrodes
at a discharge capacity of 10 mAh/cm?.

175



Discharged M311/LIG electrode

1600 1400

1200 1000 800 600

Wavenumber (cm™)

176

Figure 5.13. (a,b) TEM images and (c) Fourier-transform infrared spectrum of

M311/LIG after discharging.
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Figure 5.14. Galvanostatic cycling performance (a) and (b) discharge and
charge mid-voltage vs cycle number of M111/LIG for Na-air batteries.
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Figure 5.15. (a) Galvanostatic cycling performance and (b) discharge and
charge mid-voltage vs cycle number of M311/LIG for Na-air batteries.
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To demonstrate the general function ability of M111/LIG and M311/LIG
catalysts, a Na-air battery with those catalysts were also tested in the filtered
breathing air environment (Figure 5.14 and Figure 5.15). A Na-air battery with
M311/LIG catalysts showed a lower charge potential the Na-air battery with
M111/LIG, which indicates that the discharge product of M311/LIG is Naz0, while
M111/LIG leads to the formation of Na202. The 4-electron transfer on M311/LIG

accords with the high ORR activity of Mn species in aprotic electrolytes.

5.2.3. Conclusion

In this study, we demonstrated the bifunctional catalysts M111/LIG and
M311/LIG as efficient and durable cathode catalysts for Li-O2 batteries. The highest
capacity could be reached with M311/LIG at 26.3 mAh/cm?2 at 2.0 V. The batteries
also show a reversible cycling performance for >100 cycles with a cutoff capacity of
0.4 mAh/cm?2. By carefully studying the discharge and charge processes through
SEM, XRD and XPS, we found that the difference in elemental composition results in
different size distributions of the particles, which further affected the morphology of
discharge products in the Li-Oz battery. These findings could lead to the
development of efficient bifunctional catalysts for metal-O2 batteries and further
highlight the importance of tailoring the internal morphology of a metal-O2 battery

towards an excellent cycling stability.
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5.3. Experimental Contributions

Mugqing Ren designed the experiments, prepared the samples, and conducted
part of the characterizations including SEM, TEM, Raman, XPS, electrochemical
measurements, battery test. Jibo Zhang designed part of the experiments and
conducted part of the characterizations including, electrochemical measurements,

SEM and XRD.
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Chapter 6

Quasi-Solid-State Li-O2 Batteries with
Laser-Induced Graphene Cathode
Catalysts

This chapter was entirely copied from reference 261.

6.1. Introduction

The increasing demand for energy resources encourages the development of
high energy density storage systems. During recent years, Li-O2z batteries are
attracting considerable interest due to their outstanding theoretical capacities and
energy densities. Combining the Li metal anode with O2 as the cathode, a Li-O2
battery can, in principle, deliver a specific energy density of ~3500 Wh/kguizo02,
which is several times higher than conventional Li-ion batteries (LIBs). Since the
first demonstration of a rechargeable Li-Oz battery by Abraham and Jiang in
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1996,262 an improved rechargeable Li-O2 battery was presented by Bruce and co-
workers in 2006.263 The applicability of a delicately designed air cathode was then
illustrated, and studies on non-aqueous Li-O2 batteries have ensued.157,217,226,264-267
The use of metallic Li and liquid electrolytes in Li-O2 batteries has introduced the
same issues found in LIBs, such as electrolyte leakage, poor stability, flammability
and volatility of the electrolyte, and Li dendrite growth.268-272 The sluggish oxygen
electrochemistry at the Oz cathode contributes to additional problems, including the
accumulation of discharge products and blockage of Oz diffusion.273 274 Moreover,
the intermediate oxygen radical anion, superoxide (02-) formed during the
reduction process is active in decomposing the organic carbonate electrolyte and

presents a challenge when using conventional electrolytes.275276

The use of solid-state electrolytes over liquid electrolytes has been
considered as an efficient method to overcome the safety issues caused by organic
solvents. The well-studied inorganic solid electrolytes, including lithium superionic
conductors such as garnets,?’7 exhibit stable potential window and high ionic
conductivity for Li-O2 electrochemistry. However, poor interfacial properties raise
the interface impedance and block ionic transport, which is essential for the cathode
reactions, since Li202 has very low Li* ionic and electronic conductivities.278 279
Although recently developed sulfide-based compounds have demonstrated high
ionic conductivity and modulus as solid electrolytes, they exhibit high sensitivity to
02 and moisture.280-285 Alternatively, polymer gel electrolytes (PGEs) might provide

a better electrolyte-electrode interface due to their viscoelasticity and low
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modulus.?86 Moreover, PGEs were developed to improve the ionic conductivity and
solvation of Li* while maintaining a relatively high mechanical strength.287 Yet,
when considering incorporation of PGEs with the Oz cathode, the high charging
potential (due to the high overpotential of Oz electrochemistry) would not only
challenge the anodic stability of the electrolytes, but also diminish the energy
efficiency of the Li-O2 battery. The incorporation of a redox mediator, for example,
Lil, Inls and tetrathiafulvalene, into the electrolytes could facilitate the
decomposition of Li202 and lower the charge potential, at the possible cost of
migration of the redox mediator towards the anode and subsequent passivation of
Li anode.175 229,288-290 Therefore, a careful consideration of the overall design and

components of the Li-O2 battery is necessary when considering the use of PGEs.

We demonstrate a strategy towards practical Li-Oz batteries using a dual
polymer gel electrolyte (DPGE) with an efficient MnOz/laser-induced graphene
(LIG) cathode catalyst. In this design, the commericially available poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) was used as the backbone of the
DPGE to provide mechanical stability. Trimethylolpropane ethoxylate triacrylate
(TEMPT) was UV-polymerized in situ inside the PVDF-HFP network, providing a
high ionic (Li*) conductivity due to abundant ethylene oxide moieties efficiently
solvate Li* ions in the gel electrolyte. The DPGE demonstrated high stability through
a >2000 h Li plating/stripping process without short-circuiting or increasing the
interfacial resistance. The DPGE was further combined with the recently developed

method of direct laser writing catalysts to enable a practical Li-O2 battery with a
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metallic Li anode. The direct laser writing catalysts show promising properties, such
as high porosity, high electrical conductivity and chemical stability, all of which are
conducive to the development of porous materials for efficient cathode catalysts
with high surface area and stable architecture. The MnO2/LIG catalyst was selected
in this work for its high catalytic activity towards oxygen reduction/evolution
reactions (ORR/OER). MnO2/LIG demonstrated its high activity as the cathode
material for quasi-solid-state Li-Oz battery. The battery with DPGE and a MnO2/LIG
cathode catalyst shows stable galvanostatic charge/discharge performance for >200
cycles with a cut-off capacity of 0.4 mAh/cm?2. Furthermore, the cell sustained a high
capacity of 2.0 mAh/cm? over 50 cycles at an elevated current density of 0.4
mA/cm?, while the charging potential was lower than 4.5 V (vs Li*/Li). The results
prove the applicability of combining quasi-solid-state electrolytes with catalytic 02
cathodes for high-reversible-capacity Li-O2 batteries. The combination of DPGE with
direct laser writing processed noble-metal-free catalysts contribute a new direction

to the development of practical Li-O2 batteries.

6.2. Quasi-Solid-State Li-O: Batteries with Laser-Induced

Graphene Cathode Catalysts

6.2.1. Experimental Section

6.2.1.1. Material Synthesis

Preparation of the catalyst
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All samples were prepared under ambient air. Kapton® PI films (McMaster-
Carr, Cat. No. 2271K3, thickness: 0.005") were used as received. LIG was generated
by a CO2 laser (10.6 um, Universal XLS10MWH laser cutter platform) on the PI film
in air using 3% of full power and 5% of full speed with an image density of 6. The

LIG was patterned on Pl as a 2x2 cm? square.

1 M MnSOs4 solution was prepared with deionized water. The as-prepared LIG
(2 x2cm?) was treated by the Oz plasma (Boekel Model 135500) for 1 min to
increase the hydrophilicity. 80 uL of the solution were dropped onto the LIG. The
soaked LIG (on PI) was dried in air at room temperature overnight and then under
vacuum (~120 mm Hg). Then the LIG was lased again atop the previous LIG pattern
under the same conditions (3% of full power and 5% of full speed with an image
density of 6). Then the powder was scratched from the PI and collected for further
characterization. For comparison, the MnO2/LIG catalysts prepared from different
precursor concentrations, including 0.1 M and 2 M MnSO4, were synthesized using a

similar method. The control LIG was prepared similarly without adding the MnSOa.

Preparation of the DPGE

To a solution of 2.0 g PVDF-HFP in 8 g NMP was added 8 mL 1 M
LiTFSI/TEGDME. The mixture was stirred for 5 min. Then 0.02 g HMPP and 6 g
TEMPT were added to the solution. The mixture was stirred for 5 min, and then cast
on a glass substrate and irradiated with a 365 nm UV lamp for 30 s to obtain a DPGE

film.
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6.2.1.2. Materials characterization

Materials characterization

SEM images were obtained by a FEI Quanta 400 high-resolution field emission
SEM. TEM images measurements were carried out at 80 keV using a FEI Titan
Themis3 S/TEM equipped with image and probe spherical aberration correctors.
XPS was done by a PHI Quantera SXM scanning X-ray microprobe with a
monochromatic 1486.7 eV Al KR X-ray line source, 45° take off angle, and a 200 um
beam size. Raman spectroscopy was performed at 532 nm laser excitation. TGA was
performed on a Q-600 Simultaneous TGA/DSC (TA Instrument). The sample was

heated to 1000 °C in air.

Electrochemical measurements

Electrochemical measurements were obtained on a rotating disk electrode (5
mm dia., Pine Research Instrumentation). For the preparation of working electrode,
4 mg of the catalyst and 80 pL of 5wt% Nafion solution were mixed in 1 mL
water/ethanol (4/1, v/v) followed by 2 h bath-sonication (Cole Parmer, model
08849-00) to form a homogeneous ink. Then 12 pL of the catalyst ink was dropped
onto the glassy carbon electrode, and dried under vacuum (~120 mmHg) at room
temperature (The catalyst loading is ~0.265 mg/cm?). The electrochemical
measurements were carried out in a 3-electrode configuration using CHI 608D and
VMP3 (Bio-Logic Co.) electrochemical workstation. For OER test, a Pt plate and

Hg/HgO (in 1 M KOH) were used as the counter and reference electrode,
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respectively. For ORR test, a graphite rod and Hg/HgO (in 1 M KOH) were used as
the counter and reference electrode, respectively. The tests regarding oxygen
evolution were done in 0.1 M KOH with 95% iR compensation. The potential is

normalized with RHE.

For the OER test, the scan rate of the working electrode was 5 mV/s with a
rotating speed of 1600 rpm. The number of electrons transferred (n) during ORR
was calculated by the Koutecky-Levich (K-L) equation according the LSV curves

with varying rotating speed from 225 to 1600 rpm.

Battery test

The electrochemical performance of MnO2/LIG bifunctional catalysts and solid
electrolyte DPGE was tested in lithium-oxygen cells through coin type CR2032 cells.
All the cells were assembled in the glove box under an argon atmosphere. The Li*
transference number is measured using the potentiostatic polarization from a coin
cell, in which the DPGE is sandwiched by two pieces of Li foil.2°1 A small potential (5
mV) was applied on the cell and the current density was monitored. The
transference number was determined by the ratio of the stabilized current to the
initial current. The CR2032 Li-oxygen cell includes the Li foil, as-prepared DPGE,
and the Oz cathode electrode. The cathode was prepared by casting a slurry that
consists of 80 wt% catalysts, 10 wt% Super P (TIMCAL) and 10 wt% PVDF (Alfa
Aesar) in NMP on a piece of carbon paper. The galvanostatic discharge/charge tests

were carried out in voltage range of 2.0 to 5.0 V (vs Li/Li*).
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6.2.2. Result and Discussion
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Figure 6.1. (a) Preparation and characterization of the DPGE. The figure shows
the films that can be made by this approach. (b) Cross-section and (c) top-view
SEM images of the DPGE. (d) Li* transference number determination. Inset
shows the impedance spectra of the DPGE.

The synthesis of the DPGE was assisted by UV-activating polymerization of
TEMPT with PVDF-HFP as the backbone as shown in Figure 6.1a. Briefly, PVDF-HFP
was dissolved in N-methyl-2-pyrrolidinone (NMP). This solution was mixed with
lithium bistrifluoromethanesulfonimidate/tetraethylene glycol dimethyl ether
(LITFSI/TEGDME). After adding 2-hydroxy-2-methyl-1-phenyl-1-propanone (HMPP,
photo-initiator) and TEMPT to the solution, it was cast on top of a glass substrate

and cured with UV irradiation. The DPGE obtained through this method was semi-
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transparent with a typical thickness of ~ 287 um (Figure 6.1b) by scanning electron
microscope (SEM). X-ray photoelectron spectroscopy (XPS) results shown in Figure
6.3 demonstrates the distribution of Li* in the polymer network. Figure 6.1c
displays the cross-sectional morphology of DPGE that exhibits a dense structure,
indicating the well-formed interpenetrating polymer network between PVDF-HFP
and PEG. The broad and weak diffraction peak in Figure 6.4 suggests there is no
significant aggregation/crystallization of PVDF-HFP or PEG in the DPGE. The slightly
rough surface may be beneficial for interfacial contact with the Oz cathode, as it
provides a high active surface with the cathode catalysts to facilitate the Li*
transportation. The Li* transference number (tLi+) and conductivity of the DPGE is
summarized in Figure 6.1d. The DPGE exhibits a high tui+ of 0.6 and a total
conductivity of 3.25x10-#4 S/cm at room temperature, which are comparable to the
liquid electrolytes. The electrolyte’s electrochemical potential window is a critical
factor to ensure Li-O2 battery cycling reversibility. Therefore, linear sweep
voltammogram (LSV) testing was carried out on a Li/DPGE/stainless steel cell to
test DPGE’s anodic stability between 2.0-5.0 V as shown in Figure 6.5. No obvious
decomposition was observed before the voltage reaches 4.7 V, which demonstrates
the chemical stability of DPGE in withstanding a high oxidation potential. A
Li/DPGE/Li cell was fabricated to examine the compatibility of the DPGE with
metallic Li. As shown in Figure 6.6, no short-circuit or build-up of interfacial

resistance was observed after a 2000 h galvanostatic test.

188

188



189

Laser scribe Add precursor solution Laser scribe again

Mn2*
~

O, plasma

Figure 6.2. Preparation of the MnOz/LIG Catalysts.
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Figure 6.3. XPS spectra of the DPGE in (a) C 1s, (b) Li 1s, (c) F 1s and (d) O 1s
regions.
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Figure 6.4. XRD pattern of the DPGE.
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Figure 6.5. Anodic stability of the DPGE.
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Figure 6.6. Voltage stability of batteries with DPGE at 0.07 mA/cm? (discharge
1 h and charge 1 h).

Figure 6.7. Characterization of the MnO2z/LIG catalyst. (a-c) SEM images and (d-
f) high resolution TEM images of MnO2z/LIG.
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Because of to the sluggish 02 electrochemistry at the 02 cathode, an efficient
bifunctional catalyst is desired to lower the overpotentials in both discharge and
charge process. Instead of incorporating redox mediators (RMs, also known as
soluble homogeneous catalysts in aprotic Li-O2 batteries) in the electrolytes, we
proposed to use a porous heterogeneous catalyst at the cathode to avoid possible
“cross-talk” between Li and RMs. MnO2 has shown high activity and durability in
electrocatalysis and therefore was selected as the cathode catalyst for our study.
The in situ synthesis of MnOz/LIG catalysts was done by a re-lasing method as
previously reported (Figure 6.2).70.114 PJ is lased to make LIG, then exposed to an
oxygen plasma to increase the hydrophilicity. An aqueous solution of the MnSOs4 is
applied and then the LIG re-lased under the same conditions. The MnO2/LIG is then
scraped from the PI surface to afford the active catalytic material. The morphology
structure of MnO2/LIG catalyst was characterized by SEM (Figure 6.7a-c). The SEM
images show that the typical porous structure of LIG was maintained after MnO:
was in situ grown by direct laser writing. Additionally, there is no obvious
aggregation of MnO2 nanoparticles found on the LIG, indicating the homogeneous
distribution of nanoparticles. The 3D porous structure will benefit the diffusion of
02 to the active catalyst, which also benefits contact between the electrode and
DPGE. The LIG will contribute to a high discharge capacity since the capacity is
determined by the porous cathode catalyst structure’s ability to accommodate the

accumulation of discharged products.292 293
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Transmission electron microscope (TEM) images demonstrate that MnO:2
nanoparticles were homogeneously distributed on the graphene as shown in Figure
6.7d-f. The nanoparticles exhibit a uniform size distribution of ~10 nm. The inset
high resolution TEM (HRTEM) image reveals that the lattice spacing of MnOz2 is ~
0.24, 0.30 and 0.49 nm, respectively. These values correspond to the interplane
spacing of the (211), (310) and (200) planes of a-MnO2z (PDF44-0141), which is in
accordance with the X-ray diffraction (XRD) data (Figure 6.8a). It further confirms
the formation of MnO: nanoparticles embedded on graphene structures. The
multilayer graphene structure arranged around the metal oxides is consistent with
the Raman data (Figure 6.8b). The results confirm that the nanoparticles and LIG
were formed during the direct laser writing. Figure 6.8a shows the crystalline
structure of the catalysts. The characteristic peak of LIG is observed at 25.6°,
corresponding to the multilayer graphene structure. The crystal planes of (200),
(310), (211), (301) and (510) are well-defined from the XRD pattern and match the
lattice spacing of a-MnO:z. The intensities of these peaks are relatively weak, which
may be caused by the small size of the crystalized nanoparticles and rapid coverage

of LIG on the surface of MnOz.

The Raman active mode located at 643 cm-! in Figure 6.8b is attributed to the
symmetric stretching vibration (Mn-O) of the MnOs octahedron. This result is
consistent with the XRD evidence that MnOz2 is the primary phase of manganese
species in the catalyst. The clearly identified D, G and 2D peaks suggest the existence

of defective or bent multi-layer graphene as the characteristic sign of LIG.
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Figure 6.8. Characterization of the MnO2/LIG catalyst.

(a) Powder XRD pattern and (b) Raman spectra of MnOz/LIG. (c) XPS survey of
MnO2/LIG and (d) high-resolution spectrum of Mn 2p region.

The elemental composition and chemical valence state were analyzed by X-ray
photoelectron spectroscopy (XPS). A XPS survey spectrum of the MnO2/LIG catalyst
illustrates characteristic Mn, O and C species (Figure 6.8c). Figure 6.8d presents
the high-resolution XPS spectrum in the Mn 2p region for the MnO2/LIG catalyst. It
has spin-orbit split peaks of Mn 2p3/2 and 2p1,2 at 642.1 and 653.8 eV, respectively.

The spin-energy separation is 11.7 eV, which suggests the existence of Mn#** species.
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The O 1s spectra shows a broad peak with binding energy centering at ~532 eV,
which is attributed to cumulative signal of Mn oxides and the oxygen-containing
moieties such as C-0 and C=0 from LIG (Figure 6.9a). Thermogravimetric analysis

(TGA) shows that the weight percent of Mn is 17.9% in MnO2/LIG (Figure 6.9b).
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Figure 6.9. (a) XPS spectra of O 1s region in MnO2z/LIG catalyst. (b) TGA of the
pristine and MnO2z/LIG. And the contact angle of the (c) pristine LIG (on PI
film), and (d) as prepared MnO2z/LIG (on PI film).
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Figure 6.10. Electrochemical characterization of the MnO2/LIG catalyst.
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(a) LSV curves for ORR at different rotation speeds in Oz-saturated 0.1 M KOH
and (b) corresponding K-L plots of MnO2z/LIG. (c) OER polarization curve of
MnO2z/LIG and (d) the corresponding Tafel plots.

The ORR and OER activities of the MnO2/LIG catalysts were assessed in 0.1 M

KOH using a 3-electrode configuration. Although the Oz electrochemistry in aqueous

electrolyte is different from that in aprotic electrolytes, the results may still provide

desirable guidance towards the application in Li-O2 batteries. Figure 6.10a shows
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the rotating-disk-electrode voltammograms for ORR of MnO2z/LIG electrode at
different rotation speeds. The Tafel slope of 101 mV dec! suggests favorable
kinetics of ORR on MnO2/LIG (Figure 6.11). These data show characteristic
increasing diffusion-limited current densities with higher rotation speeds. The
electron transfer number (n) was evaluated according to the Koutecky-Levich (K-L)
eq (Experimental Section) and the results are plotted in Figure 6.10b. In the
potential window (0.25-0.55 V vs RHE), the average n for MnOz/LIG is ~ 4.0,
suggesting a predominantly direct four-electron transfer process. These results
demonstrate the strong affinity of the MnO2 surfaces to Oz, which is a key procedure
of Oz reduction in aprotic electrolyte. Figure 6.10c shows the OER performance of
MnO2/LIG. The onset potential is ~1.5 V, corresponding to an overpotential of 270
mV. The Tafel slope is ~ 148 mV/dec (Figure 6.10d) and the potential to reach 10
mA/cm? is 1.85 V. The effect of precursor concentration on the morphology and the
activity of MnO2/LIG catalyst was investigated (Figure 6.12 and Figure 6.13). It is
concluded that a moderate loading of nanoparticles on LIG could assure a uniform
distribution of the active sites to avoid aggregation and maximize their ability to
deliver a high mass activity. The control LIG exhibited much lower performance
than MnO2z/LIG in ORR and OER, suggesting a small contribution from the LIG
structure on the intrinsic catalytic activity (Figure 6.14). The MnO2/LIG exhibits
comparable performance to the Mn based catalysts synthesized by conventional
methods (Table 6.1 and Table 6.2), demonstrating the effectiveness and reliability

of the LIG method for the facile preparation of catalysts. The nano- and meso-porous
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structure from LIG lead to higher surface area and better conductivity whereas the
uniform distribution of nanosized MnO: particles provides abundant surface active
sites towards the O:2 electrochemical process in a Li-O2 battery. Based on MnO2/LIG
activity toward both OER and ORR performance, it was further applied in a quasi-

solid-state Li-O2z battery to enhance the cycle reversibility and to study the

mechanism.
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Figure 6.11. The Tafel plots of MnO2z/LIG for ORR.
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Figure 6.12. TEM images of MnO:z/LIG catalyst prepared from precursor
solution with different concentrations of MnSO4: (a) 0.1 M and (b) 2 M.
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Figure 6.13. The effect of the precursor concentration on the electrochemical
performance of MnO2z/LIG.
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LSV curves for ORR at different rotation speeds in Oz-saturated 0.1 M KOH and

200

corresponding K-L plots of MnO2/LIG synthesized from different concentrations of

MnSO4: (a, ¢) 0.1 M; (b, d) 2 M And the comparison of (e¢) ORR and (f) OER

polarization curves of the MnO2/LIG catalysts at 1600 rpm.
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Figure 6.14. The electrochemical performance of control LIG.

(a) ORR and (b) OER polarization curves of control LIG and MnO2/LIG in O2-
saturated 0.1 M KOH at 1600 rpm. (c) ORR LSV curves at different rotation
speeds in Oz-saturated 0.1 M KOH and (d) corresponding K-L plots of control

LIG.
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Table 6.1. Brief comparison of the ORR performance of Mn based catalysts.

Preparation Onset E Overpotential | Tafel slope
Catalyst Ref
method V) (mV) (mV/dec)
This
MnO/LIG LIG 0.88 350 101
work
Ag- 0.068
Thermal annealing N/A 86 294
MnO2/graphene (Hg/HgO)
CNT-graphene- Hydrothermal and
0.88 350 69 295
MnO; nanowires thermal annealing
Ni/a-MnO Solid state method 0.87 360 N/A 296
Chelation mediated 0.02V
MnO,/RGO N/A N/A 297
aqueous method (Ag/AgCI)
MnQO,/C Precipitation 0.85 280 115 298
Inverse micelle
NiO/MnO.@PANI 0.92 310 124 244
templating
Inverse micelle
NiO/MnO, 0.9 330 197 244
templating
0.7%Cu@NG-750 | Thermal annealing 0.83 400 N/A 299
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Figure 6.15. Cycling performance of quasi-solid-state Li-Oz battery.

(a) First-cycle discharge and charge profile of the MnO2z/LIG electrode at
various current densities. (b) Rate performance of MnO:z/LIG electrode. (c)
First-cycle discharge and charge performance of the MnO2/LIG electrode at a
current density of 0.4 mA/cm? with limited capacity of 2 mAh/cm?. (d)
Discharge and charge mid-voltage vs cycle number at a current density of 0.4
mA/cm? with limited capacity of 2 mAh/cm?2.
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Table 6.2. Brief comparison of the OER performance of Mn based catalysts.

Catalyst Preparation method Onset E n1o Tafel slope Ref
V) (mV) (mV/dec)
MnOz/LIG LIG 1.5 620 148 This
work
Ni/a-MnO2 Solid State reaction 1.62 510 107.4 296
Graphene-Mn- Hydrothermal and 1.56 N/A 371.3 300
NiCo thermal annealing
C0304-Mn02-CNT | Thermal annealing and 1.65 510 54 301
acid treatment
Mesoporous Nanocasting method 1.56 520 51 147
Co304
MnO3-CoFe204/C Solvothermal and 1.56 470 130 302
precipitation
MnO2z/C Solvothermal and 1.56 550 227 302
precipitation
ZnCo Co-precipitation 1.56 430 73 151
LDH/graphene
dandelion-like a- Solvothermal 1.62 550 155 303
MnO:
MnxCo3-x04-5 Self-templating 1.52 350 85 149
NiCo LDH Solvothermal 1.52 420 113 150
nanosheets
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To explore the potential application of the bifunctional catalysts MnO2/LIG and
solid electrolyte DPGE in Li-O2 batteries, the cells were tested through galvanostatic
discharge and charge processes. The typical Li-O2 coin cell configuration consists of
a Li foil as the anode, a piece of DPGE as the separator and MnOz/LIG as the cathode
catalyst, and dry Oz is maintained during the test as the cathode. Figure 6.15a
shows the representative first discharge and charge voltage profiles for the
MnO2/LIG electrode at various current densities with time limited to 5 h. The first
cyclic voltage gap is 0.92 V when the current density is 0.08 mA/cm?; this voltage
gap increased to 1.34 V at a current density of 0.4 mA/cm? (voltage gap refers to the
difference between charge and discharge voltage value at half the cut-off capacity).
Notably, the current density increased from 0.08 to 0.4 mA/cm?, the discharge
potential decreased very little, which indicates the intrinsically high activity (high
exchange current) of the MnO:2/LIG towards the oxygen reduction in aprotic
electrolyte. During the charge process, the battery exhibited a gradually increasing
potential for decomposing the discharge products as the capacity increased, despite
the current density. This phenomenon could be understood by the accumulation of
discharge products during the discharge process. The discharge products would
occupy the most active/accessible sites at the initial step of discharging, then the
sites with slightly lower activity would be accessed. Therefore, the former ones
were preferentially decomposed at lower overpotential in the charge process. If

there is heterogeneous precipitation of the discharge products during the discharge
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process (e.g. the accumulation of discharge products on the sites that are already
covered), the charge process would exhibit a high overpotential even at the
beginning due to the low electronic/Li* conductivity of the products, namely Li20z,

LiOH or both.

Figure 6.15b shows the rate performance of MnO2/LIG electrode for quasi-
solid-state Li-O2 battery (0.08 mA/cm?- 0.4 mA/cm?) with a step current density of
0.08 mA/cm?2. At each representative current density, the battery was tested for five
cycles. It is observed that the charged voltage potential gradually increased while
the discharged voltage potential gradually dropped with the increased current
densities. This could be attributed to the accumulation of insulating discharge
product that results in higher overpotential and decomposition, and the increasing
difficulty for Oz to diffuse through the discharged products to react with Li ions. The
battery was discharged and charged for ~ 200 cycles at the current density of 0.08
mA/cm?2. The MnOz/LIG electrode for Li-O2 battery with a conventional Celgard
separator and liquid electrolyte (1 M LiTFSI/TEGDME) was also tested at the
current density of 0.08 mA/cm? for comparison (Figure 6.16). Although the battery
shows a lower discharge-charge overpotential at the 1st cycle, its charging potential
increased quickly with cycling. The charging potential reached over 4.5 V at the 80th
cycle. The quasi-solid-state Li-O2 battery with DPGE can be recharged for more
times than with the conventional liquid electrolyte. The a-MnO: is intrinsically
active for Oz electrochemistry in aprotic Li-Oz batteries.304-306 The improved cycling

durability with DPGE further highlights the importance of a stable electrolyte
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system for a practical Li-O2 battery. Figure 6.15c and d show the battery’s cyclic
performance under a large current density of 0.4 mA/cm2. The cells can be cycled ~

50 times with the cut-off capacity of 2 mAh/cm? without significant increase of the

overpotentials (

Table 6.3).
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Figure 6.16. Testing with a traditional Celgard separator.

(a) Discharge and charge voltage profiles of the MnOz/LIG electrode and (b)
rate performance of MnO2/LIG electrode for Li-Oz battery with 1 M LiTFSI/G4
at a current density of 0.08 mA/cm?.
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Electrolyte Polymer Temp. | Gas | Current Cycle | 1stcycle | Ref.

type backbone (°C) density/ mid-V
Cut-off capacity

liquid PVDF-HFP 50 02 0.25 mA/cm? 30 4.2 307

electrolyte + (10 mAh)

solid

electrolyte

gel electrolyte | PVDF-HFP N/A | O 50mA/g 50 3.9 308
(500 mAh/g)

gel electrolyte | PVDF-HFP 25 02 0.05 mA/cm? 40 4.5 309
(500 mAh/g)

gel electrolyte | PVDF-HFP 30 02 200 mA/g 100 3.8 310
(500 mAh/g)

gel electrolyte | PVDF-HFP N/A | O 0.125 mA/cm? 54 4.2 3
(500 mAh/g)

gel electrolyte | PVDF-HFP N/A | O2 0.1 mA/cm? 71 3.6 312

with additive (1000 mAh/g)

(aluminum-

doped lithium

lanthanum

titanate (/m-

Si02)

gel electrolyte | PVDF-HFP N/A | air 1000 mA/g 90 3.8 313
(1000 mAh/g)

DPGE PVDF-HFP 25 02 0.08 mA/cm? 200 3.64 | This
(0.4 mAh/cm?) work
86 mA/g
(430 mAh/g)

DPGE PVDF-HFP 25 02 0.4 mA/cm? 50 3.94 | This
(2.0 mAh/cm?) work
430 mA/g
(2150 mAh/g)

Table 6.3. Comparison of the Li-Oz solid state battery with other PVDF-HFP

based solid state batteries.
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Figure 6.17. Morphological characterization of (a) discharged MnO:/LIG
electrode (10 mAh cm=2) and (b) charged MnO:z/LIG electrode. (c) XRD
characterization of MnO:/LIG electrode. (d) Li 1s XPS of the MnO:/LIG
electrode.

The morphology and crystal structure change of the electrode were
investigated through SEM, XRD and XPS characterizations, which help to further
understand the reaction process inside the quasi-solid-state Li-O2 battery. Small
crystal particles were formed when the MnO2/LIG electrode was discharged for 125
h (10 mAh cm?, Figure 6.17a), and the particles were decomposed after being
charged back for 125 h, (Figure 6.17b). Figure 6.17c demonstrates the crystalline

structure of the MnO2/LIG electrode after discharge (125 h) and charge (125 h). The
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characteristic peak of multilayer graphene (LIG, 25.6°) was maintained during the
discharge and charge. The discharge products are identified as LiOH and Li202. Li202
is produced from the successive reduction of Oz to 02 and 022-. LiOH is formed
through several possible pathways, e.g. reaction with a trace amount of H20 on the
surface of the DPGE that might come from the air during the DPGE synthesis,
moisture in the Oz, and reaction of superoxide with the PVDF binder. From a
previous study, it was found that Mn species facilitate the decomposition of H202
and move the reaction forward to result in the formation of LiOH.255 Despite the
dual discharge products, the catalysts could facilitate the decomposition process
and enhance the cycling stability. During the charge process, all of the discharged
Li202 and LiOH was decomposed. Figure 6.17d illustrates the Li 1s XPS survey
corresponding to the electrode discharged (125 h) and then charged (125 h) states.
The Li 1s XPS has a main peak at ~ 54.4 eV, which is ascribed to Li202 and LiOH.
Li202 and LiOH have the same Li 1s binding energy and it is difficult to distinguish

those two from XPS characterization.

In our previous study on Li-Oz batteries with glyme-based electrolytes,202 we
found that the surface active sites are of great importance in modulating the size
and distribution of discharge products. Because of the low donor number of glymes
and high O2 solubility in electrolyte (e.g. 0.6 mM in 1 M LiTFSI/G4), the nucleation
process of LiO2 highly depends on the accessible sites on the cathode/electrolyte
interface. Similarly, in the quasi-solid-state Li-O2 battery, where the O2

electrochemical reactions take place at the electrolyte/electrode surface, a high
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density of accessible sites is a necessity for a high reversible capacity. Otherwise, the
discharge products would fill the sites and lead to either high overpotentials for
Li*/e- conduction and/or blockage of O2. Another key factor is the compatible
interfacial contact between solid electrolyte and cathode. The intrinsic
viscoelasticity and low modulus of the polymer-based quasi-solid electrolyte would
alleviate the interfacial tension and possible loss of conductive contact due to
volume change through cycling. Therefore, we suggest the use of porous cathode
catalysts with the solid electrolytes for practical Li-O2 batteries. The utilization of
quasi-solid electrolyte has minimized the utilization of liquid electrolyte, the latter
of which is unstable against superoxide as well as high anodic potentials. The
incorporation of efficient cathode catalyst further lowers the overpotentials and
enables a long cycle life of the batteries. However, although the tii+ of the DPGE is
higher than the liquid electrolytes, the overall Li* conductivity is still lower than that
of the liquid electrolytes, which could lead to high overpotentials under high current
densities. Hence, future optimization should be focused on improving the tLi+ and Li*

conductivity, as well as the activity of the cathode catalyst.

6.2.3. Conclusion

In this study, we demonstrated a quasi-solid-state Li-O2 battery with DPGE as
the separator and solid-phase synthesized bifunctional catalyst MnO2/LIG as

cathode catalyst. Benefiting from the intrinsic high activity of LIG and stability of the
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DPGE, the Li-O2 battery demonstrated enhanced performance in cycling life. The
quasi-solid-state battery cycled ~200 times with a cut-off capacity 0.4 mAh/cm? and
cycled ~50 times with a high cut-off capacity 2.0 mAh/cm? at a high current density
of 0.4 mA/cm?. The results here suggest that further developments in carbon-metal
oxide composite cathodes are warranted in the quest to fabricate Li-O2 batteries

with markedly higher energy density than most current commercial systems.

6.3. Experimental Contributions

Mugqing Ren designed the experiments, prepared the samples, and conducted
part of the characterizations including SEM, TEM, Raman, XPS, electrochemical
measurements, battery test. Jibo Zhang designed part of the experiments and
conducted part of the characterizations including, electrochemical measurements,

SEM and XRD.

211

211



212

References

1. Zhang, ].; Ren, M.; Wang, L.; Li, Y.; Yakobson, B. I; Tour, ]. M., Oxidized Laser-
Induced Graphene for Efficient Oxygen Electrocatalysis. Adv. Mater. 2018, 30,
17073109.

2. Liu, C; Li, F.; Ma, L. P.; Cheng, H. M., Advanced Materials for Energy Storage.
Adv. Mater. 2010, 22, 28-62.

3. Sahoo, N. G.; Pan, Y.; Li, L.; Chan, S. H., Graphene-Based Materials for Energy
Conversion. Adv. Mater. 2012, 24, 4203-4210.

4, Schlogl, R., The Role of Chemistry in the Energy Challenge. ChemSusChem
2010, 3,209-222.

5. Winter, M.; Brodd, R. ], What Are Batteries, Fuel Cells, and Supercapacitors?
Chem. Rev. 2004, 104, 4245-4270.

6. Steele, B. C. H.; Heinzel, A., Materials for fuel-cell technologies. Nature 2001,
414, 345.

7. Wang, J.; Cui, W,; Liu, Q.; Xing, Z.; Asiri, A. M.; Sun, X,, Recent Progress in
Cobalt-Based Heterogeneous Catalysts for Electrochemical Water Splitting. Adv.
Mater. 2016, 28, 215-230.

8. Tee, S. Y.; Win, K. Y.; Teo, W. S.; Koh, L. D,; Liu, S.; Teng, C. P.; Han, M. Y.,
Recent Progress in Energy-Driven Water Splitting. Adv. Sci. 2017, 4, 1600337.

9. Du, P.; Eisenberg, R., Catalysts Made of Earth-Abundant Elements (Co, Ni, Fe)
for Water Splitting: Recent Progress and Future Challenges. Energy Environ. Sci.

2012, 5,6012-6021.

212



10. Li, Y,; Lu, J.,, Metal-Air Batteries: Will They Be the Future Electrochemical
Energy Storage Device of Choice? ACS Energy Lett. 2017, 2, 1370-1377.

11. Lee, ]J.-S.; Tai Kim, S.; Cao, R.; Choi, N.-S.; Liu, M.; Lee, K. T.; Cho, J., Metal-Air
Batteries with High Energy Density: Li-Air versus Zn-Air. Adv. Energy Mater. 2011,
1, 34-50.

12.  Katsounaros, I; Cherevko, S.; Zeradjanin, A. R.; Mayrhofer, K. J. J., Oxygen
Electrochemistry as a Cornerstone for Sustainable Energy Conversion. Angew. Chem.
Int. Ed. 2014, 53, 102-121.

13. Cherevko, S.; Geiger, S.; Kasian, 0O.; Kulyk, N.; Grote, ]J.-P.; Savan, A.; Shrestha,
B. R.; Merzlikin, S.; Breitbach, B.; Ludwig, A.; Mayrhofer, K. ]. ]., Oxygen and hydrogen
evolution reactions on Ru, RuOz, Ir, and IrOz thin film electrodes in acidic and
alkaline electrolytes: A comparative study on activity and stability. Catal. Today
2016, 262, 170-180.

14. Lee, Y.; Suntivich, ]J.; May, K. ].; Perry, E. E.; Shao-Horn, Y., Synthesis and
Activities of Rutile IrO2 and RuO2 Nanoparticles for Oxygen Evolution in Acid and
Alkaline Solutions. J. Phys. Chem. Lett. 2012, 3, 399-404.

15. Nie, Y.; Li, L.; Wei, Z., Recent Advancements in Pt and Pt-free Catalysts for
Oxygen Reduction Reaction. Chem. Soc. Rev. 2015, 44, 2168-2201.

16. Yan, Y,; Xia, B. Y; Zhao, B, Wang, X, A Review on Noble-Metal-Free
Bifunctional Heterogeneous Catalysts for Overall Electrochemical Water Splitting. J.

Mater. Chem. A 2016, 4, 17587-17603.

213

213



17. Zou, X,; Wang, L.; Yakobson, B. I, Mechanisms of the Oxygen Reduction
Reaction on B- and/or N-doped Carbon Nanomaterials with Curvature and Edge
Effects. Nanoscale 2018, 10, 1129-1134.

18. Pei, Z.; Zhao, ].; Huang, Y.; Huang, Y.; Zhu, M.; Wang, Z.; Chen, Z.; Zhi, C,
Toward Enhanced Activity of a Graphitic Carbon Nitride-Based Electrocatalyst in
Oxygen Reduction and Hydrogen Evolution Reactions via Atomic Sulfur Doping. J.
Mater. Chem. A 2016, 4, 12205-12211.

19. Pei, Z.; Gu, ].; Wang, Y.; Tang, Z.; Liu, Z.; Huang, Y.; Huang, Y.; Zhao, J.; Chen, Z,;
Zhi, C., Component Matters: Paving the Roadmap toward Enhanced Electrocatalytic
Performance of Graphitic C3sN4-Based Catalysts via Atomic Tuning. ACS Nano 2017,
11,6004-6014.

20. Pei, Z.; Li, H.; Huang, Y.; Xue, Q.; Huang, Y.; Zhu, M.; Wang, Z.; Zhi, C., Texturing
in situ: N,S-enriched Hierarchically Porous Carbon as a Highly Active Reversible
Oxygen Electrocatalyst. Energy Environ. Sci. 2017, 10, 742-749.

21. Hu, C.; Dai, L., Carbon-Based Metal-Free Catalysts for Electrocatalysis beyond
the ORR. Angew. Chem. Int. Ed. 2016, 55, 11736-11758.

22. Liu, X; Dai, L., Carbon-Based Metal-Free Catalysts. Nat. Rev. Mater. 2016, 1,
16064.

23. Zhao, Z., Xia, Z. Design Principles for Dual-Element-Doped Carbon
Nanomaterials as Efficient Bifunctional Catalysts for Oxygen Reduction and

Evolution Reactions. ACS Catal 2016, 6, 1553-1558.

214

214



24. Zheng, Y.; Jiao, Y.; Zhu, Y.; Li, L. H.; Han, Y.; Chen, Y.; Du, A.; Jaroniec, M.; Qiao,
S. Z., Hydrogen Evolution by a Metal-Free Electrocatalyst. Nat. Commun. 2014, 5,
3783.

25. Qu, L.; Liu, Y.; Baek, ].-B.; Dai, L., Nitrogen-Doped Graphene as Efficient Metal-
Free Electrocatalyst for Oxygen Reduction in Fuel Cells. ACS Nano 2010, 4, 1321-
1326.

26. Hu, C.; Dai, L., Multifunctional Carbon-Based Metal-Free Electrocatalysts for
Simultaneous Oxygen Reduction, Oxygen Evolution, and Hydrogen Evolution. Adv.
Mater. 2017, 29, 1604942.

27. Lu, X; Yim, W.-L; Suryanto, B. H. R; Zhao, C. Electrocatalytic Oxygen
Evolution at Surface-Oxidized Multiwall Carbon Nanotubes. J. Am. Chem. Soc. 2015,
137,2901-2907.

28. Lin, J.; Peng, Z.; Liu, Y.; Ruiz-Zepeda, F.; Ye, R.; Samuel, E. L. G.; Yacaman, M. ].;
Yakobson, B. I.; Tour, J. M., Laser-Induced Porous Graphene Films from Commercial
Polymers. Nat. Commun. 2014, 5, 5714.

29. Li, Y.; Luong, D. X,; Zhang, ].; Tarkunde, Y. R;; Kittrell, C.; Sargunaraj, F.; Ji, Y.;
Arnusch, C.].; Tour, J. M., Laser-Induced Graphene in Controlled Atmospheres: From
Superhydrophilic to Superhydrophobic Surfaces. Adv. Mater. 2017, 29, 1700496.

30. Li, L; Zhang, ].; Peng, Z; Li, Y.; Gao, C.; Ji, Y.; Ye, R;; Kim, N. D.; Zhong, Q.; Yang,
Y.; Fei, H; Ruan, G; Tour, ]. M., High-Performance Pseudocapacitive

Microsupercapacitors from Laser-Induced Graphene. Adv. Mater. 2016, 28, 838-845.

215

215



31. Ngrskov, ]. K; Rossmeisl, ]J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R;
Bligaard, T.; Jonsson, H., Origin of the Overpotential for Oxygen Reduction at a Fuel-
Cell Cathode. J. Phys. Chem. B 2004, 108, 17886-17892.

32. Rossmeis], ].; Logadottir, A.; Ngrskov, ]. K., Electrolysis of Water on (Oxidized)
Metal Surfaces. Chemical Physics 2005, 319, 178-184.

33. McCrory, C. C.; Jung, S. Peters, J. C; Jaramillo, T. F., Benchmarking
Heterogeneous Electrocatalysts for the Oxygen Evolution Reaction. J. Am. Chem. Soc.
2013, 135,16977-16987.

34, Harrington, D. A.,; Conway, B. E., AC Impedance of Faradaic Reactions
Involving Electrosorbed Intermediates-I. Kinetic Theory. Electrochim. Acta 1987, 32,
1703-1712.

35. Tao, H. B.; Fang, L.; Chen, ].; Yang, H. B.; Gao, ].; Miao, ].; Chen, S.; Liu, B,
Identification of Surface Reactivity Descriptor for Transition Metal Oxides in Oxygen
Evolution Reaction. J. Am. Chem. Soc. 2016, 138, 9978-9985.

36. Bajdich, M.; Garcia-Mota, M.; Vojvodic, A.; Ngrskov, ]J. K; Bell, A. T,
Theoretical Investigation of the Activity of Cobalt Oxides for the Electrochemical
Oxidation of Water. J. Am. Chem. Soc. 2013, 135, 13521-13530.

37. Guidelli, R.; Compton Richard, G.; Feliu Juan, M.; Gileadi, E.; Lipkowski, J.;
Schmickler, W.; Trasatti, S., Defining the Transfer Coefficient in Electrochemistry: An

Assessment (IUPAC Technical Report). In Pure Appl. Chem., 2014; Vol. 86, p 245.

216

216



217

38.  Surendranath, Y.; Nocera, D. G, Oxygen Evolution Reaction Chemistry of
Oxide-Based Electrodes. In Prog. Inorg. Chem., Karlin, K. D., Ed. John Wiley & Sons,
Inc.: 2011; 57, 505-560.

39. Kwak, W.-].; Hirshberg, D.; Sharon, D.; Shin, H.-].; Afri, M.; Park, ].-B.; Garsuch,
A.; Chesneau, F. F.; Frimer, A. A.; Aurbach, D.; Sun, Y.-K,, Understanding the Behavior
of Li-Oxygen Cells Containing Lil. J. Mater. Chem. A 2015, 3, 8855-8864.

40. Chetty, R,; Maniam, K. K; Schuhmann, W.; Muhler, M., Oxygen-Plasma-
Functionalized Carbon Nanotubes as Supports for Platinum-Ruthenium Catalysts
Applied in Electrochemical Methanol Oxidation. ChemPlusChem 2015, 80, 130-135.
41. Ganguly, A.; Sharma, S.; Papakonstantinou, P.; Hamilton, ]J.,, Probing the
Thermal Deoxygenation of Graphene Oxide Using High-Resolution In Situ X-ray-
Based Spectroscopies. J. Phys. Chem. C 2011, 115,17009-170109.

42, Grimm, S.; Schweiger, M.; Eigler, S.; Zaumseil, ], High-Quality Reduced
Graphene Oxide by CVD-Assisted Annealing. J. Phys. Chem. C 2016, 120, 3036-3041.
43, Ferrari, A. C.; Meyer, ]. C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.;
Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim, A. K., Raman Spectrum of
Graphene and Graphene Layers. Phys. Rev. Lett. 2006, 97, 187401.

44, Han, L.; Dong, S.; Wang, E. Transition-Metal (Co, Ni, and Fe)-Based
Electrocatalysts for the Water Oxidation Reaction. Adv. Mater. 2016, 28, 9266-9291.
45.  Over, H,, Surface Chemistry of Ruthenium Dioxide in Heterogeneous Catalysis
and Electrocatalysis: From Fundamental to Applied Research. Chem. Rev. 2012, 112,

3356-3426.

217



46. Li, H. C; Zhang, Y. ]; Hu, X,; Liu, W. ].; Chen, J. J.; Yu, H. Q., Metal-Organic
Framework Templated Pd@PdO-Co304 Nanocubes as an Efficient Bifunctional
Oxygen Electrocatalyst. Adv. Energy Mater. 2018, 0, 1702734.

47. Tahir, M.; Pan, L.; Zhang, R.; Wang, Y.-C.; Shen, G.; Aslam, I.; Qadeer, M. A,;
Mahmood, N.; Xu, W.; Wang, L.; Zhang, X.; Zou, ].-]., High-Valence-State NiO/Co304
Nanoparticles on Nitrogen-Doped Carbon for Oxygen Evolution at Low
Overpotential. ACS Energy Lett. 2017, 2, 2177-2182.

48. Lai, J.; Li, S.; Wu, F.; Saqib, M.; Luque, R.; Xu, G., Unprecedented Metal-Free 3D
Porous Carbonaceous Electrodes for Full Water Splitting. Energy Environ. Sci. 2016,
9,1210-1214.

49, Cheng, Y.; Xu, C,; Jia, L,; Gale, J. D.; Zhang, L.; Liu, C.; Shen, P. K;; Jiang, S. P,,
Pristine Carbon Nanotubes as Non-Metal Electrocatalysts for Oxygen Evolution
Reaction of Water Splitting. Appl. Catal,, B 2015, 163, 96-104.

50. Cheng, Y.; Tian, Y.; Fan, X;; Liu, J.; Yan, C., Boron Doped Multi-walled Carbon
Nanotubes as Catalysts for Oxygen Reduction Reaction and Oxygen Evolution
Reactionin in Alkaline Media. Electrochim. Acta 2014, 143, 291-296.

51. Chen, S.; Duan, J.; Jaroniec, M.; Qiao, S. Z., Nitrogen and Oxygen Dual-Doped
Carbon Hydrogel Film as a Substrate-Free Electrode for Highly Efficient Oxygen
Evolution Reaction. Adv. Mater. 2014, 26, 2925-2930.

52. Qu, K.; Zheng, Y.; Daj, S.; Qiao, S. Z., Graphene Oxide-Polydopamine Derived N,
S-codoped Carbon Nanosheets as Superior Bifunctional Electrocatalysts for Oxygen

Reduction and Evolution. Nano Energy 2016, 19, 373-381.

218

218



53. Cheng, N.; Liu, Q.; Tian, J.; Xue, Y.; Asiri, A. M,; Jiang, H.; He, Y.; Sun, X,
Acidically Oxidized Carbon Cloth: a Novel Metal-Free Oxygen Evolution Electrode
with High Catalytic Activity. Chem. Comm. 2015, 51, 1616-1619.

54, Yu, X.; Zhang, M.; Chen, ].; Li, Y.; Shi, G., Nitrogen and Sulfur Codoped Graphite
Foam as a Self-Supported Metal-Free Electrocatalytic Electrode for Water Oxidation.
Adv. Energy Mater. 2016, 6, 1501492.

55. Datsyuk, V.; Kalyva, M.; Papagelis, K.; Parthenios, ].; Tasis, D.; Siokou, A,;
Kallitsis, I.; Galiotis, C., Chemical Oxidation of Multiwalled Carbon Nanotubes. Carbon
2008, 46, 833-840.

56. Moon, L. K;; Lee, ]J.; Ruoff, R. S.; Lee, H., Reduced Graphene Oxide by Chemical
Graphitization. Nat. Commun. 2010, 1, 73.

57. Priante, F.; Salim, M.; Ottaviano, L.; Perrozzi, F., XPS Study of Graphene Oxide
Reduction Induced by (100) and (111)-Oriented Si Substrates. Nanotechnology
2018, 29,075704.

58. Wepasnick, K. A.; Smith, B. A; Schrote, K. E.; Wilson, H. K.; Diegelmann, S. R;;
Fairbrother, D. H., Surface and Structural Characterization of Multi-Walled Carbon
Nanotubes following Different Oxidative Treatments. Carbon 2011, 49, 24-36.

59. Liu, Z; Zhao, Z.; Wang, Y.; Dou, S.; Yan, D.; Liu, D.; Xia, Z.; Wang, S., In Situ
Exfoliated, Edge-Rich, Oxygen-Functionalized Graphene from Carbon Fibers for
Oxygen Electrocatalysis. Adv. Mater. 2017, 29, 1606207.

60. Li, L.; Yang, H.; Miao, |.; Zhang, L.; Wang, H.-Y.; Zeng, Z.; Huang, W.; Dong, X,;

Liu, B., Unraveling Oxygen Evolution Reaction on Carbon-Based Electrocatalysts:

219

219



220

Effect of Oxygen Doping on Adsorption of Oxygenated Intermediates. ACS Energy
Lett. 2017, 2, 294-300.

61. Kresse, G.; Furthmiiller, J., Efficient Iterative Schemes for ab initio Total-
Energy Calculations Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169-
11186.

62. Liu, Y.; Wy, J.; Hackenberg, K. P.; Zhang, ].; Wang, Y. M.; Yang, Y.; Keyshar, K;
Gu, J.; Ogitsu, T.; Vajtai, R.; Lou, ].; Ajayan, P. M.; Wood, Brandon C.; Yakobson, B. I,
Self-Optimizing, Highly Surface-Active Layered Metal Dichalcogenide Catalysts for
Hydrogen Evolution. Nat. Energy 2017, 2,17127.

63. Doyle, R. L.; Lyons, M. E. G, The Oxygen Evolution Reaction: Mechanistic
Concepts and Catalyst Design. In Photoelectrochemical Solar Fuel Production: From
Basic Principles to Advanced Devices, Giménez, S.; Bisquert, ], Eds. Springer
International Publishing: Cham, 2016; 41-104.

64. Nurlaela, E.; Shinagawa, T.; Qureshi, M.; Dhawale, D. S.; Takanabe, K,
Temperature Dependence of Electrocatalytic and Photocatalytic Oxygen Evolution
Reaction Rates Using NiFe Oxide. ACS Catal. 2016, 6, 1713-1722.

65. Zhang, B.; Zheng, X.; Voznyy, O.; Comin, R.; Bajdich, M.; Garcia-Melchor, M;
Han, L.; Xu, J.; Liu, M.; Zheng, L.; Garcia de Arquer, F. P.; Dinh, C. T.; Fan, F.; Yuan, M.;
Yassitepe, E.; Chen, N.; Regier, T.; Liu, P.; Li, Y.; De Luna, P.; Janmohamed, A.; Xin, H.
L; Yang, H. Vojvodic, A.; Sargent, E. H., Homogeneously Dispersed Multimetal

Oxygen-Evolving Catalysts. Science 2016, 352, 333-337.

220



66. Zhou, R.; Zheng, Y.; Jaroniec, M.; Qiao, S.-Z., Determination of the Electron
Transfer Number for the Oxygen Reduction Reaction: From Theory to Experiment.
ACS Catal. 2016, 6,4720-4728.

67. Garcia, A. C.; Gasparotto, L. H. S.; Gomes, ]J. F.; Tremiliosi-Filho, G.,
Straightforward Synthesis of Carbon-Supported Ag Nanoparticles and Their
Application for the Oxygen Reduction Reaction. Electrocatalysis 2012, 3, 147-152.
68. Yang, Y.; Fei, H.; Ruan, G; Li, L.; Wang, G.; Kim, N. D.; Tour, ]. M., Carbon-Free
Electrocatalyst for Oxygen Reduction and Oxygen Evolution Reactions. ACS Appl
Mater. Interfaces 2015, 7, 20607-20611.

69. Cho, S. A;; Jang, Y. ].; Lim, H. D.; Lee, J. E.; Jang, Y. H.; Nguyen, T. T. H.; Mota, F.
M.; Fenning, D. P.; Kang, K, Shao-Horn, Y. Kim, D. H., Hierarchical Porous
Carbonized Co304 Inverse Opals via Combined Block Copolymer and Colloid
Templating as Bifunctional Electrocatalysts in Li-O2 Battery. Adv. Energy Mater.
2017, 7,1700391.

70. Zhang, J.; Ren, M,; Li, Y,; Tour, ]J. M., In Situ Synthesis of Efficient Water
Oxidation Catalysts in Laser-Induced Graphene. ACS Energy Lett. 2018, 3, 677-683.
71. Lewis, N. S.; Nocera, D. G., Powering the planet: Chemical challenges in solar
energy utilization. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 15729-15735.

72. Nocera, D. G., The Artificial Leaf. Acc. Chem. Res. 2012, 45, 767-776.

73. Seh, Z. W.; Kibsgaard, ].; Dickens, C. F.; Chorkendorff, I.; Norskov, ]J. K;
Jaramillo, T. F., Combining Theory and Experiment in Electrocatalysis: Insights into

Materials Design. Science 2017, 355, 146.

221

221



74.  Kanan, M. W,; Nocera, D. G., In situ Formation of an Oxygen-Evolving Catalyst
in Neutral Water Containing Phosphate and Co?*. Science 2008, 321, 1072-1075.

75. Suen, N. T, Hung, S. F; Quan, Q. Zhang, N.; Xu, Y. ]J; Chen, H. M,
Electrocatalysis for the Oxygen Evolution Reaction: Recent Development and Future
Perspectives. Chem. Soc. Rev. 2017, 46, 337-365.

76. Zhu, Y.; Zhou, W.; Chen, Y.; Yu, J.; Liu, M.; Shao, Z., A High-Performance
Electrocatalyst for Oxygen Evolution Reaction: LiCoosFeo.202. Adv. Mater. 2015, 27,
7150-7155.

77. Lukowski, M. A.; Daniel, A. S.; Meng, F.; Forticaux, A.; Li, L.; Jin, S., Enhanced
Hydrogen Evolution Catalysis from Chemically Exfoliated Metallic MoS2 Nanosheets.
J. Am. Chem. Soc. 2013, 135, 10274-10277.

78. Morales-Guio, C. G.; Stern, L. A; Hu, X, Nanostructured Hydrotreating
Catalysts for Electrochemical Hydrogen Evolution. Chem. Soc. Rev. 2014, 43, 6555-
6569.

79. Ma, L. B.; Hu, Y.; Zhu, G. Y.; Chen, R. P,; Chen, T.; Lu, H. L.; Wang, Y. R;; Liang, |;
Liu, H. X;; Yan, C. Z.; Tie, Z. X;; Jin, Z.; Liu, ], In Situ Thermal Synthesis of Inlaid
Ultrathin MoSz2/Graphene Nanosheets as Electrocatalysts for the Hydrogen
Evolution Reaction. Chem. Mater. 2016, 28, 5733-5742.

80. Stoerzinger, K. A.; Qiao, L., Biegalski, M. D.; Shao-Horn, Y., Orientation-
Dependent Oxygen Evolution Activities of Rutile IrO2 and RuOa. J. Phys. Chem. C

2014, 5, 1636-1641.

222

222



81. Reier, T.; Nong, H. N.; Teschner, D.; Schlogl, R.; Strasser, P., Electrocatalytic
Oxygen Evolution Reaction in Acidic Environments-Reaction Mechanisms and
Catalysts. Adv. Energy Mater. 2017, 7, 1601275.

82. Burke, M. S.; Enman, L. ].; Batchellor, A. S.; Zou, S. H.; Boettcher, S. W., Oxygen
Evolution Reaction Electrocatalysis on Transition Metal Oxides and
(Oxy)hydroxides: Activity Trends and Design Principles. Chem. Mater. 2015, 27,
7549-7558.

83.  Dionigi, F.; Strasser, P., NiFe-Based (Oxy)hydroxide Catalysts for Oxygen
Evolution Reaction in Non-Acidic Electrolytes. Adv. Energy Mater. 2016, 6, 1600621.
84. Gong, M.; Dai, H. ]J., A mini review of NiFe-Based Materials as Highly Active
Oxygen Evolution Reaction Electrocatalysts. Nano Res. 2015, 8, 23-39.

85. Roger, I; Shipman, M. A, Symes, M. D, Earth-Abundant Catalysts for
Electrochemical and Photoelectrochemical Water Splitting. Nat. Rev. Chem. 2017, 1,
0003.

86. Liu, H. X;; Wang, Y. R; Lu, X. Y.; Hu, Y.; Zhu, G. Y,; Chen, R. P.; Ma, L. B.; Zhu, H.
F.; Tie, Z. X; Liu, J.; Jin, Z., The Effects of Al Substitution and Partial Dissolution on
Ultrathin NiFeAl Trinary Layered Double Hydroxide Nanosheets for Oxygen
Evolution Reaction in Alkaline Solution. Nano Energy 2017, 35, 350-357.

87. Diaz-Morales, 0.; Ledezma-Yanez, I; Koper, M. T. M.; Calle-Vallejo, F,
Guidelines for the Rational Design of Ni-Based Double Hydroxide Electrocatalysts

for the Oxygen Evolution Reaction. ACS Catal. 2015, 5, 5380-5387.

223

223



88. Oliver-Tolentino, M. A.; Vazquez-Samperio, ].; Manzo-Robledo, A.; Gonzalez-
Huerta, R. D.; Flores-Moreno, ]. L; Ramirez-Rosales, D.; Guzman-Vargas, A, An
Approach to Understanding the Electrocatalytic Activity Enhancement by
Superexchange Interaction toward OER in Alkaline Media of Ni-Fe LDH. J. Phys.
Chem. C 2014, 118,22432-22438.

89. Gong, M.; Li, Y.; Wang, H.; Liang, Y.; Wu, ]. Z.; Zhou, ].; Wang, ].; Regier, T.; Wei,
F.; Dai, H., An Advanced Ni-Fe Layered Double Hydroxide Electrocatalyst for Water
Oxidation. J. Am. Chem. Soc. 2013, 135, 8452-8455.

90. Long, X.; Li, J.; Xiao, S.; Yan, K.; Wang, Z.; Chen, H.; Yang, S., A Strongly Coupled
Graphene and FeNi Double Hydroxide Hybrid as an Excellent Electrocatalyst for the
Oxygen Evolution Reaction. Angew. Chem.,, Int. Ed. 2014, 53, 7584-7588.

91. Lu, X.; Zhao, C. Electrodeposition of Hierarchically Structured Three-
Dimensional Nickel-Iron Electrodes for Efficient Oxygen Evolution at High Current
Densities. Nat. Commun. 2015, 6, 6616.

92. Gangasingh, D.; Talbot, J. B,, Anomalous Electrodeposition of Nickel-Iron. J.
Electrochem. Soc. 1991, 138, 3605-3611.

93. Hunter, B. M.; Blakemore, ]. D.; Deimund, M.; Gray, H. B.; Winkler, ]. R.; Muller,
A. M., Highly Active Mixed-Metal Nanosheet Water Oxidation Catalysts Made by
Pulsed-Laser Ablation in Liquids. J. Am. Chem. Soc. 2014, 136, 13118-13121.

94, Blakemore, J. D.; Gray, H. B.; Winkler, J. R.; Muller, A. M., Co304 Nanoparticle
Water-Oxidation Catalysts Made by Pulsed-Laser Ablation in Liquids. ACS Catal.

2013, 3, 2497-2500.

224

224



225

95. Ye, R; Peng, Z.; Wang, T.; Xu, Y.; Zhang, ].; Li, Y.; Nilewski, L. G.; Lin, ].; Tour, J.
M., In Situ Formation of Metal Oxide Nanocrystals Embedded in Laser-Induced
Graphene. ACS Nano 2015, 9,9244-9251.

96. Shih, C. J.; Paulus, G. L. C.; Wang, Q. H.; Jin, Z.; Blankschtein, D.; Strano, M. S,,
Understanding Surfactant/Graphene Interactions Using a Graphene Field Effect
Transistor: Relating Molecular Structure to Hysteresis and Carrier Mobility.
Langmuir 2013, 28, 8579-8586.

97. Shih, C. ].; Wang, Q. H; Jin, Z.; Paulus, G. L.; Blankschtein, D.; Jarillo-Herrero,
P.; Strano, M. S., Disorder Imposed Limits of Mono- and Bilayer Graphene Electronic
Modification Using Covalent Chemistry. Nano Lett. 2013, 13, 809-817.

98. Jin, Z.; Sun, W.; Ke, Y.; Shih, C. J.; Paulus, G. L.; Hua Wang, Q.; Mu, B.; Yin, P,;
Strano, M. S., Metallized DNA Nanolithography for Encoding and Transferring Spatial
Information for Graphene Patterning. Nat. Commun. 2013, 4, 1663.

99. Uhlenbrock, S.; Scharfschwerdt, C.; Neumann, M.; Illing, G.; Freund, H. J., The
Influence of Defects on the NiZp and O1s Xps of Nio. J. Phys.: Condens. Matter 1992,
4,7973-7978.

100. Yamashita, T.; Hayes, P., Analysis of XPS Spectra of Fe2+ and Fe3* lons in Oxide
Materials. Appl Surf. Sci. 2008, 254, 2441-2449.

101. Song, F.; Hu, X, Exfoliation of Layered Double Hydroxides for Enhanced

Oxygen Evolution Catalysis. Nat. Commun. 2014, 5, 4477.

225



102. Pi, Y; Zhang, N.; Guo, S.; Guo, ], Huang, X, Ultrathin Laminar Ir
Superstructure as Highly Efficient Oxygen Evolution Electrocatalyst in Broad pH
Range. Nano Lett. 2016, 16, 4424-4430.

103. Gorlin, M,; Ferreira de Araujo, J.; Schmies, H.; Bernsmeier, D.; Dresp, S.; Gliech,
M.; Jusys, Z.; Chernev, P.; Kraehnert, R.; Dau, H.; Strasser, P., Tracking Catalyst Redox
States and Reaction Dynamics in Ni-Fe Oxyhydroxide Oxygen Evolution Reaction
Electrocatalysts: The Role of Catalyst Support and Electrolyte pH. J. Am. Chem. Soc.
2017,139,2070-2082.

104. Yu, X;; Zhang, M.; Yuan, W.; Shi, G., A High-Performance Three-Dimensional
Ni-Fe Layered Double Hydroxide/Graphene Electrode for Water Oxidation. J. Mater.
Chem. A 2015, 3,6921-6928.

105. Klaus, S.; Cai, Y.; Louie, M. W.; Trotochaud, L.; Bell, A. T. Effects of Fe
Electrolyte Impurities on Ni(OH)2/NiOOH Structure and Oxygen Evolution Activity.
J. Phys. Chem. C 2015, 119, 7243-7254.

106. Hou, Y.; Liu, Y.; Gao, R.; Li, Q.; Guo, H.; Goswami, A.; Zboril, R.; Gawande, M. B.;
Zou, X., Ag@CoXP Core-Shell Heterogeneous Nanoparticles as Efficient Oxygen
Evolution Reaction Catalysts. ACS Catal. 2017, 7, 7038-7042.

107. Trotochaud, L.; Young, S. L.; Ranney, J. K., Boettcher, S. W., Nickel-Iron
Oxyhydroxide Oxygen-Evolution Electrocatalysts: The Role of Intentional and
Incidental Iron Incorporation. J. Am. Chem. Soc. 2014, 136, 6744-6753.

108. Friebel, D.; Louie, M. W.; Bajdich, M.; Sanwald, K. E.; Cai, Y.; Wise, A. M.; Cheng,

M. ].; Sokaras, D.; Weng, T. C.; Alonso-Mori, R.; Davis, R. C.; Bargar, ]. R.; Norskov, J. K;;

226

226



Nilsson, A.; Bell, A. T., Identification of Highly Active Fe Sites in (Ni,Fe)OOH for
Electrocatalytic Water Splitting. J. Am. Chem. Soc. 2015, 137, 1305-1313.

109. Chen,].Y,; Dang, L.; Liang, H.; Bi, W.; Gerken, ]. B,; Jin, S.; Alp, E. E.; Stah], S. S,,
Operando Analysis of NiFe and Fe Oxyhydroxide Electrocatalysts for Water
Oxidation: Detection of Fe** by Mossbauer Spectroscopy. J. Am. Chem. Soc. 2015,
137,15090-15093.

110. Louie, M. W.; Bell, A. T,, An Investigation of Thin-Film Ni-Fe Oxide Catalysts
for the Electrochemical Evolution of Oxygen. J. Am. Chem. Soc. 2013, 135, 12329-
12337.

111. Stevens, M. B.; Trang, C. D. M.; Enman, L. ].; Deng, ].; Boettcher, S. W., Reactive
Fe-Sites in Ni/Fe (Oxy)hydroxide Are Responsible for Exceptional Oxygen
Electrocatalysis Activity. J. Am. Chem. Soc. 2017, 139, 11361-11364.

112. Trotochaud, L.; Ranney, ]. K;; Williams, K. N.; Boettcher, S. W., Solution-Cast
Metal Oxide Thin Film Electrocatalysts for Oxygen Evolution. J. Am. Chem. Soc. 2012,
134,17253-17261.

113. Fuchs, A. N,; Schoeberl, M.; Tremmer, ].; Zaeh, M. F., Laser Cutting of Carbon
Fiber Fabrics. Physics Procedia 2013, 41, 372-380.

114. Ren, M.; Zhang, |.; Tour, J. M., Laser-Induced Graphene Synthesis of Co304 in
Graphene for Oxygen Electrocatalysis and Metal-Air Batteries. Carbon 2018, 139,
880-887.

115. Nejat, P.,; Jomehzadeh, F.; Taheri, M. M.; Gohari, M.; Abd. Majid, M. Z., A Global

Review of Energy Consumption, CO2 Emissions and Policy in the Residential Sector

227

227



(with an Overview of the Top Ten CO2 Emitting Countries). Renew. Sust. Energ. Rev.
2015, 43,843-862.

116. Nataly Echevarria Huaman, R; Xiu Jun, T., Energy Related CO2 Emissions and
the Progress on CCS Projects: A Review. Renew. Sust. Energ. Rev. 2014, 31, 368-385.
117. Dunn, B.,; Kamath, H.; Tarascon, ]. M., Electrical Energy Storage for the Grid: A
Battery of Choices. Science 2011, 334, 928-935.

118. Song, K; Agyeman, D. A,; Park, M.; Yang, |.; Kang, Y. M., High-Energy-Density
Metal-Oxygen Batteries: Lithium-Oxygen Batteries vs Sodium-Oxygen Batteries. Adv.
Mater. 2017, 29, 1606572.

119. Rahman, M. A;; Wang, X.; Wen, C., High Energy Density Metal-Air Batteries: A
Review. J. Electrochem. Soc. 2013, 160, A1759-A1771.

120. Lu, J.; Li, L,; Park, J. B;; Sun, Y. K.; Wu, F.; Amine, K., Aprotic and Aqueous Li-O2
Batteries. Chem. Rev. 2014, 114, 5611-5640.

121. Ma, Z; Yuan, X; Li, L.; Ma, Z.-F.; Wilkinson, D. P.; Zhang, L.; Zhang, ], A review
of Cathode Materials and Structures for Rechargeable Lithium-Air Batteries. Energy
Environ. Sci. 2015, 8, 2144-2198.

122. McCloskey, B. D.; Scheffler, R.; Speidel, A.; Bethune, D. S.; Shelby, R. M.; Luntz,
A. C,, On the Efficacy of Electrocatalysis in Nonaqueous Li-O2 Batteries. J. Am. Chem.
Soc. 2011, 133,18038-18041.

123.  Gu, P.; Zheng, M.; Zhao, Q.; Xiao, X.; Xue, H.; Pang, H., Rechargeable Zinc-Air

Batteries: a Promising Way to Green Energy. . Mater. Chem. A 2017, 5, 7651-7666.

228

228



124. Lim, H. D; Lee, B.; Bae, Y.; Park, H.; Ko, Y.; Kim, H.; Kim, J.; Kang, K., Reaction
Chemistry in Rechargeable Li-O2z batteries. Chem. Soc. Rev. 2017, 46, 2873-2888.

125. Li, Y.; Dai, H., Recent Advances in Zinc-Air Batteries. Chem. Soc. Rev. 2014, 43,
5257-5275.

126. Coli¢, V.; Bandarenka, A. S., Pt Alloy Electrocatalysts for the Oxygen Reduction
Reaction: From Model Surfaces to Nanostructured Systems. ACS Catal 2016, 6,
5378-5385.

127. Chen, Z.; Waje, M.; Li, W.; Yan, Y., Supportless Pt and PtPd Nanotubes as
Electrocatalysts for Oxygen-Reduction Reactions. Angew. Chem. Int. Ed. 2007, 46,
4060-4063.

128. Kortlever, R.; Shen, ].; Schouten, K. ]J. P.; Calle-Vallejo, F.; Koper, M. T. M,,
Catalysts and Reaction Pathways for the Electrochemical Reduction of Carbon
Dioxide. J. Phys. Chem. Lett. 2015, 6, 4073-4082.

129. Wang, M.; Qin, X,; Jiang, K.; Dong, Y.; Shao, M.; Cai, W.-B., Electrocatalytic
Activities of Oxygen Reduction Reaction on Pd/C and Pd-B/C Catalysts. J. Phys. Chem.
C2017,121,3416-3423.

130. Song, S.; Xu, W.; Zheng, |.; Luo, L.; Engelhard, M. H.; Bowden, M. E.; Liu, B.;
Wang, C. M,; Zhang, J. G., Complete Decomposition of Li2COs3 in Li-O2 Batteries Using
Ir/B4C as Noncarbon-Based Oxygen Electrode. Nano Lett. 2017, 17, 1417-1424.

131. Li, F; Tang, D. M,; Chen, Y.; Golberg, D.; Kitaura, H.; Zhang, T.; Yamada, A.;
Zhou, H., Ru/ITO: a Carbon-Free Cathode for Nonaqueous Li-O2 Battery. Nano Lett.

2013,13,4702-4707.

229

229



230

132. Saidi, W. A.,, Oxygen Reduction Electrocatalysis Using N-Doped Graphene
Quantum-Dots. J. Phys. Chem. Lett. 2013, 4, 4160-4165.

133. Gong, K., Du, F.; Xia, Z; Durstock, M.; Dai, L. Nitrogen-Doped Carbon
Nanotube Arrays with High Electrocatalytic Activity for Oxygen Reduction. Science
2009, 323, 760-764.

134. Osgood, H.; Devaguptapu, S. V.; Xu, H.; Cho, ]J.; Wu, G., Transition Metal (Fe, Co,
Ni, and Mn) Oxides for Oxygen Reduction and Evolution Bifunctional Catalysts in
Alkaline Media. Nano Today 2016, 11, 601-625.

135. Zhu, Y,; Zhou, W,; Yu, J.; Chen, Y.; Liu, M.; Shao, Z., Enhancing Electrocatalytic
Activity of Perovskite Oxides by Tuning Cation Deficiency for Oxygen Reduction and
Evolution Reactions. Chem. Mater. 2016, 28, 1691-1697.

136. Chen, D.; Wang, ]; Zhang, Z. Shao, Z.; Ciucci, F., Boosting Oxygen
Reduction/Evolution Reaction Activities with Layered Perovskite Catalysts. Chem.
Commun. 2016, 52,10739-10742.

137. Liang, Y.; Li, Y, Wang, H.; Zhou, ]J.; Wang, ].; Regier, T.; Dai, H., Co304
Nanocrystals on Graphene as a Synergistic Catalyst for Oxygen Reduction Reaction.
Nat. Mater. 2011, 10, 780.

138. Higgins, D.; Zamani, P.; Yu, A.; Chen, Z., The Application of Graphene and Its
Composites in Oxygen Reduction Electrocatalysis: a Perspective and Review of

Recent Progress. Energy Environ. Sci. 2016, 9, 357-390.

230



139. Liu, F.; Su, H,; Jin, L.; Zhang, H.; Chu, X.; Yang, W., Facile Synthesis of Ultrafine
Cobalt Oxide Nanoparticles for High-Performance Supercapacitors. J. Colloid
Interface Sci. 2017, 505, 796-804.

140. Dimiev, A. M.; Ceriotti, G.; Behabtu, N.; Zakhidov, D.; Pasquali, M.; Saito, R;;
Tour, J. M., Direct Real-Time Monitoring of Stage Transitions in Graphite
Intercalation Compounds. ACS Nano 2013, 7, 2773-2780.

141. Zhang, L.; Zhao, X.; Ma, W.; Wu, M.; Qian, N.; Lu, W., Novel Three-Dimensional
Co304 Dendritic Superstructures: Hydrothermal Synthesis, Formation Mechanism
and Magnetic Properties. CrystEngComm 2013, 15, 1389-1396.

142. Wu, Z;; Sun, L.-P.; Yang, M.; Huo, L.-H.; Zhao, H.; Grenier, ].-C., Facile Synthesis
and Excellent Electrochemical Performance of Reduced Graphene Oxide-Co304 Yolk-
Shell Nanocages as a Catalyst for Oxygen Evolution Reaction. J. Mater. Chem. A 2016,
4,13534-13542.

143. Liu, Y.-C; Koza, ]. A.; Switzer, ]. A., Conversion of Electrodeposited Co(OH)2 to
CoOOH and Co304, and Comparison of Their Catalytic Activity for the Oxygen
Evolution Reaction. Electrochim. Acta 2014, 140, 359-365.

144. Lu, X; Zhao, C., Highly efficient and robust oxygen evolution catalysts
achieved by anchoring nanocrystalline cobalt oxides onto mildly oxidized
multiwalled carbon nanotubes. J. Mater. Chem. A 2013, 1, 12053-12059.

145. Ma, T. Y,; Daj, S.; Jaroniec, M.; Qiao, S. Z., Metal-Organic Framework Derived
Hybrid Co304-Carbon Porous Nanowire Arrays as Reversible Oxygen Evolution

Electrodes. J. Am. Chem. Soc. 2014, 136, 13925-13931.

231

231



146. Lu, X.; Ng, Y. H.; Zhao, C., Gold Nanoparticles Embedded within Mesoporous
Cobalt Oxide Enhance Electrochemical Oxygen Evolution. ChemSusChem 2014, 7,
82-86.

147. Li, Z.y.; Ye, K. h.; Zhong, Q. s.; Zhang, C. j.; Shi, S. t,; Xu, C. w., Au-Co304/C as an
Efficient Electrocatalyst for the Oxygen Evolution Reaction. ChemPlusChem 2014,
79,1569-1572.

148. Zhuy, C.; Wen, D.; Leubner, S.; Oschatz, M.; Liu, W.; Holzschuh, M.; Simon, F.;
Kaskel, S.; Eychmuller, A., Nickel Cobalt Oxide Hollow Nanosponges as Advanced
Electrocatalysts for the Oxygen Evolution Reaction. Chem. Comm. 2015, 51, 7851-
7854.

149. Ma, T.Y.; Daij, S.; Jaroniec, M.; Qiao, S. Z., Synthesis of Highly Active and Stable
Spinel-Type Oxygen Evolution Electrocatalysts by a Rapid Inorganic Self-Templating
Method. Chem.: Eur. J. 2014, 20, 12669-12676.

150. Jiang, J.; Zhang, A.; Li, L.; Ai, L, Nickel-Cobalt Layered Double Hydroxide
Nanosheets as High-Performance Electrocatalyst for Oxygen Evolution Reaction. J.
Power Sources 2015, 278, 445-451.

151. Tang, D; Han, Y,; Ji, W.; Qiao, S.; Zhou, X.; Liu, R;; Han, X.; Huang, H.; Liu, Y.;
Kang, Z., A High-Performance Reduced Graphene Oxide/ZnCo Layered Double
Hydroxide Electrocatalyst for Efficient Water Oxidation. Dalton Trans. 2014, 43,
15119-15125.

152. Byon, H. R,; Suntivich, J.; Shao-Horn, Y., Graphene-Based Non-Noble-Metal

Catalysts for Oxygen Reduction Reaction in Acid. Chem. Mater. 2011, 23, 3421-3428.

232

232



153. Gorlin, Y.; Jaramillo, T. F., A Bifunctional Nonprecious Metal Catalyst for
Oxygen Reduction and Water Oxidation. J. Am. Chem. Soc. 2010, 132, 13612-13614.
154. Zhan, Y.; Du, G; Yang, S.; Xu, C,; Lu, M,; Liu, Z.; Lee, ]. Y., Development of Cobalt
Hydroxide as a Bifunctional Catalyst for Oxygen Electrocatalysis in Alkaline Solution.
ACS Appl. Mater. Interfaces 2015, 7, 12930-12936.

155. Lee, D. U,; Kim, B. ].; Chen, Z., One-Pot Synthesis of a Mesoporous NiC0204
Nanoplatelet and Graphene Hybrid and Its Oxygen Reduction and Evolution
Activities as an Efficient Bi-Functional Electrocatalyst. J. Mater. Chem. A 2013, 1,
4754-4762.

156. Li, Y.; Wang, X;; Dong, S.; Chen, X.; Cui, G., Recent Advances in Non-Aqueous
Electrolyte for Rechargeable Li-O2 Batteries. Adv. Energy Mater. 2016, 6, 1600751.
157. Shui, J.; Du, F,; Xue, C; Li, Q.; Dai, L., Vertically Aligned N-Doped Coral-like
Carbon Fiber Arrays as Efficient Air Electrodes for High-Performance Nonaqueous
Li-O2 Batteries. ACS Nano 2014, 8, 3015-3022.

158. Ren, M.; Zhang, J.; Tour, ]. M., Laser-Induced Graphene Hybrid Catalysts for
Rechargeable Zn-Air Batteries. ACS Appl. Energy Mater. 2019, 2, 1460-1468.

159. Pan,]; Xu, Y. Y,; Yang, H,; Dong, Z.; Liu, H.; Xia, B. Y., Advanced Architectures
and Relatives of Air Electrodes in Zn-Air Batteries. Adv. Sci. 2018, 5, 1700691.

160. Fu, J; Cano, Z. P; Park, M. G.; Yu, A; Fowler, M.; Chen, Z., Electrically
Rechargeable Zinc-Air Batteries: Progress, Challenges, and Perspectives. Adv. Mater.

2017,29,1604685.

233

233



161. Sui, S;; Wang, X,; Zhou, X;; Su, Y,; Riffat, S.; Liu, C.-j., A Comprehensive Review
of Pt Electrocatalysts for The Oxygen Reduction Reaction: Nanostructure, Activity,
Mechanism and Carbon Support in PEM Fuel Cells. . Mater. Chem. A 2017, 5, 1808-
1825.

162. Liu, J.; Jiao, M,; Ly, L.; Barkholtz, H. M;; Li, Y.; Wang, Y.; Jiang, L.; Wu, Z.; Liu, D.-
j» Zhuang, L.; Ma, C.; Zeng, ].; Zhang, B.; Su, D.; Song, P.; Xing, W.; Xu, W.; Wang, Y.;
Jiang, Z.; Sun, G., High Performance Platinum Single Atom Electrocatalyst for Oxygen
Reduction Reaction. Nat. Commun. 2017, 8, 15938.

163. Paoli, E. A; Masini, F.; Frydendal, R.; Deiana, D.; Schlaup, C.; Malizia, M.;
Hansen, T. W.; Horch, S.; Stephens, L. E. L.; Chorkendorff, 1., Oxygen Evolution on
Well-Characterized Mass-Selected Ru and RuO2 Nanoparticles. Chem. Sci. 2015, 6,
190-196.

164. Reier, T.; Oezaslan, M.; Strasser, P. Electrocatalytic Oxygen Evolution
Reaction (OER) on Ru, Ir, and Pt Catalysts: A Comparative Study of Nanoparticles
and Bulk Materials. ACS Catal 2012, 2, 1765-1772.

165. Chen, G.; Delafuente, D. A.; Sarangapani, S.; Mallouk, T. E., Combinatorial
discovery of bifunctional oxygen reduction-water oxidation electrocatalysts for
regenerative fuel cells. Catal. Today 2001, 67, 341-355.

166. Hong, W. T.; Risch, M; Stoerzinger, K. A.; Grimaud, A.; Suntivich, J.; Shao-Horn,
Y., Toward the Rational Design of Non-Precious Transition Metal Oxides for Oxygen

Electrocatalysis. Energy Environ. Sci. 2015, 8, 1404-1427.

234

234



235

167. Yan, D, Li, Y; Huo, J; Chen, R; Dai, L; Wang, S., Defect Chemistry of
Nonprecious-Metal Electrocatalysts for Oxygen Reactions. Adv. Mater. 2017, 29,
1606459.

168. Song, F.; Bai, L.; Moysiadou, A.; Lee, S.; Hu, C,; Liardet, L.; Hu, X,, Transition
Metal Oxides as Electrocatalysts for the Oxygen Evolution Reaction in Alkaline
Solutions: An Application-Inspired Renaissance. J. Am. Chem. Soc. 2018, 140, 7748-
7759.

169. Qiao, X;; Jin, J.; Fan, H.; Li, Y.; Liao, S., In Situ Growth of Cobalt Sulfide Hollow
Nanospheres Embedded in Nitrogen and Sulfur co-doped Graphene Nanoholes as a
Highly Active Electrocatalyst for Oxygen Reduction and Evolution. J. Mater. Chem. A
2017, 5,12354-12360.

170. Shen, M.; Ruan, C; Chen, Y,; Jiang, C,; Ai, K;; Lu, L., Covalent Entrapment of
Cobalt-Iron Sulfides in N-Doped Mesoporous Carbon: Extraordinary Bifunctional
Electrocatalysts for Oxygen Reduction and Evolution Reactions. ACS Appl. Mater.
Interfaces 2015, 7, 1207-1218.

171. Chen, B.; Li, R;; Ma, G.; Gou, X,; Zhu, Y.; Xia, Y., Cobalt Sulfide/N,S Codoped
Porous Carbon Core-Shell Nanocomposites as Superior Bifunctional Electrocatalysts
for Oxygen Reduction and Evolution Reactions. Nanoscale 2015, 7, 20674-20684.
172. Yang, H. B.; Miao, J.; Hung, S.-F.; Chen, ].; Tao, H. B.; Wang, X.; Zhang, L.; Chen,
R.; Gao, J.; Chen, H. M,; Dai, L.; Liu, B., Identification of Catalytic Sites for Oxygen
Reduction and Oxygen Evolution in N-doped Graphene Materials: Development of

Highly Efficient Metal-Free Bifunctional Electrocatalyst. Sci. Adv. 2016, 2, E1501122.

235



173. El-Sawy, A. M,; Mosa, [. M;; Su, D.; Guild, C. J.; Khalid, S.; Joesten, R.; Rusling, ].
F.; Suib, S. L., Controlling the Active Sites of Sulfur-Doped Carbon Nanotube-
Graphene Nanolobes for Highly Efficient Oxygen Evolution and Reduction Catalysis.
Adv. Energy Mater. 2016, 6, 1501966.

174. Xia, B. Y; Yan, Y.; Li, N,; Wu, H. B; Lou, X. W.,; Wang, X., A metal-organic
framework-derived bifunctional oxygen electrocatalyst. Nat. Energy 2016, 1, 15006.
175. Guan, J.; Zhang, Z.; Ji, J.; Dou, M.; Wang, F., Hydrothermal Synthesis of Highly
Dispersed Co304 Nanoparticles on Biomass-Derived Nitrogen-Doped Hierarchically
Porous Carbon Networks as an Efficient Bifunctional Electrocatalyst for Oxygen
Reduction and Evolution Reactions. ACS Appl. Mater. Interfaces 2017, 9, 30662-
30669.

176. Ye, R; James, D. K,; Tour, J. M., Laser-Induced Graphene. Acc. Chem. Res. 2018,
51,1609-1620.

177. Shahbazi Farahani, F.; Mecheri, B.; Reza Majidi, M.; Costa de Oliveira, M. A,;
D'Epifanio, A.; Zurlo, F.; Placidi, E.; Arciprete, F.; Licoccia, S, MnOx-Based
Electrocatalysts for Enhanced Oxygen Reduction in Microbial Fuel Cell Air Cathodes.
J. Power Sources 2018, 390, 45-53.

178. Pickrahn, K. L.; Park, S. W.; Gorlin, Y.; Lee, H.-B.-R.; Jaramillo, T. F.; Bent, S. F.,
Active MnOx Electrocatalysts Prepared by Atomic Layer Deposition for Oxygen
Evolution and Oxygen Reduction Reactions. Adv. Energy Mater. 2012, 2, 1269-1277.

179. Gao, G.; Liu, D.; Tang, S.; Huang, C.; He, M.; Guo, Y.; Sun, X,; Gao, B., Heat-

Initiated Chemical Functionalization of Graphene. Sci. Rep. 2016, 6, 20034.

236

236



180. Zhang, ].; Xia, Z.; Dai, L., Carbon-Based Electrocatalysts for Advanced Energy
Conversion and Storage. Sci. Adv. 2015, 1, e1500564.

181. Huang, M,; Zhang, Y.; Lj, F.; Wang, Z.; Alamusi; Hu, N.; Wen, Z.; Liu, Q., Merging
of Kirkendall Growth and Ostwald Ripening: CuO@MnO2 Core-shell Architectures
for Asymmetric Supercapacitors. Sci. Rep. 2014, 4, 4518.

182. Ali-Loytty, H.; Louie, M. W.; Singh, M. R,; Li, L.; Sanchez Casalongue, H. G;
Ogasawara, H.; Crumlin, E. ].; Liu, Z.; Bell, A. T.; Nilsson, A.; Friebel, D., Ambient-
Pressure XPS Study of a Ni-Fe Electrocatalyst for the Oxygen Evolution Reaction. J.
Phys. Chem. C 2016, 120, 2247-2253.

183. Gorlin, M.; Chernev, P.; Ferreira de Aradjo, J.; Reier, T.; Dresp, S.; Paul, B.;
Krdhnert, R;; Dau, H.; Strasser, P., Oxygen Evolution Reaction Dynamics, Faradaic
Charge Efficiency, and the Active Metal Redox States of Ni-Fe Oxide Water Splitting
Electrocatalysts. J. Am. Chem. Soc. 2016, 138, 5603-5614.

184. Lai, L.; Potts, J. R;; Zhan, D.; Wang, L.; Poh, C. K,; Tang, C.; Gong, H.; Shen, Z.;
Lin, J.; Ruoff, R. S., Exploration of the Active Center Structure of Nitrogen-Doped
Graphene-Based Catalysts for Oxygen Reduction Reaction. Energy Environ. Sci.
2012, 5,7936-7942.

185. Ye, R; Dong, J.; Wang, L.; Mendoza-Cruz, R.; Li, Y.; An, P.-F,; Yacaman, M. J;
Yakobson, B. I; Chen, D.; Tour, J. M., Manganese Deception on Graphene and

Implications in Catalysis. Carbon 2018, 132, 623-631.

237

237



238

186. Wenhan, N.; Zhao, L.; Kyle, M,; Le, Z.; Yilun, L.; Ruquan, Y.; Kun, L.; Yang, Y.,
Surface-Modified Porous Carbon Nitride Composites as Highly Efficient
Electrocatalyst for Zn-Air Batteries. Adv. Energy Mater. 2018, 8, 1701642.

187. Zheng, Y.; Jiao, Y.; Zhu, Y.; Cai, Q.; Vasileff, A.; Li, L. H.,; Han, Y.; Chen, Y.; Qiao,
S.-Z., Molecule-Level g-C3Ns4 Coordinated Transition Metals as a New Class of
Electrocatalysts for Oxygen Electrode Reactions. J. Am. Chem. Soc. 2017, 139, 3336-
33309.

188. Fu, G.; Chen, Y.; Cui, Z; Li, Y,; Zhou, W,; Xin, S.; Tang, Y.; Goodenough, J. B,
Novel Hydrogel-Derived Bifunctional Oxygen Electrocatalyst for Rechargeable Air
Cathodes. Nano Lett. 2016, 16, 6516-6522.

189. Xiaopeng, H.; Fangyi, C; Tianran, Z.; Jingang, Y., Yuxiang, H., Jun, C,
Hydrogenated Uniform Pt Clusters Supported on Porous CaMnOs3 as a Bifunctional
Electrocatalyst for Enhanced Oxygen Reduction and Evolution. Adv. Mater. 2014, 26,
2047-2051.

190. Justus, M.; Weij, X;; llya, S.; Anqi, Z.; Zhenyu, S.; Stefanie, G.; Philipp, W.; Martin,
M.; Wolfgang, S., MnxOy/NC and CoxOy/NC Nanoparticles Embedded in a Nitrogen-
Doped Carbon Matrix for High-Performance Bifunctional Oxygen Electrodes. Angew.
Chem. Int. Ed. 2014, 53, 8508-8512.

191. Yj, J; Ya-Ping, D, Jing, F,; Un, L. D.; Ruilin, L.; Paul, C. Z; Yangshuai, L.
Zhengyu, B.; Sooyeon, H.; Lin, Y.; Dong, S.; Weiguo, C.; Zhongwei, C., Interpenetrating

Triphase Cobalt-Based Nanocomposites as Efficient Bifunctional Oxygen

238



Electrocatalysts for Long-Lasting Rechargeable Zn-Air Batteries. Adv. Energy Mater.
2018, 8,1702900.

192. Wenwen, L.; Jing, Z.; Zhengyu, B.; Gaopeng, ]J.; Matthew, L.; Kun, F.; Lin, Y,;
Yuanli, D.; Tongwen, Y.; Zhongwei, C.; Aiping, Y., Controllable Urchin-Like NiCo2S4
Microsphere Synergized with Sulfur-Doped Graphene as Bifunctional Catalyst for
Superior Rechargeable Zn-Air Battery. Adv. Funct. Mater. 2018, 28, 1706675.

193. Zhang, J.; Zhang, C.; Sha, |.; Fei, H,; Li, Y.; Tour, J. M., Efficient Water-Splitting
Electrodes Based on Laser-Induced Graphene. ACS Appl. Mater. Interfaces 2017, 9,
26840-26847.

194. Li, Y. Gong, M,; Liang, Y.; Feng, J.; Kim, ].-E.; Wang, H.; Hong, G.; Zhang, B.; Dai,
H., Advanced Zinc-Air Batteries Based on High-Performance Hybrid Electrocatalysts.
Nat. Commun. 2013, 4, 1805.

195. Cheng, T.; Bin, W.; Hao-Fan, W.; Qiang, Z., Defect Engineering toward Atomic
Co-Nx-C in Hierarchical Graphene for Rechargeable Flexible Solid Zn-Air Batteries.
Adv. Mater. 2017, 29,1703185.

196. Un, L. D.;Ja-Yeon, C,; Kun, F.; Woong, P. H.; Zhongwei, C., Advanced Extremely
Durable 3D Bifunctional Air Electrodes for Rechargeable Zinc-Air Batteries. Adv.
Energy Mater. 2014, 4, 1301389.

197. Jin, Y.; Chen, F., Facile Preparation of Ag-Cu Bifunctional Electrocatalysts for

Zinc-Air Batteries. Electrochim. Acta 2015, 158, 437-445.

239

239



198. Xien, L.; Minjoon, P.; Gyu, K. M.; Shiva, G.; Gang, W.; Jaephil, C., Integrating
NiCo Alloys with Their Oxides as Efficient Bifunctional Cathode Catalysts for
Rechargeable Zinc-Air Batteries. Angew. Chem. Int. Ed. 2015, 54, 9654-9658.

199. Guo, Y.; Yuan, P,; Zhang, |.; Hu, Y.; Amiinu, I. S.; Wang, X.; Zhou, |.; Xia, H.; Song,
Z.; Xu, Q.; Mu, S., Carbon Nanosheets Containing Discrete Co-Nx-By-C Active Sites for
Efficient Oxygen Electrocatalysis and Rechargeable Zn-Air Batteries. ACS Nano
2018, 12, 1894-1901.

200. Liu, X; Park, M.; Kim, M. G.; Gupta, S.; Wang, X.; Wu, G.; Cho, ], High-
performance Non-spinel Cobalt-manganese Mixed Oxide-based Bifunctional
Electrocatalysts for Rechargeable Zinc-air batteries. Nano Energy 2016, 20, 315-
325.

201. Chen, X;; Liu, B.; Zhong, C.; Liu, Z; Liu, ].; Ma, L.; Deng, Y.; Han, X.; Wu, T.; Hu,
W.; Lu, J., Ultrathin Co304 Layers with Large Contact Area on Carbon Fibers as High-
Performance Electrode for Flexible Zinc-Air Battery Integrated with Flexible
Display. Adv. Energy Mater. 2017, 7, 1700779.

202. Ren, M;; Zhang, ].; Fan, M.; Ajayan, P. M.; Tour, J. M., Li-Breathing Air Batteries
Catalyzed by MnNiFe/Laser-Induced Graphene Catalysts. Adv. Mater. Interfaces,
2019, 6,1901035.

203. Pope, M. A,; Aksay, L. A, Structural Design of Cathodes for Li-S Batteries. Adv.
Energy Mater. 2015, 5, 1500124.

204. Bruce, P. G.; Freunberger, S. A.; Hardwick, L. ].; Tarascon, J.-M., Li-O2 and Li-S

Batteries with High Energy Storage. Nat. Mater. 2011, 11, 19.

240

240



205. Luntz, A. C.; McCloskey, B. D., Nonaqueous Li-Air Batteries: A Status Report.
Chem. Rev. 2014, 114,11721-11750.

206. Larcher, D.; Tarascon, J. M., Towards Greener and More Sustainable Batteries
for Electrical Energy Storage. Nat. Chem. 2014, 7, 19.

207. Adelhelm, P.; Hartmann, P.; Bender, C. L.; Busche, M.; Eufinger, C.; Janek, J.,
From Lithium to Sodium: Cell Chemistry of Room Temperature Sodium-Air and
Sodium-Sulfur Batteries. Beilstein . Nanotechnol 2015, 6, 1016-1055.

208. Lim, H.-D.; Park, K.-Y.; Song, H.; Jang, E. Y.; Gwon, H.; Kim, J.; Kim, Y. H.; Lima,
M. D.; Robles, R. O.; Lepré, X,; Baughman, R. H.; Kang, K, Enhanced Power and
Rechargeability of a Li-O2 Battery Based on a Hierarchical-Fibril CNT Electrode. Adv.
Mater. 2013, 25, 1348-1352.

209. Zhang, M., Zou, L.; Yang, C; Chen, Y.; Shen, Z.; Bo, C, An All-Nanosheet
OER/ORR Bifunctional Electrocatalyst for both Aprotic and Aqueous Li-O2 Batteries.
Nanoscale 2019, 11, 2855-2862.

210. Shao, Y.; Park, S.; Xiao, J.; Zhang, ].-G.; Wang, Y.; Liu, J., Electrocatalysts for
Nonaqueous Lithium-Air Batteries: Status, Challenges, and Perspective. ACS Catal.
2012, 2, 844-857.

211. Aurbach, D.; McCloskey, B. D.; Nazar, L. F; Bruce, P. G., Advances in
Understanding Mechanisms Underpinning Lithium-air Batteries. Nat. Energy 2016,

1,16128.

241

241



242

212. Gao, R;; Liu, L.; Hu, Z.; Zhang, P.; Cao, X.; Wang, B.; Liu, X., The Role of Oxygen
Vacancies in Improving the Performance of CoO as a Bifunctional Cathode Catalyst
for Rechargeable Li-O2 batteries. J. Mater. Chem. A 2015, 3, 17598-17605.

213. Freunberger, S. A.; Chen, Y.; Peng, Z.; Griffin, ]. M.; Hardwick, L. ].; Bardé, F.;
Novak, P.; Bruce, P. G., Reactions in the Rechargeable Lithium-02 Battery with Alkyl
Carbonate Electrolytes. J. Am. Chem. Soc. 2011, 133, 8040-8047.

214. Cheng, F.; Chen, ]., Something From Nothing. Nat. Chem. 2012, 4, 962.

215. Wang, S.; Nam, G.; Li, P,; Jang, H.; Wang, |J.; Kim, M. G.; Wu, Z,; Liu, X.; Cho, J.,
Highly Active Bifunctional Oxygen Electrocatalysts Derived from Nickel- or Cobalt-
Phytic Acid Xerogel for Zinc-air Batteries. Nanoscale 2018, 10, 15834-15841.

216. Jin, H; Wang, J.; Su, D.; Wei, Z.; Pang, Z.; Wang, Y., In Situ Cobalt-Cobalt
oxide/N-doped Carbon Hybrids as Superior Bifunctional Electrocatalysts for
Hydrogen and Oxygen Evolution. J. Am. Chem. Soc. 2015, 137, 2688-2694.

217. Lu, Y.-C,; Xu, Z.; Gasteiger, H. A.; Chen, S.; Hamad-Schifferli, K.; Shao-Horn, Y.,
Platinum-Gold Nanoparticles: A Highly Active Bifunctional Electrocatalyst for
Rechargeable Lithium-Air Batteries. J. Am. Chem. Soc. 2010, 132,12170-12171.

218. Jian, Z; Liu, P.; Li, F.; He, P.; Guo, X.; Chen, M.; Zhou, H., Core-Shell-Structured
CNT@RuO:2 Composite as a High-Performance Cathode Catalyst for Rechargeable Li-
Oz Batteries. Angew. Chem. Int. Ed. 2014, 53, 442-446.

219. Lj, F; Tang, D.-M.; Zhang, T,; Liao, K;; He, P.; Golberg, D.; Yamada, A.; Zhou, H,,
Superior Performance of a Li-O2 Battery with Metallic RuO2 Hollow Spheres as the

Carbon-Free Cathode. Adv. Energy Mater. 2015, 5, 1500294.

242



243

220. Zhang, P; Ly, X;; Huang, Y.; Deng, |J.; Zhang, L.; Ding, F.; Su, Z.; Wei, G.; Schmidt,
0. G., MoS2 Nanosheets Decorated with Gold Nanoparticles for Rechargeable Li-O2
Batteries. J. Mater. Chem. A 2015, 3, 14562-14566.

221. Shui, J.-L; Karan, N. K;; Balasubramanian, M.; Li, S.-Y.; Liu, D.-J.,, Fe/N/C
Composite in Li-O2 Battery: Studies of Catalytic Structure and Activity Toward
Oxygen Evolution Reaction. J. Am. Chem. Soc. 2012, 134, 16654-16661.

222. Li, S,; Xu, J; Ma, Z.; Zhang, S.; Wen, X,; Yu, X;; Yang, J.; Ma, Z.-F.; Yuan, X,
NiMn204 as an Efficient Cathode Catalyst for Rechargeable Lithium-Air Batteries.
Chem. Comm. 2017, 53,8164-8167.

223. Gao, R; Li, Z;; Zhang, X.; Zhang, J.; Hu, Z.; Liu, X., Carbon-Dotted Defective CoO
with Oxygen Vacancies: a Synergetic Design of Bifunctional Cathode Catalyst for Li-
02 Batteries. ACS Catal. 2015, 6, 400-406.

224. Ling, C., Zhang, R.; Takechi, K, Mizuno, F. Intrinsic Barrier to
Electrochemically Decompose Li2CO3 and LiOH. J. Phys. Chem. C 2014, 118, 26591-
26598.

225. Zhang, Y.; Cui, Q.; Zhang, X.;; McKee, W. C.; Xu, Y.; Ling, S.; Li, H.; Zhong, G.;
Yang, Y.; Peng, Z., Amorphous Li202: Chemical Synthesis and Electrochemical
Properties. Angew. Chem. Int. Ed. 2016, 55, 10717-10721.

226. Chen, Y,; Freunberger, S. A.; Peng, Z.; Fontaine, O.; Bruce, P. G., Charging a Li-

02 Battery Using a Redox Mediator. Nat. Chem. 2013, 5, 489.

243



227. Bergner, B. ]; Schiirmann, A.; Peppler, K.; Garsuch, A.; Janek, J., TEMPO: A
Mobile Catalyst for Rechargeable Li-O2 Batteries. J. Am. Chem. Soc. 2014, 136, 15054-
15064.

228. Kwak, W.-].; Hirshberg, D.; Sharon, D.; Afri, M.; Frimer, A. A.; Jung, H.-G.;
Aurbach, D.; Sun, Y.-K,, Li-O2 Cells with LiBr as an Electrolyte and a Redox Mediator.
Energy Environ. Sci. 2016, 9, 2334-2345.

229. Liu, T.; Leskes, M.; Yu, W.; Moore, A. ].; Zhou, L.; Bayley, P. M,; Kim, G.; Grey, C.
P., Cycling Li-O2 Batteries via LiOH Formation and Decomposition. Science 2015,
350, 530-533.

230. Wang, D.; Mu, X.; He, P.; Zhou, H., Materials for Advanced Li-O2 Batteries:
Explorations, Challenges and Prospects. Mater. Today 2019.

231. Radin, M. D;; Siegel, D. ], Charge Transport in Lithium Peroxide: Relevance for
Rechargeable Metal-air Batteries. Energy Environ. Sci. 2013, 6, 2370-2379.

232. Assary, R.S,; Lu, J,; Du, P,; Luo, X;; Zhang, X.; Ren, Y.; Curtiss, L. A.; Amine, K,
The Effect of Oxygen Crossover on the Anode of a Li-O2 Battery using an Ether-
Based Solvent: Insights from Experimental and Computational Studies.
ChemSusChem 2013, 6, 51-55.

233. Gittleson, F. S;; Jones, R. E.; Ward, D. K;; Foster, M. E., Oxygen Solubility and
Transport in Li-Air Battery Electrolytes: Establishing Criteria and Strategies for

Electrolyte Design. Energy Environ. Sci. 2017, 10, 1167-1179.

244

244



234. Huang, Z.; Ren, ].; Zhang, W.; Xie, M.; Li, Y.; Sun, D.; Shen, Y.; Huang, Y,
Protecting the Li-Metal Anode in a Li-O2 Battery by using Boric Acid as an SEI-
Forming Additive. Adv. Mater. 2018, 30, 1803270.

235. Subbaraman, R.; Tripkovic, D.; Chang, K.-C.; Strmcnik, D.; Paulikas, A. P,;
Hirunsit, P.; Chan, M.; Greeley, ].; Stamenkovic, V.; Markovic, N. M., Trends in Activity
for the Water Electrolyser Reactions on 3D M(Ni,Co,Fe,Mn) Hydr(oxy)oxide
Catalysts. Nat. Mater. 2012, 11, 550.

236. Xiong, X,; Ji, Y,; Xie, M,; You, C; Yang, L.; Liu, Z.; Asiri, A. M.; Sun, X., MnO2-CoP3
Nanowires array: An Efficient Electrocatalyst for Alkaline Oxygen Evolution
Reaction with Enhanced Activity. Electrochem. commun. 2018, 86, 161-165.

237. Yu, M. Q. Li, Y. H; Yang, S.; Liu, P. F.; Pan, L. F,; Zhang, L.; Yang, H. G., Mn304
Nano-octahedrons on Ni Foam As An Efficient Three-dimensional Oxygen Evolution
Electrocatalyst. J. Mater. Chem. A 2015, 3, 14101-14104.

238. Cai, S.; Zheng, M.; Lin, X.; Lei, M.; Yuan, R.; Dong, Q., A Synergistic Catalytic
Mechanism for Oxygen Evolution Reaction in Aprotic Li-O2 Battery. ACS Catal. 2018,
8, 7983-7990.

239. Xing, Y,; Yang, Y.; Chen, R;; Luo, M,; Chen, N.; Ye, Y.; Qian, J.; Li, L.; Wu, F.; Guo,
S., Strongly Coupled Carbon Nanosheets/Molybdenum Carbide Nanocluster Hollow
Nanospheres for High-Performance Aprotic Li-O2 Battery. Small 2018, 14, 1704366.
240. Ren, X;; Huang, M;; Luo, S.; Li, Y.; Deng, L.; Mi, H.; Sun, L.; Zhang, P., PdNi Alloy

Decorated 3D Hierarchically N, S co-Doped Macro-Mesoporous Carbon Composites

245

245



as Efficient Free-Standing and Binder-Free Catalysts for Li-O2 Batteries. J. Mater.
Chem. A 2018, 6, 10856-10867.

241. Song, Z.; Qin, X.; Cao, N.; Gao, X.; Liang, Q.; Huo, Y., Mesoporous CoO/Reduced
Graphene Oxide as Bi-functional Catalyst for Li-O2 Battery with Improved
Performances. Mater. Chem. Phys. 2018, 203, 302-3009.

242. Luo, X;; Ge, L.; Ma, L.; Kropf, A. ].; Wen, |.; Zuo, X,; Ren, Y.; Wu, T.; Lu, J.; Amine,
K., Effect of Componential Proportion in Bimetallic Electrocatalysts on the Aprotic
Lithium-Oxygen Battery Performance. Adv. Energy Mater. 2018, 8, 1703230.

243. Wu, A;; Shen, S.; Yan, X;; Xia, G.; Zhang, Y.; Zhu, F.; Zhang, ]., CxNy Particles@N-
Doped Porous Graphene: a Novel Cathode Catalyst with a Remarkable Cyclability for
Li-O2 Batteries. Nanoscale 2018, 10, 12763-12770.

244. Tan, G.; Chong, L.; Amine, R.; Lu, |.; Liu, C.; Yuan, Y.; Wen, ].; He, K;; Bi, X.; Guo,
Y.; Wang, H.-H.; Shahbazian-Yassar, R.; Al Hallaj, S.; Miller, D. J.; Liu, D.; Amine, K,
Toward Highly Efficient Electrocatalyst for Li-O2 Batteries Using Biphasic N-Doping
Cobalt@Graphene Multiple-Capsule Heterostructures. Nano Lett. 2017, 17, 2959-
2966.

245. Gong, Y.; Ding, W.; Li, Z; Su, R;; Zhang, X.; Wang, |.; Zhou, J.; Wang, Z.; Gao, Y.;
Li, S.; Guan, P.; Wei, Z.; Sun, C., Inverse Spinel Cobalt-Iron Oxide and N-Doped
Graphene Composite as an Efficient and Durable Bifuctional Catalyst for Li-O2

Batteries. ACS Catal. 2018, 8, 4082-4090.

246

246



247

246. Zhang, ].; Wang, L.; Xu, L.; Ge, X,; Zhao, X.; Lai, M,; Liu, Z.; Chen, W., Porous
Cobalt-Manganese Oxide Nanocubes Derived from Metal Organic Frameworks as a
Cathode Catalyst for Rechargeable Li-O2 Batteries. Nanoscale 2015, 7, 720-726.

247. Li, ].; Zou, M.; Wen, W.; Zhao, Y.; Lin, Y.; Chen, L.; Lai, H.; Guan, L.; Huang, Z.,
Spinel MFe204 (M = Co, Ni) Nanoparticles Coated on Multi-Walled Carbon
Nanotubes as Electrocatalysts for Li-O2 Batteries. J. Mater. Chem. A 2014, 2, 10257-
10262.

248. Kim, ]J. G,; Noh, Y,; Kim, Y.; Lee, S.; Kim, W. B., Fabrication of Three-
Dimensional Ordered Macroporous Spinel CoFe20s4 as Efficient Bifunctional
Catalysts for the Positive Electrode of Lithium-Oxygen Batteries. Nanoscale 2017, 9,
5119-5128.

249. Chen, K;; Pathak, R.; Gurung, A.; Adhamash, E. A.; Bahrami, B.; He, Q.; Qiao, H.;
Smirnova, A. L.; Wu, . J.; Qiao, Q.; Zhou, Y., Flower-Shaped Lithium Nitride as a
Protective Layer via Facile Plasma Activation for Stable Lithium Metal Anodes.
Energy Storage Mater. 2019, 18, 389-396.

250. Li, Y, Sun, Y.; Pei, A,; Chen, K;; Vailionis, A.; Li, Y.; Zheng, G.; Sun, ].; Cui, Y.,
Robust Pinhole-free LisN Solid Electrolyte Grown from Molten Lithium. ACS Cent. Sci.
2018, 4,97-104.

251. Xu, H; Li, Y;; Zhou, A;; Wu, N; Xin, S.; Li, Z.; Goodenough, J. B., LisN-Modified
Garnet Electrolyte for All-Solid-State Lithium Metal Batteries Operated at 40 °C.

Nano Lett. 2018, 18, 7414-7418.

247



248

252. Harding, ]J. R; Lu, Y.-C; Tsukada, Y.; Shao-Horn, Y., Evidence of Catalyzed
Oxidation of Li202 for Rechargeable Li-Air Battery Applications. Phys. Chem. Chem.
Phys. 2012, 14, 10540-10546.

253. Xia, C; Kwok, C. Y,; Nazar, L. F, A High-Energy-Density Lithium-Oxygen
Battery Based on a Reversible Four-Electron Conversion to Lithium Oxide. Science
2018, Medium: X; Size: p. 777-781.

254. Schwenke, K. U.; Metzger, M.; Restle, T.; Piana, M.; Gasteiger, H. A.,, The
Influence of Water and Protons on Liz0z2 Crystal Growth in Aprotic Li-O2 cells. J.
Electrochem. Soc. 2015, 162, A573-A584.

255. Black, R; Oh, S. H.; Lee, J.-H.; Yim, T.; Adams, B.; Nazar, L. F.,, Screening for
Superoxide Reactivity in Li-O2 Batteries: Effect on Li202/LiOH Crystallization. J. Am.
Chem. Soc. 2012, 134, 2902-2905.

256. Mahne, N.; Fontaine, O.; Thotiyl, M. 0.; Wilkening, M.; Freunberger, S. A,
Mechanism and Performance of Lithium-Oxygen Batteries-a Perspective. Chem. Sci.
2017,8,6716-6729.

257. Yuan, M. Nan, C,; Yang, Y.; Sun, G.; Li, H.; Ma, S., Uniform FexNiy Nanospheres:
Cost-Effective Electrocatalysts for Nonaqueous Rechargeable Li-O2 Batteries. ACS
Omega 2017, 2,4269-4277.

258. Zhang, X.; Wang, C.; Chen, Y.-N.; Wang, X.-G.; Xie, Z.; Zhou, Z., Binder-Free
NiFe204/C Nanofibers as Air Cathodes for Li-O2 Batteries. J. Power Sources 2018,

377,136-141.

248



259. Yao, K. P.; Kwabi, D. G.; Quinlan, R. A;; Mansour, A. N.; Grimaud, A.; Lee, Y.-L,;
Lu, Y.-C.; Shao-Horn, Y., Thermal stability of Li2O2 and Li20 for Li-air batteries: In
situ XRD and XPS studies. J. Electrochem. Soc. 2013, 160, A824-A831.

260. Hu, R; Chen, D.; Waller, G.; Ouyang, Y.; Chen, Y.; Zhao, B.; Rainwater, B.; Yang,
C.; Zhu, M.; Liu, M., Dramatically Enhanced Reversibility of Li20 in SnO2-Based
Electrodes: the Effect of Nanostructure on High Initial Reversible Capacity. Energy
Environ. Sci. 2016, 9, 595-603.

261. Ren, M.; Zhang, |.; Zhang, C.; Stanford, M. G.; Chyan, Y.; Yao, Y.; Tour, J. M,,
Quasi-Solid-State Li-O2 Batteries with Laser-Induced Graphene Cathode Catalysts.
ACS Appl. Energy Mater. 2020,3,1702-1709.

262. Abraham, K. M. Jiang, Z., A Polymer Electrolyte-Based Rechargeable
Lithium/Oxygen Battery. J. Electrochem. Soc. 1996, 143, 1-5.

263. Ogasawara, T.; Débart, A.; Holzapfel, M.; Novak, P.; Bruce, P. G., Rechargeable
Li202 Electrode for Lithium Batteries. J. Am. Chem. Soc. 2006, 128, 1390-1393.

264. Lau, S.; Archer, L. A, Nucleation and Growth of Lithium Peroxide in the Li-O2
Battery. Nano Lett. 2015, 15, 5995-6002.

265. Freunberger, S. A.; Chen, Y.; Drewett, N. E.; Hardwick, L. ].; Bardé, F.; Bruce, P.
G., The lithium-oxygen battery with ether-based electrolytes. Angew. Chem. Int. Ed.
2011, 50, 8609-8613.

266. Ottakam Thotiyl, M. M.; Freunberger, S. A.; Peng, Z.; Chen, Y.; Liu, Z.; Bruce, P.

G., A Stable Cathode for the Aprotic Li-O2 Battery. Nat. Mater. 2013, 12, 1050.

249

249



250

267. Peng, Z.; Freunberger, S. A.; Chen, Y.; Bruce, P. G., A Reversible and Higher-
Rate Li-O2 battery. Science 2012, 337, 563-566.

268. Yi,].; Guo, S.; He, P.; Zhou, H., Status and Prospects of Polymer Electrolytes for
Solid-State Li-O2 (Air) Batteries. Energy Environ. Sci. 2017, 10, 860-884.

269. Liu, Y,; He, P.; Zhou, H., Rechargeable Solid-State Li-Air and Li-S Batteries:
Materials, Construction, and Challenges. Adv. Energy Mater. 2018, 8, 1701602.

270. Xu, D; Wang, Z.-l; Xu, ].-j; Zhang, L.-l; Zhang, X.-b., Novel DMSO-Based
Electrolyte for High Performance Rechargeable Li-O2 Batteries. Chem. Comm. 2012,
48, 6948-6950.

271. Scrosati, B.; Hassoun, J.; Sun, Y.-K,, Lithium-lon Batteries. A Look Into the
Future. Energy Environ. Sci. 2011, 4, 3287-3295.

272. Zhai, H.; Xu, P; Ning, M.; Cheng, Q.; Mandal, J.; Yang, Y., A flexible solid
composite electrolyte with vertically aligned and connected ion-conducting
nanoparticles for lithium batteries. Nano Lett. 2017, 17, 3182-3187.

273. Meini, S.; Tsiouvaras, N.; Schwenke, K. U.; Piana, M.; Beyer, H.; Lange, L.;
Gasteiger, H. A, Rechargeability of Li-Air Cathodes Pre-Filled with Discharge
Products Using an Ether-Based Electrolyte Solution: Implications for Cycle-Life of Li-
Air Cells. Phys. Chem. Chem. Phys. 2013, 15, 11478-11493.

274. Xie, ]; Yao, X;; Cheng, Q.; Madden, 1. P.; Dornath, P.; Chang, C. C.; Fan, W
Wang, D. Three Dimensionally Ordered Mesoporous Carbon as a Stable, High-

Performance Li-O2 Battery Cathode. Angew. Chem. Int. Ed. 2015, 54, 4299-4303.

250



251

275. Jung, H.-G.; Hassoun, ].; Park, ]J.-B.; Sun, Y.-K,; Scrosati, B., An Improved High-
Performance Lithium-Air Battery. Nat. Chem. 2012, 4, 579.

276. Black, R; Adams, B.; Nazar, L. F., Non-Aqueous and Hybrid Li-O2 Batteries.
Adv. Energy Mater. 2012, 2, 801-815.

277. Fu, K; Gong, Y.; Liy, B.; Zhu, Y.; Xu, S.; Yao, Y.; Luo, W.; Wang, C.; Lacey, S. D.;
Dai, J.; Chen, Y.; Mo, Y.; Wachsman, E.; Hu, L., Toward Garnet Electrolyte-Based Li
Metal Batteries: An Ultrathin, Highly Effective, Artificial Solid-State
Electrolyte/Metallic Li Interface. Sci. Adv. 2017, 3, e1601659.

278. Yao, W,; Yuan, Y.,; Tan, G.; Liu, C; Cheng, M. Yurkiv, V,; Bi, X;; Long, F,;
Friedrich, C. R.; Mashayek, F.; Amine, K.; Lu, J.; Shahbazian-Yassar, R., Tuning Li202
Formation Routes by Facet Engineering of MnO2 Cathode Catalysts. J. Am. Chem. Soc.
2019, 141, 12832-12838.

279. Tan, G.; Chong, L.; Zhan, C.; Wen, J.; Ma, L.; Yuan, Y.; Zeng, X.; Guo, F.; Pearson,
J. E,; Li, T.; Wu, T.; Liu, D.-].; Shahbazian-Yassar, R.; Lu, J.; Liu, C.; Amine, K., Insights
into Structural Evolution of Lithium Peroxides with Reduced Charge Overpotential
in Li-O2 System. Adv. Energy Mater. 2019, 9, 1900662.

280. Deng, Z.; Wang, Z.; Chu, L.-H.; Luo, J.; Ong, S. P., Elastic Properties of Alkali
Superionic Conductor Electrolytes from First Principles Calculations. J. Electrochem.
Soc. 2016, 163, A67-A74.

281. Kotobuki, M.; Munakata, H.; Kanamura, K.; Sato, Y.; Yoshida, T., Compatibility
of LizLas3Zr2012 solid electrolyte to all-solid-state battery using Li metal anode. J.

Electrochem. Soc. 2010, 157, A1076-A1079.

251



282. Sun, C; Liu, J.; Gong, Y.; Wilkinson, D. P.; Zhang, ]., Recent Advances in All-
Solid-State Rechargeable Lithium Batteries. Nano Energy 2017, 33, 363-386.

283. Thangadurai, V.; Narayanan, S.; Pinzaru, D., Garnet-Type Solid-State Fast Li
Ion Conductors for Li Batteries: Critical Review. Chem. Soc. Rev. 2014, 43, 4714-
4727.

284. Chi, X,; Liang, Y.; Hao, F.; Zhang, Y.; Whiteley, J.; Dong, H.; Hu, P.; Lee, S.; Yao,
Y., Tailored Organic Electrode Material Compatible with Sulfide Electrolyte for
Stable All-Solid-State Sodium Batteries. Angew. Chem. Int. Ed. 2018, 57, 2630-2634.
285. Hao, F,; Chi, X;; Liang, Y.; Zhang, Y.; Xu, R;; Guo, H.; Terlier, T.; Dong, H.; Zhao,
K, Lou, J.; Yao, Y., Taming Active Material-Solid Electrolyte Interfaces with Organic
Cathode for All-Solid-State Batteries. Joule 2019, 3, 1349-1359.

286. Cheng, X,; Pan, ].; Zhao, Y.; Liao, M.; Peng, H., Gel Polymer Electrolytes for
Electrochemical Energy Storage. Adv. Energy Mater. 2018, 8, 1702184.

287. Zhao, C; Wang, C; Yue, Z.; Shu, K;; Wallace, G. G., Intrinsically stretchable
supercapacitors composed of polypyrrole electrodes and highly stretchable gel
electrolyte. ACS Appl. Mater. Interfaces 2013, 5, 9008-9014.

288. Wang, ]J.; Gao, R.; Zhou, D.; Chen, Z.; Wu, Z.; Schumacher, G.; Hu, Z.; Liu, X,
Boosting the Electrocatalytic Activity of Co30s Nanosheets for a Li-O2 Battery
through Modulating Inner Oxygen Vacancy And Exterior Co3+/Co?* Ratio. ACS Catal.
2017, 7,6533-6541.

289. Zhang, T. Liao, K; He, P;; Zhou, H., A Self-Defense Redox Mediator for

Efficient Lithium-02 Batteries. Energy Environ. Sci. 2016, 9, 1024-1030.

252

252



290. Qiao, Y.; Ye, S, Spectroscopic Investigation for Oxygen Reduction and
Evolution Reactions with Tetrathiafulvalene as a Redox Mediator in Li-O2 Battery. J.
Phys. Chem. C 2016, 120, 15830-15845.

291. Zugmann, S.; Fleischmann, M.; Amereller, M.; Gschwind, R. M.; Wiemhofer, H.
D.; Gores, H. ]., Measurement of Transference Numbers for Lithium Ion Electrolytes
via Four Different Methods, a Comparative Study. Electrochim. Acta 2011, 56, 3926-
3933.

292. Zhang, S. S.; Foster, D.; Read, ]., Discharge Characteristic of a Non-Aqueous
Electrolyte Li/O2 Battery. J. Power Sources 2010, 195, 1235-1240.

293. Shen, C.; Xie, J; Liu, T.; Zhang, M.; Andrei, P.; Dong, L.; Hendrickson, M.;
Plichta, E. ]J.; Zheng, ]J. P., Influence of Pore Size on Discharge Capacity in Li-Air
Batteries with Hierarchically Macroporous Carbon Nanotube Foams as Cathodes. J.
Electrochem. Soc. 2018, 165, A2833-A2839.

294. Liu, S; Qin, X, Preparation of a Ag-MnOz/Graphene Composite for the Oxygen
Reduction Reaction in Alkaline Solution. RSC Advances 2015, 5, 15627-15633.

295. Chen, G.; Sunarso, J.; Zhu, Y.; Yu, J.; Zhong, Y.; Zhou, W.; Shao, Z., Highly Active
Carbon/a-MnO2  Hybrid Oxygen Reduction Reaction Electrocatalysts.
ChemkElectroChem 2016, 3, 1760-1767.

296. Meng, Y.; Song, W.; Huang, H.; Ren, Z.; Chen, S.-Y.; Suib, S. L., Structure-
Property Relationship of Bifunctional MnO2 Nanostructures: Highly Efficient, Ultra-
Stable Electrochemical Water Oxidation and Oxygen Reduction Reaction Catalysts

Identified in Alkaline Media. J. Am. Chem. Soc. 2014, 136, 11452-11464.

253

253



297. Zhang, ].; Guo, C.; Zhang, L.; Li, C. M., Direct Growth of Flower-Like Manganese
Oxide on Reduced Graphene Oxide Towards Efficient Oxygen Reduction Reaction.
Chem. Comm. 2013, 49, 6334-6336.

298. Sun, S.; Miao, H.; Xue, Y.; Wang, Q.; Zhang, Q.; Dong, Z.; Lj, S.; Huang, H.; Liu, Z,,
High Electrocatalytic Activity of Silver-Doped Manganese Dioxide toward Oxygen
Reduction Reaction in Aluminum-Air Battery. J. Electrochem. Soc. 2017, 164, F768-
F774.

299. Bai, L.;; Hou, C,; Wen, X,; Guan, J., Catalysis of Oxygen Reduction Reaction on
Atomically Dispersed Copper-and Nitrogen-Codoped Graphene. ACS Appl Energy
Mater. 2019.

300. Chen, S;; Duan, J.; Han, W.; Qiao, S. Z., A Graphene-MnO2 Framework as a New
Generation of Three-Dimensional Oxygen Evolution Promoter. Chem. Comm. 2014,
50,207-2009.

301. Xie, K; Masa, ].; Madej, E; Yang, F.; Weide, P.; Dong, W.; Muhler, M,
Schuhmann, W.; Xia, W., C0304-MnO2-CNT Hybrids Synthesized by HNOs Vapor
Oxidation of Catalytically Grown CNTs as OER Electrocatalysts. ChemCatChem 2015,
7,3027-3035.

302. Wang, Y,; Liu, Q; Hu, T.; Zhang, L.; Deng, Y., Carbon supported MnOz-CoFe204
with enhanced electrocatalytic activity for oxygen reduction and oxygen evolution.

Appl. Surf, Sci. 2017, 403, 51-56.

254

254



303. Zheng, X,; Yy, L.; Lan, B.; Cheng, G.; Lin, T.; He, B.; Ye, W.; Sun, M.; Ye, F., Three-
Dimensional Radial a-MnO: Synthesized from Different Redox Potential for
Bifunctional Oxygen Electrocatalytic Activities. J. Power Sources 2017, 362, 332-341.
304. Bi, R; Liu, G.; Zeng, C.; Wang, X.; Zhang, L.; Qiao, S.-Z., 3D Hollow a-MnO:
Framework as an Efficient Electrocatalyst for Lithium-Oxygen Batteries. Small
2019, 15, 1804958.

305. Débart, A.; Paterson, A. ].; Bao, ].; Bruce, P. G., a-MnO2 Nanowires: A Catalyst
for the Oz Electrode in Rechargeable Lithium Batteries. Angew. Chem. Int. Ed. 2008,
47,4521-4524.

306. Zhang, G.; Zheng, |.; Liang, R.; Zhang, C.; Wang, B.; Au, M.; Hendrickson, M. a;
Plichta, E.,, «-MnOz/Carbon Nanotube/Carbon Nanofiber Composite Catalytic Air
Electrodes for Rechargeable Lithium-Air Batteries. J. Electrochem. Soc. 2011, 158,
A822-A827.

307. Jung, K.-N.; Lee, J.-I; Jung, J.-H.; Shin, K.-H.; Lee, J.-W., A Quasi-Solid-State
Rechargeable Lithium-Oxygen Battery Based on a Gel Polymer Electrolyte with an
Ionic Liquid. Chem. Comm. 2014, 50, 5458-5461.

308. Zhang, J.; Sun, B.; Xie, X.; Kretschmer, K.; Wang, G., Enhancement of Stability
for Lithium Oxygen Batteries by Employing Electrolytes Gelled by Poly(vinylidene
fluoride-co-hexafluoropropylene) and Tetraethylene Glycol Dimethyl Ether.

Electrochim. Acta 2015, 183, 56-62.

255

255



309. Leng, L.; Zeng, X,; Chen, P.; Shu, T.; Song, H.; Fu, Z.; Wang, H.; Liao, S., A novel
stability-enhanced lithium-oxygen battery with cellulose-based composite polymer
gel as the electrolyte. Electrochim. Acta 2015, 176, 1108-1115.

310. Liu, Q.-C; Liu, T.; Liu, D.-P.; Li, Z.-].; Zhang, X.-B.; Zhang, Y., A Flexible and
Wearable Lithium-Oxygen Battery with Record Energy Density achieved by the
Interlaced Architecture inspired by Bamboo Slips. Adv. Mater. 2016, 28, 8413-8418.
311. Chamaani, A.; Chawla, N.; Safa, M.; El-Zahab, B., One-Dimensional Glass Micro-
Fillers in Gel Polymer Electrolytes for Li-O2 Battery Applications. Electrochim. Acta
2017,235,56-63.

312. Le, H. T. T; Ngo, D. T,; Kalubarme, R. S.; Cao, G.; Park, C.-N.; Park, C.-],,
Composite Gel Polymer Electrolyte Based on Poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) with Modified Aluminum-Doped Lithium
Lanthanum Titanate (A-LLTO) for High-Performance Lithium Rechargeable
Batteries. ACS Appl. Mater. Interfaces 2016, 8, 20710-20719.

313. Guo, Z; Li, C; Liu, J.; Wang, Y.; Xia, Y., A Long-Life Lithium-Air Battery in
Ambient Air with a Polymer Electrolyte Containing a Redox Mediator. Angew. Chem.

Int. Ed. 2017, 56, 7505-7500.

256

256



	Title page
	Muqing Ren_Thesis-No Title-final

