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ABSTRACT

The dissertation work focuses on research and dewednt of durable nanoscale
catalysts and supports for rechargeable Li-airebat that use aqueous catholytes.
Transition metal oxides, TiDand NBOs in particular, were prepared from a sol-gel
process in the form of nanocoatings (5~50 nm) obharananotubes (CNTs) and studied
as catalyst supports. Carbon doping in the oxided post annealing significantly
increased their electronic conductivity. Pt catalyen the support with Ti©
(Pt/c-TiG,/CNTs) showed a much better oxygen reduction readtDRR) activity than a
commercial Pt on carbon black (Pt/C). Negligiblssig< 3%) in ORR activity was found
in Pt/c-TIGQ/CNTs as compared to more than 50% loss in Pt/@podstrating a
significantly improved durability in the developedtalysts. However, Pt/c-NDs/CNTs
was found to be worse in ORR activity and durapilgfuggesting that c-N®s/CNTs
may not be a good support.

CNTs have fibrous shape and would provide a ungpreus structure as electrode.
Their buckypapers were made and used to suppatfysts of Pt and Ir@in the cathodes
of Li-air batteries with sulfuric acid catholytet low Pt loading (5 wt.%) without Ir©on
the buckypaper cathode, the Li-air cell achievelisaharging capacity of 306 mAh/g and
a specific energy of 1067 Wh/kg at 0.2 mAfcnA significant charge overpotential
reduction (~ 0.3 V) was achieved when Jnas also used to form a bifunctional catalyst
with Pt on the buckypapers. The round trip efficignvas increased from 72% to 81%

with the bifunctional cathode, demonstrating a bignergy conversion efficiency.
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1. INTRODUCTION

Global energy demand will be approximately 30% eetchigher in 2040 than it
was in 2010 due to both demographic and econonparesion [1]. The energy demand
of countries in the Organization for Economic Caagpien and Development (OECD)
will remain, essentially, flat as Gross DomestiodRict (GDP) doubles. Thus, the
greatest demand will come from non-OECD countrespecially China, India, and
Africa. Within these countries the demand for egevgl rise by nearly 60% by 2040.

At present, oil remains the world’s leading fue¢caunting for 34% of global energy
consumption. Oil is quite geopolitically sensitivany political unrest causes substantial
fluctuations in oil prices. For example the turmaoiMiddle Eastern countries pushed the
oil price to $111.26 per barrel in 2011, an inceca$ 40% from the 2010 level [2].
Because the majority of oil is used for automobdpplications, a transition to
electrical/hybrid vehicles should be of profoundistal importance. Both the Nissan
Leaf® [3] and plug-in hybrid Toyota Prifis[4] are typical representatives of the
advancements in electric vehicles in recent yedissan Ledf features 100 miles on a
single charge, powered by a 24 kWh lithium-ion dxatt

Sony commercialized the Li-ion battery in 1991 aedlized the portable electronic
devices [5]. This type of Li-ion cell has a potahtexceeding 2.6 V and gravimetric

energy densities as high as 120-150 Wh/kg. TheetyaB00 project (proposed by IBM



and its partners) initiated research programs tlisider batteries as a potential
alternative for vehicle application [6]. The expttarget range is 500 miles per charge.
This distance would require ~ 125 kWh battery capzciwith an average utilization of
250 Wh/mile. Simple calculation indicates ~1000 kgbiattery weights are needed if
vehicles are propelled by Li-ion cells. Battery abely adds a huge weight on vehicles
and seems impractical.

The theoretical gravimetric energy density of gesolcan reach 13000 Wh/kg;
considering ~ 13% tank-to-wheel efficiency, its i@ vehicle utilization is
approximately 1700 Wh/kg [7]. The theoretical sfieaenergy of current Li-ion battery
(CeLi as anode, lLisCoO, as cathode) is 387 Wh/kg [8] and the efficiencyetsctric
propulsion systems can reach 90% [6]. However,etherno expectation that Li-ion
battery will ever come close to the performancgasoline due to its limitation of energy
density.

Lithium-air batteries have recently attracted aagmeal of attentions due to their
higher theoretical energy densities [6, 8-11]. Fégli.1 presents the gravimetric energy
densities for various types of rechargeable baieThe Li-air battery holds theoretical
energy densities similar to gasoline, and muchénigan Li-ion batteries.

Oxidizing 1 kg of lithium metal can generate 11680 of energy, not much lower
than that of gasoline [6]. Generating 1700 Wh/kd) wnly utilizes only 14.5% of the
theoretical energy of a fully charged battery. €atly, few realistic prototypes exist,

making it difficult to speculate whether or not thractical efficiency can reach this value.



Bruce and co-workers anticipated if several prolsleran be successfully addressed, at
least 2-3 times of energy capacity greater thaohican be achieved. And the energy
capacity would be sufficiently to deliver a drivimgnge of more than 550 Km (~342
miles) [8]. It costs nearly 35 years of Researcbé&elopment to transform from nickel
metal hydride to Li-ion batteries. Though the stsgdof Li-air batteries have just began, a

long-term, intensive R&D should also be anticipated

14000
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£
= 10000
>
£ 8000
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&  6000-
8 40007
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S 2000
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Figure 1.1. The gravimetric energy densities for various typésechargeable batteries
compared to gasoline [6].

The lithium in a Li-air battery was oxidized at taaode; oxygen was reduced at
cathode. One of the advantages is that oxygenrmanisly comes from air instead of
from a tank stored on board. Girishkumar [6] argtret the specific air flow (kg air per

kW of power generated) into a Li-air battery is g@arable to the specific air flow of



internal combustion engines. Currently, there ate types [6, 12] of Li-air batteries: (1)
aprotic, (2) aqueous, (3) mixed aprotic/aqueous(dhdll solid-state. These batteries are
illustrated in Figure 2.2 Limited reports are asble on all solid-state Lithium-air

batteries [13, 14]. The following introduction fe®s on aprotic and aqueous batteries.

APROTIC AQUEQUS

Lithium Metal S |3 i

Solid-Electrolyte Interface ——

Lithium Metal ——no+—__|

Artificial Interface

Aprotic Electrolyte

Agueous Electrolyte +
Soluble Reaction Products

Li,0, Reaction Products ~ ——

Air Cathode

Air Cathode

SOLID STATE MIXED AQUEOUS/APROTIC

Lithium Metal \

Polymer-Ceramic A

Lithium Metal \

Solid-Electrolyte Interface —&

Glass-Cermamic Li* Conducting and

Hydrophobic Membrane

Polymer-Ceramic B
Aqueous Electrolyte +
Soluble Reaction Products

Air Cathode Air Cathode

Figure 2.2. Four types architectures of Li-air batteries [6].

1.1. OVERVIEW OF LITHIUM-AIR BATTERY

1.1.1. Aprotic Li-Air Battery. The typical design of an aprotic Li-air battery is
composed of a metallic lithium anode, an electmhyith dissolved lithium salt in an
aprotic solvent, and a porous-Oreathing cathode with both carbon particles atelgst
particles [6]. Abraham and Jiang [9] first reported rechargeable organic polymer

electrolyte Li-air batteries, achieving a 250 Wh/lgpecific energy. Follow-up



investigations were focused on aprotic electroh\ftgs-19]. In an aprotic electrolyte,
lithium metal was oxidized into lithium ions at tlmode. Generated electrons flow
through an external circuit and lithium ions moweahd react at the cathode with oxygen
to form lithium oxide [6, 8]. Generally acceptedcharge reactions are as follows:
2Li+0,-Li0;
and possibly
4Li+0,~2Li,0

Exact mechanisms were unknown right now, and sevewggested reaction
pathways were proposed. Hummelshig@l. [20] suggested the following reaction steps
based on density functional theory (DFT): (where denotes a surface site on,Ob
where the growth proceeds)

Li—Li*+e (Li electrode)
Li*+e+O,+ — LiO, (O, cathode 1)
Li*+e +LiO, — Li»O, (O, cathode 2)

Laoireet al. [21] considered a solvent influence on the oxygtuction reaction to
elucidate the reaction mechanism of oxygen eleetrddey suggested the following
possible reaction process:

i+ € + O, — LiO;
2LiIe-Li,0+0;
Cire+ LiO2—Lio0,

2Li+e Li,O,—2Li,O



The standard potential for discharge based on Memgsation is 2.96 V. When
potentials higher than 2.96 V are applied, lithioride is decomposed, lithium metal is
plated out on the anode, and © evolved at the cathode [6]. The discharge prtsju
(LioO4/Li,O) are generally insoluble in the organic electmlyBoth oxides will
precipitate in pore of the porous cathode, blockimgher Q intake [19]. Figure 3.3
illustrates a general decrease in cell capacith ait increase in discharge current. The

specific capacity decreased dramatically as thehdige rate increased.

— B

500 1000 1500 2000

Specific Capacity of Super P / mAhg™
Figure 3.3. Specific capacity of Super P carbon black in pwolykdene
fluoride-hexafluoropropylene (PVDF) air cathode§][Xa) 1.0 mA/crf, (b) 0.5 mA/cr,
(c) 0.2 mA/cm, (d) 0.1 mA/cri and (e) 0.05 mA/cfn

Through scanning electron microscope (SEM) obsenvaRead [15] found that at
lower discharge current densitg.d. 0.05 mA/cm), the size of the oxide covering the
cathode was 150-200 nm. The deposit appeared todbe of a film, severely clogging

the porous cathode and limiting further oxygen ketavhen the current density was



increased to 1.0 mA/cmThe cell discharge ends when the pores are alnlogyed.
Meanwhile, the insulator nature of,O, contributes to both the capacity loss and the
output voltage drop [22].

Lithium salts e.q., LiPFs, in organic carbonates: ethylene carbonate, peogyl
carbonate were typically used as aprotic electeslyue to their high oxidation stabilities
[23]. Reducing the solvent species with electrod kithium ion will form precipitates on
the lithium electrodes [24].g., CH:OCO,CHs+2Li"+2€+(CH,OCOsLi) » { +CH,=CH.

The contamination of £ CQO,, and trace moisture can also react with lithiuntahe
to form Li,O, Li,CO;, and LIOH respectively [23]. These scenarios Wekhd to the
formation of multilayer surface films comprised lafsalts, a solid electrolyte interface
(SEI). It would inhibit a further reaction of litlnm with the solvents and prevent a further
corrosion of the lithium metal. The chemically retgeneous SEI would result in a brittle,
morphologically heterogeneous structure. The actatng defects will lead to the
preferential deposition of lithium metal. The cuntrelistribution is non-uniform on the
SEI, which would resualt a preferential depositdhithium and the formation of lithium
dendrite [23, 24]. The dendrite growth will impoaehazard potential, such as circuit
shortening. An investigation into both linear anydlic ether-based electrolytes revealed
electrolyte degradation on the cycles [25]. Mitthet al. [26] used LIiCIQ in
dimethoxyethane as an electrolyte. They found ecddhrcycling stability compared to
typical carbonate based electrolyte, though fadvag still present. Suitable electrolytes

with high electrochemical stability, high lithiuran conductivity, high oxygen solubility,



and low viscosity still present a challenge regagdithe practical application of
lithium-air batteries [19]. The removal of unwantedter, carbon dioxide, and nitrogen
from incoming air, while still allowing oxygen taps, imposes a significant challenge on
the cathode design [6].

2Li+0O,—~Li,0, can occur in a porous cathode consisting of oalpan and binder
in the absence of a catalyst, yielding a 2.6 Vhsging potential and a 4.8 V charging
potential [18]. Débaret al. [18] examined the use of Pt, d¢fh MnO3, FeOs NIO,
Fe;04, C04, CuO and CoR®, as catalysts, trying to reduce the charge poteatid
increase the discharge capacity. Among themzOgffered the best compromise
between the discharge capacity and the retentiotyolimg. Manganese oxides, such as
a-MnO,, B-MnO,, and y-MnO, were also investigated. Among themMnO,
demonstrated the best electrochemical performatbe 27]. Providing appropriate
porosity for air flow and dissolving discharge puots still need to be addressed before
practical applications.

1.1.2. Aqueous Li-Air Battery. Visco and colleagues [28] pioneered the aqueous
version of Li-air battery, opening an alternativaywto manufacture the rechargeable
agueous Li-@ battery. The state of the art of this type of éxgttis the development of
Li-conducting, but electronically insulating membea such as LISICON-type glass
(LIGC) [8]. LIGC could protect the Li metal from réict contact with agueous solution
[8]. LISICON has conductivities of 10to 10° S cm' at ambient temperature, high

resistance towards organic and aqueous electrofytdshigh mechanical stability [11,



29]. The architectures of aqueous or mixed aquapustic batteries were illustrated in
Figure 3.3.

Because the LiGC will react with metallic Li, anditbnal inert Li stable
separator saturated with an aprotic electrolytetrhasnserted between the lithium metal
and the LIGC in mixed electrolytes batteries [1®lixed electrolyte batteries were
intensively investigated in both acidic and alkelmeutralized cathode electrolytes [10,
11, 30-33]. The discharge fundamental reactiong\asrfollows:

Anode: LisLit+e  E°=-3.03 Vvs. RHE
Cathode: §g)+2H,0+4e—4 OH E°=0.40 Vvs. RHE (alkaline media)
Qg)+4H +4e—2H,0 E°=1.23 Vvs. RHE (acidic media)
The standard discharge potentials of acid andiakdlatteries are 4.23 V and 3.43
V, respectively, higher than that of aprotic baéter When compared to aprotic batteries,
the discharge products from aqueous batteriestare, large extent, very soluble in
agueous electrolytes; they will clog the pores. oragcally speaking, these aqueous
batteries are “anode-limited”, depending on th@uin metal in the anode [19].
Kowalczk et al. [19] reported discharging a Li-air battery in & 81 KOH solution
at 0°C and a discharge current of 0.1 mAfcifihe battery produced a steady polarization
discharge curves, even after 5 days of dischargey Buggested that the end-of-life of
the Li-air cell is a result of the complete constimp of the Li anode. LiOH is generated
when Li-air battery is discharged in an alkalinecglolyte, as a result leading to a rapid

increase of LIOH concentration.
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LiOH, however, has a limited solubility (5.3 M inater) corresponding to a specific
of 200 mAh/g, barely competitive to that of Li-ionlOH must be allowed to precipitate
from the solution to achieve a meaningful advaniage Li-ion cells. This precipitation
has several negative consequences. LIOH will ne#@bt CO, to form Li,CO; that blocks
the active sites and pores of the cathode, reguiltira rapid degradation of the electrode
and loss of cell capacity. Stevestsal. [34] introduced an anion-exchange membrane to
permit generated OHo be transported out while blocking’Léntering, this membrane
also blocks the ingress of G@ prevent the formation of 4€O;. The integration of this
polymer barrier can significantly extend the lifieam electrode up to 3000 hours in 7.0 M
KOH, when exposed to ambient air. Steveshsal. [34] also found that LiOH will
precipitate on the surface of LISICON membrane diyning a non-conductive coating,
which results in a rapid rise of overpotential. IS®N membrane provides a nucleation
site for LIOH to preferentially precipitate on tlearface. The integration of an organic
polymer coating can prevent LIOH precipitation, shjielding a steady discharge curve.
By combining the two improve methods, the cell egckteady for 100 cycles at low
capacities of 0.1 mAh/chand 40 cycles at high capacities of 2 mAHcm

Heet al. [35] proposed an alternative way to protect thelOIN membrane. Using a
cation exchange membrane, they divided into theeaws electrolytes into two
compartments. One compartment was filled with LiN@facilitate the Li ion exchange.

Another compartment consisted of both a LIOH solutand a recycle unit to separate
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LiOH and refill with electrolytes. This novel desigoroduces a steady galvanostatic
discharge curve for one week at a discharge cudemsity of 0.5 mA/crh

Alkaline-based cells have a higher specific endhgy acid-based cells [36]. Acid-
based cells, however, yield a higher output volta#gel acid- based cells could dissolve
Lio,CO;s that requires special design for air cathode tooree CQ. This type of cell has
recently experienced increased attention. The LINSK@embrane was reported to be
unstable in strong acidic and basic electrolytegstnmeports were based on weak acidic
environment. Zhangt al. [10] reported a rechargeable Li-air battery ireta=water
electrolyte. The LISION membrane was immersed @0avol% HOAc solution for 3
weeks at 50C. The membrane showed no change, suggestingwstlistability in this
electrolyte. The cell delivered an energy density @® Wh/kg; it produced 15 relatively
steady cycles. An increasing potential gap betwdischarge-charge was observed with
cycling, indicating the degradation of the cell.eLial. [31] introduced a dual-electrolyte
with a buffer solution. The electrolyte consistdd0dl M HPO, and 1.0 M LiHPO..
H3PQO, is a moderately strong acid; if used alone, it carrode the LISION membrane.
Using diluted HPQO, allows for this problem to be avoided. It canrtaawever, supply
enough H for an oxygen reduction reaction. A buffer solatidiH,PO, that stores H
can continuously release the necessarahtl keep a moderate pH value. After 20 cycles
at a 0.5 mA/crhdischarge current density, LISION membrane display insignificant
increase in resistance; the cell produces ~770 Wdrlkeggy density. Again, an increase in

the potential gap between discharge-charge wastegpo
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Oxidation of Li anode occurs quickly, when compatedthe sluggish oxygen
reduction reaction in an air cathode. A quick syppl H" is necessary for practical
applications; neither moderate nor weak acid cdulaeet this criterion. Considering
limited fuel volume suitable for electrical vehislenigh volumetric energy densities are
the primary concerns. 480, can be considered as an ideal candidate due twides
electrochemical window, high internally stored, Hasy dissociation ability, and good
chemical stability. Kowalczlt al. [19] reported discharging cell at 5.25 M$0, at 0.1
mA/cny for one week with a very steady curve.etial. [33] developed an air-cathode
with low Pt loading for a rechargeable Li-air bagteising 1.0 M HSQO, as electrolyte.
After 75 hr discharge, the specific capacity anecdjr energy can reach 306 mAh/g and
1067 Wh/kg, respectively, higher than those of reggbvalues taken from weak acid.
Like that in weak acid, the difference between liisge and charge potential increased

with the cycles, suggesting somewhat degradation.

1. 2. CATALYST DESIGN FOR ACIDIC LI-AIR BATTERY

In contrast to reduction of On aprotic electrolyte, the reduction and evolatiaf
O in acidic/alkaline media have been studied extehgifor many years. The O-O bond
must be split during oxygen reduction and reforrdedng oxygen evolution. An oxygen
reduction reaction (ORR) can occur through a stedalirect four-electron pathway, in

which peroxide is not formed. Formation of peroxideolves a two-electron path way
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[37]. A 4-electron pathway is preferred when trytogobtain maximum redox efficiency.
Pt is primarily used as ORR catalysts [38-40], etemrugh metal free N-doped grapheme
[32], manganese oxides [30] and perovskite oxiddq {vere reported to exhibit fair
ORR activity. Pt as the most effective ORR catallgsivever, has only moderate activity
towards the oxygen evolution reaction (OER), beediscan be easily oxidized to form
oxide film and lose its catalytic activity [42]. ©@of major disadvantages of using single
Pt as catalyst for both ORR and OER is that aftgesal discharge-charge cycles, Pt was
passivated during OER process. And partially oxadiPt or Pt-oxide will degrade its
catalytic performance. Ruthenium (Ru) metal andhenium oxide (Rug) present the
most catalytically active for OER, but very unstapt3]. Efforts such as adding Pt or Ir
to Ru to form alloy [44], or doping RuyQwith Ir [43] were made trying to increase the
activity and stability, however, the stability isllsunacceptable for application. Iridium
oxide (IrG,) was found to be the next most catalytically actand chemically stable at
high current density [43], commonly serving as @BROcatalyst. Recently, Suntivia#

al. [45] reported a perovskite oxide (B&h sCo sFey2035) has intrinsic activity at least
one order of magnitude higher than iridium oxide.

Catalysts with both ORR and OER activities are réesfor Li-air battery to lower
the charging potential and increase round-tripcigfficy. Pt-Au nanoparticles were
designed for an aprotic Li-air battery to achiew¢hbthe lowest charging voltage (3.5 V
vs. Li) and the highest round-trip efficiency (~77%)spible [46]. Few studies, however,

have reported on the development of bifunctionahlgats for aqueous Li-air battery.
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Bifunctional catalyst, Pt/Ir@) was commonly used in regenerative fuel cellsricaace
the energy conversion efficiency during discharga/ge [47-50]. Considering the
similar reaction media, this type of catalyst carpbomising. Another design for aqueous
Li-air cell is to use two separate and electricadlylated electrodes for individual charge
and discharge. This design can avoid ORR catatgstse polarized at the high anodic
potentials required for OER [34]. However, the céemjty of control systems still
requires deep investigation. Jorissen [37] sugdestiegration of two separate catalytic
layers for the air electrode, a mildly hydrophijas diffusion layer for OER and a highly
hydrophobic gas diffusion layer for ORR.

Carbon black (CB) is widely used as a catalyst stpgue to its high surface area
and high electronic conductivity. Pt decorated C&swommercialized and widely used
as an ORR catalyst [51]. However, the corrosio@Bfis severe, especially in acid media
and at high potentials. Amorphous and short-ramgphgtic crystallites structure in CB is
easily attacked by acid [52, 53]. Deposited Pt weysorted to catalyze the carbon
oxidation and increase its corrosion rate [52, SMfentions were turned to carbon
nanotubes (CNTs) as alternative supports. CNTs eHownore resistance to
electrochemical oxidation than CB, even though atah was still inevitablgs2, 54, 55].
Carbon corrosion will lead to the Pt detach fronpmart and dissolve into electrolyte,
resulting in the loss of Pt electrochemical surfacea (ESA) and degradation of catalyst

layer [54].
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TiO, has been found stable in an acidic/alkaline emwrent. TiQsupported
precious metal as catalysts were intensively ingatstd [44, 57-59]. However, the
semiconductor nature of TiQwith wide band gap (E3.0~3.2 eV) and low electronic
conductivity (0.132 S cthand 0.124 S cthreported for anatase and rutile jdimits
its broader applications as catalyst supports ribaires a fast electron transport [60].
One reduced form of Ti§) named as Magneli phase {@s,.1, n is an integer between
3~10), with high electronic conductivity have beemmenercially recognized under
EboneX trade name [61]. Among the family of Magneli phaEgO; exhibits the highest
electrical conductivity and high resistance to asion, thus receiving the most attention.
There are several routes for MagneliGi preparation: (1) directly reduce Ti@nder B
at high temperatures (> 1273 K) [61-64]; (2) anng@l, with metallic titanium [61]; (3)
anneal TiQ with a carbon contained reagent [65, 66]. Pt stippoon TiO; was found to
exhibit a similar activity towards ORR as commerd®/C in fuel cell, but with
significantly greater stability at high potentiailting test (1.2~1.5 V) and much smaller
polarization effect [65]. Metal free J0; was examined in a strong alkaline electrolyte,
exhibiting activity for ORR and OER. Durability teswere taken in ©saturated 6 M
KOH up to 5000 cycles at a potential range of 3+D.7 V. Only tiny surface oxidation
was found and activity was insignificantly affec{é@).

The synthesis of Magneli phase requires very heghperatures, resulting in severe
sintering and loss of surface area [61-64]. Dopin@, with Nb at relatively low

temperature is an alternative route to increase Twhductivity [67]. Pt decorated Nb
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doped TiQ was shown to have comparable ORR activity in attkaline media, and
improved durability was also demonstrated [68-7Chrbon doped Ti® was also
reported to highly increase its conductivity, dgrivhich various titanium suboxide and
titanium oxy carbide were formed [71]. Compared\to doping, carbon doping is a one
step process that can obtain a structure well ddfand controllable material. Huastg
al. [72] reported deposition of Pt on carbon doped,Ti@ated on CNTs (Pt/c-TUICNTS)
and showed a comparable ORR activity as commdpti@l with much improved stability.
More recently, facile mixing Ti@nanorods with excessive NaBhh a solution then
annealed in Ar below 400°C can obtain reduced ;0; which features as
corrosion-resistant electrode materials [73].

Maximizing the utilization of active Pt surface esits always a challenge. The
relatively strong OH adsorption on Pt forming Pt@il block further access of oxygen
molecules to active Pt surface site [74]. Xmaal. [38] suggested enhancing both ORR
activity and stability by adding Pt-Au alloy sub&yof Pt monolayer, and argued that the
Au in the sublayer may reduce the surface oxidatéiranget al. [39] mixed Pt with
another transition metal, M, where M=Ir, Ru, Re@s. The M are expected to have a
high coverage of OH at considerably lower poterttiagin Pt, or tend to bind with O to
form M-O that repulses the adsorption of OH onHRiwever, the preparations of such
catalysts are sophisticated and scale-up impogesaa challenge.

Sasakiet al. [75] first reported that niobium oxide-supportet! iAth ultra-low

loading can achieve three times higher Pt massigctor the ORR than a commercial
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Pt/C. The high activity is attributed to either uedd OH or O adsorption caused by
lateral repulsion of the oxide’s surface. Under éx@ation conditions of 30000 cycles
from 0.6 V~1.1 V, niobium oxide supported Pt extskatmuch improved stability. Zhang
et al. [60, 76] also reported a similarly improved ORRtiaty and durability of
Pt-niobium oxide-carbon nanotube electrodes. Theyueal that the insertion of a
niobium oxide layer will create a transfer of eftecic charge density, followed by
redistribution of charge and shift of d-band cererPt surface. One of advantages of
incorporating niobium oxide when compared to the@hssticated modification of Pt
monolayer is the reduced cost of niobium and nethtieasier route for the synthesis.
High electrocatalytic activity and a porous struetaathode are desired for lithium
air battery. Liet al. [33] has demonstrated air cathode prepared fraimocananotubes,
showing advantages over packed carbon black. Canbontubes were intertwined in
horizontal directions and form open channels faiezaair diffusion. This observation
opens a possible structural design of cathode taneicAs previous discussed above,
either TiQ or NOs exhibit corrosion resistance, and morphologie®rad to form a
nanotube/nanorod structure would be considered @& solution for long-term
application in acidic/alkaline lithium air batteffiO, nanofilm coated CNTs have been
widely reported as an easy and mature synthesisegso[77-79]. Depositing desired
metals onto a modified electronically conductiv®©JI{Nb,Os)/CNTs hybrid composite

was expected to stabilize and extend their lifestim
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1. 3. STRUCTURE OF THISTHESIS

This dissertation work focused on developing higtalytically active and corrosion
resistant catalyst supports for aqueous Li-airdpgttand it was consisted of five papers.
Paper | described Pt supported on carbon dopeglci@ed CNTs. The incorporation of
TiO, nanocoating is trying to mitigate the corrosionG@NTs in acidic medium. Final
results showed that carbon-doped JiGanocoating support can significantly improve
both the ORR activity and the durability of the ééctrocatalyst. Dr. Sasaki helped
XANES measurements and analysis. Paper V focusdet supported on carbon doped
Nb,Os coated CNTs. Niobium oxides were expected to ifatdl the ORR activity.
However, the ORR activity was found to be inferilban commercial Pt/C. After 5000
potential cycles, ORR loss became obvious, eversevtitan Pt/C. The primary reason
may come from the re-oxidation of semiconductingdidback into insulating Ni®s. Dr.
Li help graphics preparation. Paper Il investigdtethium oxide carbide which exhibited
high OER activity. Carbon doping was found to pravehe particles from sintering
during high temperature annealing. Dr. Li helpedphics preparation. Paper 1ll and
Paper IV primarily focused on developing air-bréaghcathode for Li-air battery. The
high porous structure can facilitate the air dikbmswithin cathode which results the
better battery performances. The bifunctional gatashowed a significant overpotential
reduction and a improved round trip efficiency. Dr. helped batteries assembly and

testing.
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ABSTRACT
We report a conductive TgOnanocoating on carbon nanotubes (CNTs) as a Pt

electrocatalyst support that shows a significaritaeceement in Pt catalyst activity and
durability for the oxygen reduction reaction. Byings CNTs as a substrate for TO
nanocoating, the nannoscale morphology of the oxie retained during heat treatment.
After carbon doping in the Tinanocoating, X-ray photoelectron spectroscopy ssigg

a shift in the binding energy of Ti 2p, implyingsaboxide formation. X-ray absorption
near-edge structure showed the mid-edge and pgst-eg to 5010 eV, which are
attributed to a Is4p transition and promotion of a photoelectron tghbr vacant
orbitals of Ti and Ti-O anti-bonding states. Theselved smaller coordination number

implies that a suboxide was formed with substitugiocarbon. On the other hand, the
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extended X-ray absorption fine structure showed taabon also exists in interstitial
positions. Electrochemical studies showed that#drbon-doped TIJCNT support has a
much greater electrical conductivity than that nfloped TiQ/CNT, demonstrating that
carbon doping is an effective way to achieve elegitrconductivity in the oxide. Pt
supported on the carbon-doped FICNTs (Pt/c-TIQ/CNTs) showed a better oxygen
reduction activity than a commercial Pt/C catalydte catalyst only has a less than 3%
loss in activity after electrochemical cycling 500fhes, as compared to about 55%
activity loss for the Pt/C catalyst. The much betetivity and durability of the Ti®©
nanocoating supported Pt was attributed to the exydgficient oxide support surfaces

and strong metal-support interactions.

1. INTRODUCTION

Gas diffusion electrodes in fuel cells often inwlgarbon black as the electrode
material on which a metallic electrocatalyst, sastPt, is supported [1, 2]. Unfortunately,
carbon corrosion and loss of Pt activity duringcelechemical reactions make those
electrochemical devices short-lived and impractj8hl To make a stable catalyst support,
recent studies have focused on metal oxides, iticpir, TiO, [4]. However, one
problem with TiQ is that it is not electronically conductive.

To increase conductivity of Ti) several methods have been proposed. Reducing

TiO, into a Magneli phase (fD2n-1) is one method of achieving conductivity in thedax
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[5-7]. It was shown that Pt supported on Magnekg#h TAiO;(Pt/Ti;O;) has comparable
oxygen reduction reaction (ORR) activity as comnatret supported on carbon black
(Pt/C) [8]. But to obtain the Magneli phase, veighhtemperatures (~1000C) have to
be used to treat TiO Unfortunately, the thermal process will signifitig reduce the
oxide’s surface areas, which is needed for bet¢alyst dispersion. Another way to
improve the conductivity of TiQis to dope the oxide with a different element. For
example, Nb doped Tilhas been studied in recent years as an electlystagapport [4,
9-11]. Bauert al. [4] reported doping Ti@with Nb and found some ORR activity in the
catalysts. Huet al. [12] reported carbonized TyOas catalyst support in ethanol
electro-oxidation. Most recently, Haleb al. [13] used carbon to dope Ti@nd found
extremely high conductivity due to the formation afMagneli-type oxide. Doping of
TiO, also involves high temperatures (~7Q) that increase the oxide particle sizes.

In this work, we demonstrate a nanoscale carborediopO, coating on carbon
nanotubes (c-TiIQCNTs) as support for Pt electrocatalyst. Severaks have reported
the preparation of Ti@and CNTs nanocomposites [14, 15]. In this workso&gel
process [16, 17] was used to obtain Ji@nocoating on CNTs. Carbon was doped in the
TiO, nanocoating in a gas phase process [13]. It wasdstrated that CNTs provide a
good backbone for retaining the original nanoscE@, coatings (<10 nm) without
sintering during heat treatment. Furthermore, wenalestrate that heat treatment is
necessary to improve the activity of the suppoRe¢catalysts. The obtained catalysts

showed almost no loss in activity in oxygen reduttieaction (ORR) after 5000 cycles.
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2. EXPERIMENTAL SECTION

2.1. Synthesis of Pt/c-TiO,/CNTs Hybrid Catalysts. CNTs with 60~150 nm in
diameter and 30~100 microns in length were obtafr@at Pyrograf Products, Inc. All
the CNTs were treated with 3:1,$0,;HNO; (volume ratio) in ultrasonic bath (Fisher
Scientific) at 60°C for 2 hours for surface functionalization, folles by filtration and
thorough washing with deionized water. 10 mg tre&@&Ts were dispersed in a solution
containing 8 mL ethanol, 2 mL benzyl alcohol pluscess water with the aid of
ultrasonication and stirring. Desired amount odrtitm isopropoxide was dissolved in
ethanol and slowly (drop-wise) dripped into CNTserssion with a pipette. After 2 hours
of stirring, the final solution was vacuum-filtetadashed in ethanol, and dried in €D
in a vacuum oven overnight. The BIONTs hybrids were thermally treated under 10%
acetylene gH. in N at 500°C or 700°C for 20 min, designated as c-H/IGNTs-500 or
-700. For comparison, samples of the coIttNTs-700 hybrid were further annealed in
N, at 700°C for 4 hours, named as c-H{GNTs-700h. The annealing is expected to
further crystallize the Ti@ coating and enhance carbon doping. Deposition tof P
nanoparticles on the c-THCNTs was achieved by reducing a Pt salt precuksétiCl,
in ethylene glycol-water solution to obtain PY@FICNTs [18]. For comparison, Pt was
also deposited on undoped BHIONTs (Pt/TiQ/CNTs). Some samples of supported Pt
catalysts were heat treated under 10% it N, for 1 hour at 500°C for particle
stabilization purposes, designated as, for examplé]iO,/CNTs-700h-500s. The

catalysts with different treatment conditions arengarized in Table 1.
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2.2. Catalyst Characterization. The morphologies of the catalysts were
examined by transmission electron microscope (THEM)lips EM430) operating at 300
kV. The crystalline phase of the catalysts was yaeal by X-ray diffraction (XRD)
equipped with Cu K d) and the XRD data were collected with a PhilipgPet
Diffractometer over an angle range ¢f210 - 96 at a scanning rate of 0.026™. X-ray
photoelectron spectroscopy (XPS) (Kratos Axis M8a&$ used to analyze C1s, Ti2p, Pt4f,
and O1s by employing Al Kof) excitation, operated at 150W and 15kV.

X-ray absorption spectroscopy (XAS) measurementgewperformed using
beamline X19A at the National Synchrotron Light 88u(NSLS), Brookhaven National
Laboratory. The powder samples were uniformly sprem a Kepton tape for
measurements in a fluorescence mode. The adsomrdige observed was Ti K at 4966
eV. Data analysis was performed using Athena aridmiis software to obtain the X-ray
absorption near-edge structure (XANES) and the nebdd X-ray absorption fine
structure (EXAFS).

2.3. Electrochemical Testing. All electrochemical experiments were performed
with an Electrochemical Workstation (Bioanalyticatiences, BAS 100) to study the
carbon doped Ti@catalyst support. The working electrode was asglasrbon rotating
disk electrode (RDE) with a disk diameter of 5 m@afnry RDE 710). A Pt wire was
used as the counter electrode and Ag/AgCl as aerafe electrode. The catalyst powder
was dispersed in deionized water by sonication2fdmin to form 1.0 mg/mL catalyst

suspension. 2QL of the suspension was pipetted onto the diskdaret! in air. About 5
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uL Nafion solution (0.05 wt%, Alfa Aesar) was put ¢op of the catalyst. Cyclic
voltammetry (CV) was carried out at a scan raté@®mV/ s*in N, purged 1.0 M 55O,

to evaluate the Pt electrochemical surface areaA)E®ased on the hydrogen
adsorption-desorption. To study catalyst durahif@y was conducted in air saturated 1.0
M H,SO, in the range of 0.6~1.0 W RHE) up to 5000 cycles. Oxygen reduction
reaction (ORR) was investigated in-€aturared 1.0 M 50O, before and after 5000
cycles at the rotating speed of 1600 rpm. For corspa, a commercial Pt/C catalyst (20

wt%, from E-TEK) was also tested under the samelitioms.

3. RESULTSAND DISCUSSION
3.1. Characterization of The Pt/c-TiO,/CNTs Catalysts. Fig. 1 shows typical

TEM images of the Pt nanoparticles supported onmOxfCNTs. The thin TiQ coating
was found to be well maintained during carbon dgmnd Pt deposition processes; the
coating thickness was measured to be 8~10 nm. Fnemntages it can be seen that
aggregation of Pt nanoparticles is minimal and tleeg highly dispersed on the
TiO,/CNTs support. EDX analysis shows the presencei @ldment in a TIQCNTs
sample (see Fig. S1).

The average particle sizes are estimated basedbhihage processing from over
100 randomly picked particles. Fig. 1(a) and (b)owh TEM images of

Pt/c-TiIG,/CNTs-500 and Pt/c-Ti®@CNTs-700 with particle sizes of 2.24+0.43 nm and
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2.1940.41 nm, respectively. After thermal treatmanb00°C under H-N, atmosphere,
the Pt nanopatrticles grow bigger with sizes of 38714 nm in Fig. 1(c) and 3.41+1.08
nm in Fig. 1(d). Particle size distribution hasoateecome broader due to sintering under
thermal treatment. However, no obvious particleraggtion was found, which may be
due to the fact that TiOinteracts more strongly with Ria metal-oxide bond [19] than
carbon via the Van de Waals force. The last sanmpleg. 1(d) with heat treatment of
c-TiIO,/CNTs before Pt deposition shows even bigger spreadsibly indicative of
different states of the TiQOsurface, but it has better electrochemical agtiag discussed
below.

A typical XRD pattern for the Pt catalysts on supp@t/c-TiO/CNTs-700) is
shown in Fig. 2. All the prepared samples have lampatterns. Pt nanoparticles are
crystalline, as indicated by the characteristickgez Pt [18]. Relatively small deflection
peaks of c-TiQ were detected due to the thin coating, similathe results reported by
Songet al. [20] Compared to pure Tiparticles (Degussa, P25), new peaks between 43
and 48 were found in doped TUICNTs. Hahnet al. [13] reported that doping TiO
nanotubes at 858 can form titanium oxycarbide and various subosjdad the most
obvious differences between doped Fianotubes and pure Tithanotubes are the
emergence of new peaks #242.5, 61.5. As a result, we attribute the new peaks to
the formation of suboxides. In a separate experimea found that doping crystallized
TiO, particles (Degussa, P25) under the same condiio20 min produced no C peaks,

indicative of that the carbon is in amorphous ph&smilar results were also found in the
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works of Hahret al. [13, 21]. Consequently, we believe the C pealenlel in the XRD
patterns are only attributed to the graphitic gtrres of the CNTSs.

The chemical states of O, Ti, C and Pt were ingattd by XPS [22], and the
results were shown in Fig. 3. Pure TiDegussa, P25) was chosen for comparison. In
Fig. 3(a) Ti peaks of 2p and 2p,; in c-TiO,/CNTs were found at binding energies (BES)
of 465.1 eV and 459.4 eV, respectively. Accordiad-t et al. [23], pure TiQ displays
BEs at 464.2 eV and 458.5eV, while the reduced fdviagneli phase 10;, has BEs at
464.7 eV and 459.0 eV. Gopetlal. [24] suggested that the shift of Ti 2p from défieee
TiO, is caused by surface oxygen vacancy defect. Cazhorbe incorporated into T3O
lattice or substituted for oxygen, which can hayeesgistic effect with oxygen vacancies
[25], resulting in the change of electron structbetween conducting band and valence
band.

Thus, the Ti 2p shifts towards higher BEs may ebatted to the partially reduced
Ti and combined effects between carbon and oxygeancies [24]Therefore, the Ti2p
BE in our catalysts has BEs shifted towards theiced phase, suggesting that a reduced
oxide layer was formed from carbon doping. The @imd at 530.6 eV in c-TiQCNTs
also suffered a shift compared pure Fi@hich was observed in Hahn’s work [13].
Carbon doped Ti@is often written as TigyC,, which has oxygen vancancies and
sub-stoichiometric titanium oxide (T¥Q) responsible for the increase the conductivity in

the oxides [6, 26].
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We noted that C1ls shows two peaks at 285.6 eV 842V in Fig. 3(c); they
should correspond to a carbonate species [27]f@ndraphite phase [28]. It is also noted
that no Cls peak was found near 281.5 eV that gsltm TiC [28], indicative of that no
single TiC phase was formed. The graphite phaseldvoome from the CNTs; the
carbonate species peak may be due to interst#rhba, as confirmed by the results from
EXAFS discussed below. The BE peaks of Pt 4f a® 8V and 71.6 eV in Fig. 3(b)
revealed oxide-free Pt metallic nanoparticles [20]s also observed that Pt deposition
on the Ti oxide nanocoating does not cause shifHs (see Fig. S2 in the ESI).

3.2. X-ray Absorption of The Pt/c-TiO,/CNTs Catalysts. Fig. 4 shows XANES
spectra of Ti K edge from Pt/THICNTs (red curve) and Pt/c-THILNTs-700h-500s
(blue curve). Both spectra have three small preegubgks designated as Al, A2, and A3;
the details are illustrated in the insert of Fig.Several works have rationalized these
pre-edge features as arising from mixing of pharbital of absorbing Ti atom with tha
orbital of the neighboring Ti atoms [30-33]. Proerm differences in the pre-edges
between undoped Tiand C-doped Ti@are observed for the position and height of the
A2 peaks. The A2 peak from the undoped ;T8dows a higher peak at a lower energy
position compared with that from the C-doped JiThe intensity of the pre-edge peak is
sensitive to the symmetry of the surrounding atoarg] therefore they are weak in
symmetrical environments and increase in interestyhe environment is distorted [34].
Lucaet al. [31, 34, 35] demonstrated that the A2 peak intgnscreased and the peak

position lowered as particle size decreased (from® to 2 nm), and amorphous FiO
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particles showed the higher intensity at a lowesiian than any of those crystalline TiO
nanoparticles. The structure of the undoped, EOthe present study is thus amorphous
(or assembly of short-range order nano-crystajlitesensistent with the fact that the
oxide was not thermally treated. The undoped,Bi@ws no mid-edge peak and two
broad post-edge peaks up to 5010 eV, which furtshpport the evidence of amorphous
structure [35]. The spectrum from the C-doped ;T8hows the mid-edge (B) and the
post-edges (C1, C2, C3) up to 5010 eV, which aribated to a 1s»4p transition and
promotion of a photoelectron to higher vacant nipitals of Ti and Ti-O anti-bonding
states in the coordination environment of Ti [3@]. 3he white line feature observed for
the C-doped Ti@is very similar to that from rutile (it should bwted that anatase
displays first a highest white line peak, followleg four small peaks up to 5010 eV, ref.
33-36), consistent with the results from XRD patser

Fig. 5 depicts the Fourier transformed EXAFS spedfr Ti K edgek’-weighted
data from Pt/TIQICNTs (Fig. 5(a)) and Pt/c-TUKICNTs (Fig. 5(b)). Also shown are fitted
lines (blue dotted lines) based on Ti-Ti and Ti-&@hs for pure rutile Ti@ It should be
noted that owing to similar nature between oxygea earbon, it was difficult to fit the
data to distinguish Ti-O and Ti-C paths. Fittingsa@erformed within a-range of 1-2.8
A, corresponding to a first shell of Ti nearest-heigr linkages (Ti-O1 and Ti-Til pairs).
We adapted a similar fitting procedure reportedréh 35 and 37. Good agreement
between the original spectra and the fits is s@é&e. results of coordination numbers

(Nti.ti andNri.0) and bond lengthR{.ti andRyi.0) are summarized in Table 2, together
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with those from anatase and rutile}tic’he bond length of Ti-O is shorter and that of
Ti-Ti is longer for the undoped Tgxompared with those of rutile and anatase phases;
these differences could be caused by the locattsnel distortion; similar phenomena
have been observed in amorphous and nanoparti€e [8b, 38]. The undoped TiO
have transformed to rutile-like structure by anmgptluring carbon doping, as mentioned
above. The transformation for nano-crystalline 2It@ a rutile structure during heating
has also been reported by Zhang and Banfield [354@]. The bond length of Ti-QR¢.o0

at 1.96 A) for the C-doped Tids close to that for rutile (see Table 1), whilee th
coordination number of TiIONgi.p0) is somewhat smaller (5.¥s. 6). The smaller
coordination number may indicate that some;ligdreduced to a suboxide during carbon
doping as observed from the above XPS study andesxyacancy is left. However, a
marked feature observed here is that the bondHeoiyTi-Ti (3.16 A) becomes much
longer than that of rutile (2.96 A), even thougle fbcal distortion should have been
released through crystallization during the anmegaprocess. This suggests that carbon
may have also been incorporated interstitially i@.Tattice and therefore expanded the
Ti-Ti bonds. This notion is in line with other instggations for carbon-doped Ti@r use

as photocatalysts that demonstrated the presencarmbn atoms at interstitial positions

[41-43].

3.3. Electrochemical Activity of The Catalysts. Fig. 6 shows comparison of the

electrochemical activity of PUTHKICNTs with that of Pt/c-TIGCNTs. It clearly
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demonstrated that Pt nanoparticles supported omOgdNT exhibit much higher
electrochemical activity, and Pt on HIONTs shows negligible catalytic activity due to
the low conductivity of undoped Tias supportln situ XANES spectra of Pt L3 edge
from Pt/TiQ/CNTs show the very slow reduction of Pt oxidesTo@, (Fig. S3 in ESI);
this is presumably due to the poor conductivitytlod support. Such a long delay in
reduction was not observed for the conductive stppsuch as Pt/c-TUICNTs. These
results demonstrate that carbon doping indeed faignily increased the electronic
conductivity in TiQ. We believe in our case that the combined effettsubstitutional
carbon, interstitial carbon and oxygen vacancy ridmmied to the change in electronic
band structure of TiQ[25], resulting in the increase of its conductiivithe close contact
of Pt with its conducting support enables the gatalo have typical Pt electrochemical
activity in the CV, as displayed in the regions lofdrogen adsorption/desorption,
platinum oxidation, and platinum-oxide reductioh [4

Fig. 7 shows the CV results of initial cycling atitht after 1000 cycles for two
catalysts with TiQ C-doped at two different temperatures,, 500°C and 700 C. Table
3 lists the electrochemical surface areas (ESA)hef supported catalysts obtained at
initial cycling and after 1000 cycles. The ESA wastained by integrating the area of
hydrogen adsorption region (~ 0.05 - 0.3 V) [44pn@aring the catalysts C-doped at
500°C and 700°C, the ESA loss of the latter is much smaller, éatlive of doping
temperature effect. At the lower temperature, dgpm mostly a surface deposition

process rather than bulk doping [21] and free aarlie formed on the TiOsurface;
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consequently, those amorphous carbon with shogeraof crystallites were easily
attacked by acid and therefore affected the dutgplof the Pt supported on it [3].

The measurements of ORR for three Pt/c I@DITs catalysts and a Pt/C E-TEK
catalyst are illustrated in Fig. 8. The measuresttebchemical surface areas (ESA) of
Pt/c-TiG,/CNTs-700-500s, Pt/c-TisICNTs-700h-500s and Pt/C were around 1000~1100
cn’ mgeit, which makes them suitable for comparing theiralygic activities. The
half-wave potentials for Pt/c-TUBCNTs-700, Pt/c-TIQCNTs-700-500s,
Pt/c-TiO,/CNTs-700h-500s and Pt/C are 0.719 V, 0.728 V, ®.%4 and 0.766 V,
respectively. The better performance of Pt/C arsmipaue to the higher total Pt surface
area as a result of its higher Pt loading (20 wi€10 wt% for the Pt/c-TigJCNTs
catalysts). It may be also the results from thdaéigonductivity of pure carbon support.
Among the three oxide supported catalysts, Pt/c/0NTs-700h-500s yielded the best
ORR activity. This catalyst was heat treated tware for the oxide and one for the Pt. It
is obvious that with the aid of post-thermal treants, the performance can be much
improved.

The thermal treatment can improve the crystallinityliO, and further increase the
reaction between free carbon and Fi@ form TiG.Cy, increasing the electronic
transport within the support (green curwssblue curve). In addition, thermal treatment
to the supported Pt increased its sizes and entiaheesynergistic interaction between
oxide support and Pt nanoparticles (blue cws/eed curve). Tafel plots derived from the

kinetic currentsjy, of the catalysts using Koutecky-Levich theory][4f shown in Fig.
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9(a); all Tafel curves are normalized to the indipal ESA of the Pt catalysts. In the range
of kinetically controlled region (~0.67-0.85 V), thkinetic current densities of
Pt/c-TiIG,/CNTs-700h-500s are higher than those of Pt/C. Phanass based kinetic
currents are displayed in Fig. 9(b), which furtdemonstrated the better performance of
the double heat-treated catalyst.

To gain understanding on the durability of the lyata under potential cycling
conditions, we cycled the catalysts 5000 timeshi& tange of 0.6 ~ 1.0 V (RHE) in
air-saturated 1.0 M $$0,. Comparison of the ORR activity before and after tycling
was made. The insets in Fig. 10 show the CVs ottialysts before and after cycling.
After 5000 cycles, the ESA losses were 15% for -Pi/CNTs-700-500s and
Pt/c-TiG,/CNTs-700h-500s, 28% for Pt/c-T#ENTs-700, and 30% for Pt/C. A marked
improvement in ESA loss was found for the Pt catalyvith heat treatment. As described
above, the heat treatment increased the Pt pasimds and made the catalyst more stable.
In the meantime, it also enhanced the attachmeiihefPt nanoparticles to the oxide
support. Both effects would lead to more durabtalgats.

Figure 10 shows the polarization curves of ORRhef tatalysts before and after
cycling. As can be seen the half-wave potentialRto$upported on c-TEKICNTs do not
suffer much loss after cycling. Especially, the slosn ORR activity of
Pt/c-TiIO,/CNTs-700h-500s is only is 2.7% at 0.75 V and 1at%.8 V (see Figure 10(e)).
In comparison, the loss of ORR activity for the(Pthatalyst is 53% at 0.75 V and 56% at

0.8 V. Considering that the ESA loss for Pt/C islyontwice that of
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Pt/c-TiIO,/CNTs-700h-500s, there must be an increase in thigitg of ORR for the
carbon doped Ti@nanocoating supported Pt.

Surface defects in Ti{X110), especially oxygen vacancies, have beenidems as
active sites for water splitting; they form donevé! in the upper part of the energy band
gap [46, 47]. GOpett al. [24] also reported that surface oxygen vacancas interact
with chemisorbed © and H. It is speculated that the improved ORR activigy i
associated with the oxygen vacancies in the; i@hocoating. The interactions of water
with the catalyst during surface oxidation may haeceurred first with the oxygen
deficient support before it can form Pt-OH, whishcbnsidered as a barrier for ORR. In
addition, the metal-support interactions would beécimstronger for Pt on oxide than on
carbon, which help stabilize the Pt catalyst. AHar investigation is needed to elucidate

the mechanism of the observed enhanced activitydarability.

4. CONCLUSIONS

Here we report a study of carbon doped ;li@nocoating as a support for the Pt
electrocatalyst for ORR. The TjQvere coated on CNTs in a sol-gel process, leatting
nanoscale thin Ti©@coating on CNTs. Doping the Tihanocoating with carbon was
successfully achieved by a gas phase process. Catbping transformed the wide
band-gap semiconductor oxide into a highly condectinaterial. The high electrical

conductivity of carbon doped TiOwas attributed to a suboixde formation with
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substitutional and interstitial carbon, as reveald XPS and XANES studies. Pt
supported on the carbon doped Fi@anocoating support showed high activity when
compared to that of Pt on semiconducting JTiRotating disk electrode measurements
showed a high ORR activity on the oxide supported The results indicated that
post-thermal treatment can significantly improve tatalyst activity and stability. Under
oxidizing conditions of 5000 potential cycles froom6 V~1.0 V, Pt on c-TigCNTs
suffered almost no loss in ORR activity loss as parad with more than 50 % loss in
commercial Pt/C catalyst at 0.75 V. This work destmated that carbon-doped TiO
nanocoating support can significantly improve bibig activity and the durability of the

Pt electrocatalyst.
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Fig. 1 TEM images of 10wt% Pt nanoparticles on cFNTs.(a) Pt/c-TiQ/CNTs-500;
(b) Pt/c-TiIQ/CNTs-700; (c)Pt/c-TiIQCNTs-700-500s; (d) Pt/c-THWDICNTs-700h-500s.
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Fig. 2 XRD pattern of Pt/c-TIQCNTs, c-TiQ/CNTs and pure Ti@(annealed under 700
o C for 1 hour). The inset shows the emergenceeuwf diffraction between 43 and 45

degrees of 2 The peaks labeled A and R are anatase and phtiges.
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pure TiQ.
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Fig. 4 XANEs spectra of Ti K edge from PY/THUENTs (red curve) and Pt/c-THIENTs
(blue curve). Al, A2 and A3: pre-edge peaks, B: -pdde peak, C1l, C2 and Ca3:
post-edge peaks.
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Fig. 6 Cyclic voltammetry comparison between Pt/c-FICNTs with Pt/TiQ/CNTSs,
showing that carbon doping improved the condugtigitthe support oxide. Electrolyte:
N, purged 1.0 M KSQ;; scan rate: 50 mV’s
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Fig. 8 Polarization curves for the ORR on different cadtdy The Pt loading on the

oxides is 10 wt%, while that of the E-TEK is 20 wt#ectrolyte: Q saturated 1.0 M
H,SO,, Rotating speed: 1600 rpm, scan rate: 10 fV s
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0.75 V and 0.80 V. Electrolyte:GBaturated 1.0 M 50Oy, electrode rotating speed: 1600
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Fig. S1. EDX of a TiQ/CNT sample supported on a copper mesh TEM grlysig the
presence of Ti element. Some background elements NG Al) of the sample support
(TEM grid) are also present.
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Fig. S2. Comparison of XPS results of Ti 2p, Ols, C 1s andfRrom samples of pure
TiO,, c-TiIO,/CNTs and Pt/c-TIGCNTs. They show that although carbon doping shifts

the binding energies, Pt deposition does not.
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Fig. S3. In situ XANES spectra of Pt L3 edge from Pt/,/CNTs in 1M HCI(, at a
potential of 0.41 V with polarization tirr

Figure S3shows in situ XANES spectra of Pt L3 edge from 1,/CNTs in 1M HCIC,

at a potential of 0.41 V with polarization time. & imtensity of the white line (the fir
peak) is high immediately after applying the patntiue to the presence of Pt oxide:
decays very slowly with polarization time due tauetion of the Pt xides. The slow
reduction is likely caused by the poor conductiafythe TiC, support. Suclthat the long
delay in reduction is not observed for the condectiupports, such as F-TiO,/CNTSs.
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Table 1 Processing temperature (T) and duration (t) otcttalysts

Carbon doping  Oxide annealing Pt heat treatment

Catalysts
TCC) t(min) T(CC) t(min) T(C) t(min)
PUTIO,/CNTs - - - - - -
Pt/c-TiO,/CNTs-500 500 20 - - - -
Pt/c-TiO,/CNTs-700 700 20 - - - -
Pt/c-TiO,/CNTs-700-500s 700 20 - - 500 60
Pt/c-TiG,/CNTs-700h 700 20 700 240 - -

Pt/c-TiG,/CNTs-700h-500s 700 20 700 240 500 60
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Table 2 Coordination numbers (N) and bond lengths (R) fRuTiO,/CNTs and
Pt/c-TiO,/CNTs and comparison to those of rutile and anala@dg

Nri-Ti Nri-o Rri.ti (A) Rrio (A)
Undoped TIiQ 5.1 (+2.4) 6.4 (0.8) 3.25 (£0.05)  1.93 (0.01)
C-doped TIQ 4.3 (+1.5) 5.7 (+0.6) 3.16 (+0.05)  1.96 (+0.01)
Rutile TiO, 2 6 2.96 1.959
Anatase TiQ 4 6 3.04 1.945

aFour bonds, 1.948 A; two bonds, 1.980 A; averaggsd A.° Four bonds, 1.937 A;
two bonds, 1.965 A; average, 1.946 A




Table 3 ESA of different catalysts
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Samples Initial After 1000 cycles ESA Loss
(cn/mg-p) (cn’/mg-p) (%)
Pt/c-TiO,/CNTs-500 1216.6 996.2 18.1
Pt/c-TiO,/CNTs-700 1198.1 1108.5 7.5
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ABSTRACT

Carbothermal reduction of semiconducting Fi@to highly conductive titanium
oxy carbide (TiQC,) was investigated. The thermally produced unifaarbon layer on
TiO, (Degussa P25) protects the Fi@anoparticles from sintering and, at the same,time
supplies the carbon source for doping J¥@th carbon. At low temperatures.d., 700°
C), carbon only substitutes part of the oxide aistbds the TiQ lattice to form TiQ.Cy
with only substitutional carbon. When the carbopetb TiQ is annealed at a higher
temperature (1100 C), x-ray diffraction and x-ray photoelectron sjpescopy results
showed at TiGCy, a solid solution of TiO and TiC, was formed, whitisplays different
diffraction peaks and binding energies. It was shdwat TIQCy has much better oxygen

revolution reaction activity than TOor TiO,4Cx. Further studies showed that the
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obtained TiQCy can be used as support for metal electrocatdéedjng to a bifunctinal
catalyst effective for both oxygen reduction andletion reactions.
1. INTRODUCTION

Carbon black has for a long time served as eleatabgst support for porous
electrodes in fuel cell and metal-air batterie[1These carbon particles contribute as
reaction sites for the oxygen reduction reactiofRIRDP or oxygen evolution reaction
(OER), especially during discharge and rechargegases. However, the fact of severe
corrosion of carbon materials at high potentialsirdu electrochemical reactions [8]
makes such application impractical under long tegth operation in acidic media [9].
Therefore, alternative catalyst supports have tcsdngght, and recent attentions have
been focused on Tias a stable support candidate [10-12]. Due teémei-conducting
nature of TiQ, great efforts were taken to improve its electtonductivity.

One type of reduced TiQcalled Magneli phase ([@.n.1), has been shown to have
high stability and electron conductivity in corresielectrolyte and at high potentials
[13-16]. Yet, the reduction condition for making the Magneli phas generally rather
harsh, requiring very high temperatures under hyeinp leading to severe sintering and
consequently significant loss of surface areastt@nother hand, carbon-modified BiO
nanoparticles and nanotube arrays under relativeijd conditions have been
demonstrated to be effective in photocatalysis applied in dye-sensitized solar cells
[17-21]. The TiQcarbon modification methods include carbon monoxeatkiction [20],

acetylene recduction [22], flame-made with TiC [23], or polymer TiQ composites
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[17, 24]. X-ray photoelectron spectroscopy (XP3utes of these samples revealed the
presence of carbon in all of them [21]. Howeveg, piarticles size distributions obtained
by these processes are rather broad [25, 26].

Carbon coating has been reported to suppress ismtef TiO, during high
temperature annealing [17, 22, 24]. The techniqoeldc allow tuning the TiQ
nanoparticle electronic conductivity while mainiamp its high surface areas, making it
possible to obtain the titanium oxy carbide (Y@, which can be viewed as a solid
solution of TiO and TiC and various titanium sulmtes (TiQ, x< 2) [27]. For example,
Hahnet al. [27] have reported TiQarrays that were converted into T with high
conductivity and stability during redox cycles. Tharrent work aims at preparing
nanoscale Ti¢C, in a carbothermal process from Degussa P25, wlicdommercially
and cheaply available.

To date, it is quite common that platinized Ti®ere reported as catalysts in the
field of photocatalysis [28, 29]. Also, those aetivtomponents for OER in bifunctional
electrocatalysts in regenerative fuel cells arematly precious metals or their oxides,
such as Ir or Ir@[30, 31]. However, there is not much literaturesuth electronically
conductive TiQ as the substrate for loading Pt electrocatalysOiRR but also for OER.
Herein, we report a carbothermal reduction techaiguconvert P25 TiPnanoparticles
into nanoscaled Ti, in a one-step, two-stage process. It is shown ti@tcarbon
modified TiO, has a narrow size distribution. Their sizes inseelabut remained small at

less than 50 nm, even annealed at 12@0 Electrochemical characterizations revealed
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that the obtained Ti(Z, is a very active OER catalyst. Together with P& tatalyst is

bifunctional, good for both ORR and OER.

2. EXPERIMENTAL

Amorphous TiQ powders (P25, Degussa Corp.) with a mean size atn?2 were
thermally coated with carbon under 10% acetylepié,@ N, for 20 min at 706C in a
tubular quartz furnace. After carbon coating, thedpcts were further annealed under 10%
H, in N, between 906C and 1100C for another 4 h. The samples were designated as
P25-700 for thermally carbon coated Fi@ 700°C and P25-700-1100h for the annealed
and carbon doped TiOat 1100°C. The latter notation is also referred to c-Zi®t
(10wt.%) loaded on the samples for electrochenmeadsurements was achieved using a
salt reduction method reported previously [32].

The morphologies of the powders were examined lansmission electron
microscope (TEM) (Tecnai F20) operating at 300 ki acanning electron microscope
(SEM) (Helios Nano Lab 600) operating at 30 kV. Thgstalline phase of the catalysts
was analyzed by x-ray diffraction (XRD) equippedhwCu K @); the XRD data were
collected with a Philips X'Pert Diffractometer. XP&ratos Axis 165) was used to
analyze C(%), Ti(2p), and O(¥) by employing Al K ) excitation, operated at 150W and

15kV.
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Electrochemical techniques such as cyclic voltamyn@@V), ORR, and OER were
used for testing electronic conductivity and meguthe electrochemical activities of
the titanium oxide nanopowders. CV of 10 wt.% Ritded or Pt-free was carried out at a
scan rate of 20 mV/s in Npurged 1.0 M HSQO, from 0-1.2 V vs. RHE. All
measurements were performed with a standard theet-ade cell using a glassy carbon
rotating disk electrode (Pine Instruments) suppgrtD.02 mg catalyst as working
electrode. A Pt wire was used as the counter eldetand a saturated Ag/AgCl as
reference electrode. CV, OER and durability of tbatalysts were carried in a
N,-saturated 1.0 M 8O, electrolyte solution. ORR was carried in apr<aturated 1.0

M H>SO, electrolyte solution.

3. RESULTSAND DISCUSSION

Fig. 1 (a)-(f) show the morphologies of P25 untdaand thermally treated at
different temperatures. After carbon coating precas 700° C, the amorphous TiO
crystallized and the mean size grows from the palgR2 nm to about 35 nm (see Fig.
1(b)). Further annealing up to 108D, the particles only yield tiny growth and aré! sti
a range of 30~40 nm; no obvious sintering was deteahd the shape of particles still
appears spherical, shown in Figs. 1 (c) and 1\jen the annealing temperature was
increased to 1100C, some particles agglomerated and their sizesased to about 55

nm, see Fig. 1 (e). A sample of P25 was directiyeated in air 800 C for the same
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duration, resulting in a substantial growth of mdes size (up 300 nm), as can be seen
from Fig. 1 (f). It is clearly shown that the carbonanocoating is necessary to prevent
severe sintering in the TikManoparticles.

Further investigation of these carbon doped,T@rphology by TEM revealed the
reason of the suppression of particle growth. Bigaresents the TEM micrographs of
P25-700 in Fig. 2 (a) and P25-700-1100h in FigbR The dark areas are crystalline
TiO, particles, whose lattice spacing is shown in tisei (Fig. 2(a)), and the lighter area
surrounding the darker areas are amorphous cadaimgs with a thickness c. 5 nm.
Apparently, the coating process produces an extyeorgform thin carbon coating on
the TiG, surface. The TEM images also indicate that cagbasted as amorphous which
is consistent with the XRD finding and will be ferr discussed below.

The carbon coating prevents the interaction ofviildial TiO, particles through
surface or solid diffusion, limiting their sintegnWith further annealing under.M, at
1100°C, as shown in Fig. 2 (b), the particles starteddarsen and grow. It was found
that some surrounding carbon coating has disapgebi@vever, some free carbon still
can be seen. Koet al. [33] suggested that the reaction of carbon with ;TaDly
complete above 1508C. No further studies were conducted at higher &atpre to
avoid growth.

Fig. 3 shows the XRD patterns of the samples aerdeal different temperatures.
After carbon coating at 70, all peaks are related to the Fi@natase and rutile phase,

implying pyrolytic carbon formed was amorphous (goaphitic phase) [21, 34].
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Annealing at 900C did not produce new phases either. However, dimgeat 1000°C,
clearly five new diffraction peaks a6 2 37°, 42, 62° 74° and 78 were formed, which
all can be attributed to the formation of titanioxy carbide (TiQC,) [27, 33]. As Hahn
et al. [27] suggested, titanium oxy carbide is a solitligson of TiO in TiC and various
suboxides. XPS analysis below will further suppbe formation of titanium oxy carbide.
Further increasing temperature to 1200 the anatase and rutile phases disappeared; the
TiOLCy peaks became shaper and well defined, which miéen$ormation of TiQC,
was completed in the duration of treatment.

The chemical states of O, Ti and C were investijate XPS, and the results were
shown in Fig. 4. Two Csdlpeaks found at binding energies (BEs) of 284.GarY 285.7
eV in all powders are attributed to the carbon seuirom carbon tape (for sample
mounting) and carbonaceous species (in sample) [Bbhdditional C1s peak was found
near 281.5 eV, which would correspond to TiC [3Bjis result is indicative that even
annealing at 1108C, the doped carbon can only interact with Jt® form TiQ.Cy, but
not TiC. Generally, TiC can be produced by carbauction of TiQ only at temperature
of 1500°C or above [33].

Fig. 4(b) presents the TpXpectra. For pure Tisamples, Ti @sand Py peaks
can be found at BEs of 458.3 eV and 464.1 eV, asmdy. Small peak shifts of Ti®
towards higher binding energies can be observaall isamples. According to Lat al.
[14], pure TiQ displays BEs at 464.2 eV and 485.5 eV, while #auced form, Magneli

phase TjO;, has BEs at 464.7 eV and 459.0 eV. Gabel. [37] suggested that the shift
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of Ti 2p from defect-free TiQis caused by surface oxygen vacancy defects. Garhio
be incorporated into TiPlattice or substituted for oxygen, which can hayeergistic
effect with oxygen vacancies, resulting in the derof electron structure between
conducting band and valence band [38]. Our recestibervations also reported this Ti
2p shift [39]. Therefore, the T{2shift suggests that a reduced oxide layer wasddrm
from carbon doping. When annealing at 12G0a typical shoulder belonging to HQ,
was detected [27]. This broad shoulder can be édiohto several groups, titanium
suboxide (TiQ), TIO&TIC and Ti, as Blackstockt al. suggested [40]. The TipXspectra
in sample P25-700-1100h consolidated our previogisnaent that TiQC, was formed.

The O & spectra showed one peak at 529.6 eV in pure, M@ich is due to the
Ti-O bonding in TiQ. By doping with carbon and further annealing &@2A%C, two new
peaks were discovered. The peak at 529.9 eV casdréed to the contribution of Ti-O
bond, even though there is a small shift. The ghifty be caused by replacement of
oxygen by carbon to form T¥QC,, with trace carbon distortion to the TLittice. The
other peak found at 533.6 eV can be assigned to i€-€arboxyl groups [41]. When
annealed at above 100G, the O % peak at 533.6 eV disappeared and an obvious shift
was observed for the Ti-O binding, which was atsanid by Hahret al. [27]. Both XRD
and Ti 2 spectra have shown the formation of J8Q and we can ascribe the O 1s at
530.5 eV to the Ti-O bonding in TiGy.

Fig. 5 compares the electrochemical activity oPR¥ with that of Pt/P25-700. It

clearly demonstrates that Pt nanoparticles supgarte P25-700 exhibit much higher
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electrochemical activity, while Pt loaded on undbpeO, shows negligible catalytic
activity due to low conductivity of the support. &8 results demonstrate that carbon
doping indeed significantly increased the electordonductivity in P25 with
carbonthermal treatment. The combined effects dfstsutional carbon, interstitial
carbon and oxygen vacancy contribute to the changéectronic band structure of TiO
[38], resulting in the increase of its conductivifjhe close contact of Pt with its
conducting support enables the catalyst to haviedl/pt electrochemical activity in the
CV, as displayed in the regions of hydrogen adsmmfilesorption, platinum oxidation,
and platinum-oxide reduction [11].

CV tests of thermally treated TiOwere performed to investigate the
electrochemical activities of different powderssuks of which are shown in Fig. 6. The
anodic peaks at ~0.65 V and cathodic peaks at ~0.B8Fy. 6 (a) are associated with
the oxidation and reduction of the surface oxidmugr The bigger double layer capacity
in P25-700-1000h and P25-700-1100h can be attdbust¢he formation of Ti(C, since
surface carbon coating is consumed during anneamgbserved from the TEM images
(Fig. 2(b)). OER was carried to investigate thealydic activity towards oxidation of
water to generate molecular oxygen in acidic ebdytie medium 2HO=46+4H"+0,,
and the onset potential for this reaction is adasterion to evaluate the efficiency of
the catalyst.

According to Nowotnyet al. [42], the presence of defects at Ti6urface,eg.,

oxygen vacancies, is essential for the water sgittUndoped Ti@ showed the worst
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OER activity, as can be seen in Fig. 6 (b). Themarhas the highest onset potential and
lowest current, which could be attributed to ite/Isurface defects [42-44]. Introducing
carbon doping and further annealing can create exxygcancy as predominant defects,
as confirmed by the formation of reduced Ti froreypous XPS analysis [11, 14, 20, 27].
Annealed at 1100C, carbon coated TiChas almost completed the transformation from
TiO; to TiOCy, which has the most oxygen vacancies. As a rehdtcatalyst showed
the best OER catalytic activity, with lowest ongetential at 1.45 V.

Many efforts have been made in seeking other replae expensive OER catalyst,
IrO,, which is considered to be the state of the art. Agnwarious candidates,
perovskites exhibited comparable or better OER/iigtihan previous reports. Suntivich
et al. [45] most recently reported perovskites with arsedinpotential at range of 1.5
V~165V (/s. RHE). At 0.4 V overpotential vs. RHE (1.23 V), tB&R activities fall into
the range of 0.12~14 mA/mga. The TiIQC, in Fig. 6 (b) yield a ~5 mA/mgya. current
density at 1.6 V, therefore having a comparable @Efity as the reported perovskites
and further demonstrating the substantial OER #gtdf the titanium oxy carbide.

However, none of our samples exhibit ORR actiag/shown in Fig. 6 (c), in which
large overpotentials and negligible currents wdrseoved. To obtain ORR activity, Pt
was deposited on the TiOxCy and typical ORR cuf%é$ were obtained (Fig. 6(c)). An
onset potential at ~0.85 V shows that the ,OPsupport is an excellent alternative
support to the high surface area carbon black.gefteer, the catalyst Pt/TiOy has both

OER and ORR activities, demonstrating an effedbifenctional catalyst.
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4. CONCLUSIONS

In this paper, we demonstrated a carbonthermalnigob that allows making
nanoscale TiQC, from commercial TiQ P25 nanoparticles. The process is a simple
one-step, two-stage process. It can be achievetbst lab furnaces under relatively low
temperature. This process involves a carbon coaiage, followed by an annealing
stage. By doing so, sintering of the nanopartidesubstantially suppressed, allowing us
to maintain the large surface areas needed fotysatsupport. It was also found that
partial carbon substitution in the TiGattice occurred at below 106C. But at 1106C,
the TiG, nanoparticles can be completely converted to@jOwith only a small increase
in particle size. It was found that markedly impedvelectronic conductivity can be
obtained in TiQC,, which makes it a good substrate for supporting|Bttrocatalyst.
The TiQ.Cy nanopowder obtained showed a significant actitdwards OER. By
depositing Pt on it, a bifunctional catalyst, PBJJC,, was demonstrated to be effective

for both ORR and OER.
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Fig. 1 SEM images of titanium oxide nanopowders obtainaedeu different thermal
treatments. (a) P25: original TiO(b) P25-700: P25 carbon coated at 7) (c)
P25-700-900h: P25 carbon coated at 700 oC andefuréimnlead at 906C, (d)
P25-700-1000h: P25 carbon coated at 700 oC antiefudnnealed at 100(C, (e)
P25-700-1100h: P25 carbon coated and further athrdea100°C, and (f) P25 anneald
in air at 80°C. Annealing time was 4 h for all samples.
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Fig. 2 TEM micrographs of (a) P25-700, and (b) P25-7008h10showing uniform
carbon coating on the oxide nanoparticles. A cehisaobserved between the amorphous
carbon and the crysalline titanium oxide or oxybode. The inset in (a) shows the lattice
spacing of TiQ.
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Fig. 3 XRD patterns of P25-700 and P25-700 post annedl®0@G 1000, and 110tT.

Complete conversion to Ti@, was found at 110€C.
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ABSTRACT

We demonstrate a type of carbon nanotube basedo@pek cathode in a hybrid
electrolyte Li-air battery (HyLAB) that showed otasding discharing performances.
The HyLAB has sulfuric acid as the catholyte arldrge active electrode area (10%m
The active cathode layer was made from a buckypeyitér 5 wt.% Pt supported on
carbon nanotubes (Pt/CNTSs) for oxygen reduction eralution. A similar cathode was
constructed with a catalyst of 5 wt.% Pt supported carbon black (Pt/CB). It is
demonstrated that sulfuric acid can achieve higitatirgeing current densities while
maintaining relatively high cell potentials. Thdlagith Pt/CNTs showed a much better
performance than Pt/CB at high current densitié® HyLAB with Pt/CNTs achieved a
discharging capacity of 306 mAh/g and a cell vadtad 3.15 V at 0.2 mA/cfa The

corresponding specific energy is 1067 Wh/kh basedhe total weight of the sulfuric
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acid. Slow decrease in performance was observedt ¢an be recovered by refilling the
cell with new electrolyte after continuous dischiagy of more than 75 h. A
charge-discharge experiment at 0.2 mA/simowed that the cell was rechargeable with a

capacity of more than 300 mAh/g.

1. INTRODUCTION

Li-air batteries have gained much attention asgnetorage systmes due to their
high energy dnesities, comparable to that of gasdh the theoretical values [1-3]. An
advantage of Li-air batteries is that oxygen is stoted in the cthode but acquired free
from ambient air during discharge. Major effortsséddeen focused on non-electrolyte
Li-air batteries to avoid the intensive reactioriween water and the Li metal [4-10].
However, Li-air battery with non-aqueous electretyis cathode-limited due to that the
electrolytes cannot dissolve the solid lithium @xigroducts, which clog the pores and
choke the air breathing cathode. In addition, nooésin ambient air can still degreade
non-aqueous electrolytes and react with lithium aihetusing self-discharge. These
problems directly lead to a short life of non-aquedi-air battery.

Aqueous-based systems represent an alternativeoagtprto long operational
battery lifr. A water-stable lithium electrode cée devdloped by employment of a
LISICON-type lithium ion conducting glass ceramidG@GC) membrane [11-14]. This

impermaeable LICGC membrane can prevent directutith reaction with water.
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Consequently, a hybrid electrolyte Li-air batteHy[AB) can be constructed. Already
demonstrated, aqueous electrolytes of acidic [5B,reutralized [12], and basic [14, 15]
solutions have been used in HyLABs in recent yedestralized and basic electrolytes
have overall reaction of 2bH,0+0.50, = 2LIOH, and the theoretical cell potential is
3.43 V [15]. In acidic electrolytes, especiallyostg acid solutions, the cell reaction is
2Li+0.50,+2H" = 2 Li+H,0, which yields a theoretical open circuit volta@aCV) of
4.274 V. Acid can dissolve lithium oxide, prevegticlogging in the air breathing
channels in the cathode. Such cell can have aigahdischarge of 0.2 mA/chj12, 13],
which is much higher than that of non-aqueous elgde cell €a. 2.6-2.7 V) [5, 6, 15].
Furthermore, smaller charge-discharge polarizatibase been observed in acidic
electrolyte cells with the use of Pt catalyst, mseey for the oxygen reduction reaction
(ORR) at the cathode, which @,+4H"+4€ = 2H,0, involving 4 electron transfer in
acidic medium.

There are two most relevant studies of rechargeaiyeAB using acidic
electrolytes. Zhangt al. [13] reported a HyLAB using an acetic acid-littmuacetate
electrolyte, and most recently & al. [16] reported a HyLAB based on 0.1 M phosphous
acid and 1 M lithium dihydrogen phosphate as catbolBoth cells reached a high
discharge capacity afa. 220 mAh/g and a specific energy of ca. 770Wh/kherga the
mass is based on that of the acid in the elece#slyfThe test duration of the
charge-discharge to reach this capacity was betweand 3 h. Those cell used high

loading Pt catalysts (Pt-black or 40wt.% Pt/C)he tathodes. In a priamry Li-air cell,
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Kowalczk et al. [15] showed that it can be discharged for morentbadays at 0.1
mA/cn? in 5.25 M HSO, catholyte at a cell potential of 3.2 V.

In this work, we demonstrated a rechargeable HylwBh sulfuric acid aqueous
solution as the catholyte and investigated its ginalischarge performance. We chose
sulfuric acid as the catholyte, in addition to #uvantages of acids mentined above, due
to its electrochemical stability and non-volatiliduring battery charge-discharge. As
lithium sulfate has much solubility in water, aredretically, all sulfuric acid in 1.0 M
H,SO, can be electrochemically converted into lithiunifate, it can keep the product,
lithium sulfate, completely dissolve in the solutidSulfuric acid also has a relatively
high theoretical capacity (479 mAh/g with Li massluded and 546 mAh/g without Li
metal) and a specific energy (2046 Wh/kg) [17].c8irtarbon nanotubes (CNTs) and
carbon black (CB) can yield different porosity atdictures in the air diffusion cathode,
we prepared two structures of the catalyst layee with CNTs and the other with CB,
and make a comparison on their cell performanceaddition, a large electroactive area

cell (10 cnf) is demonstrated in a full cell charge-dischargsegiment.

2. EXPERIMENTAL METHODS
2.1. Air Cathode Preparation. The air cathode consists of an active catalyst
layer, a transition layer and the backing layerTofay® paper, which are laminated

together. The preparation of Pt/CNT catalysts (Clfdsn NanoLab, 58 15 nm) was



78

reported elsewhere [18]. The air-breathing cathodese prepared as follows. 10mg
carbon nanofibers (CNT ~150 nm in diameter and ~i@ long, Pyrograf,
PR-24-XT-LHT) and 10 mg Pt/CNT catalysts (5 wt.%) Rtere dispersed under
sonication inca. 8 mL ethanol in two separated beakers. First, @~ ethanol
dispersion was vacuum filtered through ap@@Millipore ISOPORE membrane (47
mm diameter). Then filtration of the 10 mg pt/CNthanol dispersion was done on the
same Millipore membrane covered with the CNF layéis produced a buckypaper of
catalyst layer based on the Pt/CNTs. The resutitad thickness of this buckypaper layer
is ca. 60 um. This buckypaper was laminated onto a Toray cagaper (Fuel Cell Store,
TGP-H-030) at 140 °C and a pressure of 2 atm, WighCNF side on the Toray paper.
Repeating the same process using 5 wt.% Pt/CB E-d&iklysts produced the catalyst
layer with the CB structure. Again, the transitimyer is CNF. We found that the
transition CNF layer can serve well to support bibitn Pt/CNT and the Pt/CB catalyst
layers. The whole cathode thickness after hot psessatca. 150um.

2.2. Li-Air Assembly. The HyLAB assembled in this work consists of a sgal
anode made by MaxPower Inc. (a pouch half-cell) [A®d an air-breathing cathode
described above. Fig. 1 shows a schematic struofittee Li-air cells. The effective area
of electrode reported here is 10 <nn order to prevent electric shorts between the
carbon paper and the Li anode pouch cell, a T8ftape was used to cover the rim of the
pouch. The advantage of using a Teflon tape isith&tydrophobic property prevents the

agueous electrolyte solution from leaking. The cbfie in our study of cell discharge is
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a pure 1.0 M SO, to start with. The volume of the acid was 5.0 raLfill up the recess
in the pouch in the cathode side.

2.3. Li-Air Cell Test. Tests of the HyLABs were performed in an ambient
environment and at room temperature (25 °C). AnirAbdattery test station (GT2000)
connecting to a computer installed with the Arbiat® Pro software was used in the
charge-discharge and data collection. For eachtestéd, the discharge current density
was chosen as 0.01 mA/gn®.1 mA/cnf, 0.2 mA/cnd, 0.5 mA/cnd, or 1.0 mA/cm. For

long-term discharge and charge experiments, amugdensity of 0.2 mA/cfwas used.

3. RESULTSAND DISCUSSION

The thickness of 10 mg of CNFs filtered onto thigefi membrane produced a
transition layer of 30-3fm in thickness and 10 mg of Pt-loaded carbon pred&0-25
um active layer, which were confirmed by their crssstions through SEM. The
cross-section and surface morphology of typical-be@athing cathodes were
characterized by SEM and shown in Fig. 2. In eitteese of Pt/CNT or Pt/CB, the total
thickness of the buckypaper is abouuBDafter hot press, as can be seen from Fig. 2.
Similar to proton exchange membrane (PEM) fuel eldttrode preparation, a hot press
procedure was needed in order to yield a strongrastion between the carbon paper
backing and catalyst layers. It is inevitable tG& particulate structure (with low aspect

ratio particulates) was constricted in each digectinder high pressure, and this leads to
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compactness, low porosity, as well as formation lots of dead-ended channels in this
process. However, due to the fibrous structure NiT<C They were compressed only
along the direction of pressure (perpendicular electrode surface) in the hot press
process. The CNTs are intertwined in the horizodiactions (in plane), forming open
channels for air diffusion. Consequently, Pt/CNTnhied an open buckypaper layer (see
Fig. 2 (A) and (B)) on the transition layer and eened porous after hot press, but Pt/CB
formed a compact layer with less porous channéts bbt press (see Fig. 2 (C) and (D)).
The surface morphologies of these cathodes aremach different in the catalyst layers,
as can be seen from their SEM images. Consequémly,porous structures have direct
effect on the Li-air cell performance as shown helo

For acidic electrolytes, the calculated dischar@d/@s 4.274 V at 25 °C, assuming a
4 electron reaction for the reduction of oxygen][IEhe cells exhibited OCVs in the
range of 3.95 — 4.02 V, depending on the diffecawmbon materials and electrocatalysts.
Therefore, the difference between the theoretiodl actual OCVs is small. The result
was attributed to the better ORR activity inS@, because of higher concentration of
protons in the K5O, solution, despite that the air cathode used aldéading Pt catalyst
(5 wt.%). Geometric loading is of Pt in the cathdslealculated to be only 0.05 mg/tm
(electrode area), but it was found good enoughrédyce a current flow comparable to
that of non-aqueous electrolyte cells. It noted this loading is much less than the long
term (for the year of 2015) DOE target (0.125 mdjcfor noble metal loading in PEM

fuel cells.
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The HyLAB cell potential dropped from 3.72 V disehiag at 0.1 mA/crhito 3.43
V at 0.5 mA/ci for the buckypaper cathode (Pt/CNTs), as showrFim 3. The
polarization of the cell was mainly due to the cedkistance derived from contact
resistance at the anode side, especially the otvgebe the aprotic electrolyte and the
LICGC membrane [13, 19]. At low discharge curreni® cell performance (potential)
was about the same as the one based on the catfastdewith Pt/CB; the cell potentials
for both cells were around 3.72 V at 0.1 mAfand 3.58V at 0.2 mA/cmHowever, as
the discharge current density was increased ton@¥cn?, the cell potential with
Pt/CNTs surpassed that with Pt/CB (3.27 V), witkitkerence of 160 mV. When the
current density went up to 1.0 mA/gnthe potential difference became further apart at
220 mV, with 3.21 V for Pt/CNTs and 2.99 V for PBGdemonstrating the advantage of
CNT electrode structures.

At high discharging current densities, air diffusiould become a limiting factor
to the cell performance. This was especially evidethe HyLAB cell when the cathode
with Pt/CB was discharged at 1.0 mAfrit was observed that the potential of this cell
was dropping along with discharge time (~10 houes, Big. 3), as a result of diffusion
limitation in the less porous CB layer [20-23].dontrast, the cell with Pt/CNTs showed
an even increased potential level during the digghaycle. Although this increase needs
further study to understand, the result demongirthat the fibrous CNTs as catalyst
support are superior to the granular CB. It is ddteat when the cells were stopped for

discharging, their potentials reached back and tmslee OCVs. This discharge behavior
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was also observed in other aqueous electrolytedda&Bs [14, 16, 24].

The results shown in Fig. 4 were obtained from regtome cell discharge at 0.2
mA/cn? with an excess amount of sulfuric adig, 5 mL of 1.0 M HSQ, (0.49 g acid
in weight). The cell potential was stable for aipe of 49.5 hours with a cell potential
as high as 3.534 V, which gives 202 mAh/g in speaépacity, based on the mass of
sulfuric acid. This is comparable to the previouslgorted numbers for other acids [13,
16]. The utilization of the sulfuric acid was 36.9%49.5 hours. The specific energy at
this point calculated from the discharge capaaity eell potential is 717 Wh/kg.

After the ca. 50 h discharge, the cell potential starts to desweslowly. When the
cut off potential was set to 3.15 V, the cell haotal discharge time of 75 hours. The
utilization of acid was at 55.6%, which is about game as the previously reported 56%
acetic acid utilization of Zhangt al. [13]. At this point, however, the cell produced a
specific capacity of 306 mAh/g and a specific epaafy1067 Wh/kg. These numbers are
much higher than those previously reported basedifterent acids and cathodes [13,
16]. According to a recent review [25], a Li-aiflcgpecific energy at 1000 Wh/kg would
enable a driving range of 380 miles, a practicatafice approaching that of gasoline
powered cars. Given that the utilization of thedaai our cell is just above half, further
improvement in performance of the HyLAB cell is ydikely and could lead to reaching
the goal for long range driving with a single charg

It is noted that the corrosion of lithium-ion comting solid electrolyte separator is

inevitable in some acidic media [19, 26, 27]. Iifmic acid, our XRD results showed
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that there is a small difference between the pesteramic membrane and that after long
term (75 hours) discharge (in Fig. 5). Two peak®jat 17.2° and 23.2° appeared after
discharge. Compared to the major peaks, the injeosthese new peaks are very small,
indicative of that the chemical changes are smaltording to a most recent study [28],
the protons only adsorb on the ceramic membranaciand do not diffuse into the
bulk, and therefore, only the surface of the membregs modified. Our observation
seems consistent with that conclusion. However,enstudies are being conducted for
the ceramic membrane stability in sulfuric acid ankllbe reported in a future paper.
According to a previous study [29], the effect ofidns on the ORR activity cannot
be ignored. The increase of Li ion concentrationthie catholyte during a long-term
discharging obviously decreased the oxygen diffusade in the acid electrolyte, leading
to lower ORR rate [29]. During discharge the prddaucof Li ions and conversion of the
electrolyte from sulfuric acid to lithium sulfateilivxshrink the volume of the aqueous
electrolyte. It is inevitable that the hydrophofieflon tape covered rim of the pouch
produced a gap between the catholyte and the cathadace. Water vapor can form in
the gap and escape through the porous cathodencpaper, which would further reduce
the contact area between the electrolyte and ttiede. It was found that about 10-15%
electrode area was no longer wetted by the elgterafter the long-duration (75 h)
discharge. Consequently, the decrease in perforenaas largely attributed to this active
area reduction. Indeed, we have confirmed that tbduced performance can be

recovered by refilling the cell with new sulfuricid solution, as shown in Fig. 3. This
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result further confirms that the LICGC was stablaring the period of discharge
experiments and did not degrade cell performandabhg otherwise, refilling the
electrolyte would not recover the performance ifwere to do with the LICGC
membrane.

Cycling results of the cell at 0.2 mA/érare presented in Fig. 6(A). The durations
for charge and discharge of the cell were 1.5 houesach cycle, and there were 9 cycles
with a total of 27 h. The potential difference beém the discharge and charge potentials
at the beginning was about 1.25 V, and it increatedly to 1.45 V after 5 cycles and to
1.59 V at the end of the cycling test. While Ptgisod for ORR, its surface oxide
formation at high overpotentials does not faciitaixygen evolution reaction (OER),
which is the reverse reaction of ORR occurred duracharge. It was reported that Pt in
sulfuric acid would have a 210 mV overpotentiathed first 3 h [30] and up to 970 mV
for a longer term [31]. The overpotentials obseriuredhis study fall in this reasonable
range. It is also noted that the Li ions generdi@ihg discharge produced an electrolyte
with ever increasing Li ion concentrations. Thearad could further complicate the OER
on the Pt, which would need a separate study.drater cycles, the potential difference
increased along with each cycle, possibly due & the Pt catalyst was slowly but
incrementally oxidized during the OER process [&)]ch high overpotentials, however,
can be reduced by suing an effective OER catahsich is under study in our lab and

will be reported in the future.
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Further discharge-charge experiments are presantdelg. 6(B). Although we
demonstrated that the ceramic membrane does ndigiuch, we nevertheless used a
diluted 0.01 M sulfuric acid in a new cell to intigate rechargeability so that the LICGC
membrane would not be a factor in affecting the petformance. Diluted acid would
also reduce oxidation rate of the Pt catalyst. tdep to keep constant capacity in
long-term discharge, the charge capacity was dutd06 mAh/g. Again, the acid has a
utility percentage ota. 56% at the capacity of 306 mAh/g. It is interegtio note that
the concentration of sulfuric acid did not notalvhpact the cell performance, indicating
the good ORR activity in sulfuric acid. The cell svdischarge/charged 10 times in the
same manner. The presented is the performance avfeklischarge capacity vs. cell
potential in cycle 1, 2, 5, and 10. The potentifflecence between the discharge and
charge potentials at the beginning was about 0,88n¥ it increased slowly to 1.19 V
after 5 cycles and further to 1.37 V at the enthefcycling test, which are smaller than

those in the more concentrated acids, as expected.

4. CONCLUSIONS

In summary, sulfuric acid is demonstrated to beadle catholyte in a HyLAB cell
that has a large electrode area at 16. éow loading 5 wt.% Pt as electrocatalyst can
produce a high battery capacity and specific enardglge rechargeable Li-air cell. It was

found that cathode catalyst layer made with Pt/@N&kpaper is better than that made
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with Pt/CB. The better performance was attributedhie more open porous structures
formed in fibrous CNTs. At a cut-off voltage of 8.V, the HyLAB cells achieved a
discharge capacity of 306 mAh/g and a specific gnef 1067 Wh/kg at 0.2 mA/ch
based on the total weight of acid in the cell. é#ased overpotentials during
charge/discharge were observed in cycling. It iggested that a bifunctional

electrocatalyst is needed for better rechargegbilit
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ABSTRACT

We previously showed that Pt as cathode catalystahiarge overpotential during
charge in rechargeable hybrid Li-air battery withif@ric acid catholyte. This article
demonstrates that a bifunctional catalyst compadet and IrQ supported on carbon
nanotubes can address this problem. The speciadigiled and synthesized bifunctional
catalyst showed significant overpotential reductaond achieved a round trip energy
efficiency of 81% after 10 cycles, much higher titanse achieved in aprotic Li-O
batteries ¢a. 65%). Thy hybrid Li-air battery was discharged aecharged for 20 cycles
at 0.2 mA/cr, showing a fairly stable cell performance. A sfiectapacity of 306
mAh/g and specific energy of 1110 Wh/kg were olgdirfior the hybrid Li-battery in

terms of acid weight.
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1. INTRODUCTION

Lithium-air battery (LAB) has attracted intensivéteation due to their high
theoretical energy densities, comparable to thagasoline [1-3]. Since Abraham and
Jiang [4] proposed the rechargeable non-aquedusritoxygen battery, major efforts
have been paid on aprotic lithium-air battery [SAJmajor problem with aprotic LAB is
that the insoluble discharge products, lithium esiddeposit in the porous cathode and
block the further oxygen intake. Consequently, ltisge ends quickly when the pores
are clogged. The insulating nature of lithium osigdso lead to sudden drop of output
voltage, increase of charge potential, and thus lafscapacity [1]. In addition, the
contamination of moisture in the electrolyte cargrdee lithium metal, causing the
problems of self-charging and circuit shortening9gB

The development of an agueous version of LAB haneg an alternative way to
the aprotic LAB [10]. The state-of-the-art of thi8B involves using hybrid electrolytes
including a Li-ion conducting, but electronicallyhsulating membrane, such as
LISICON-type glass, that is impermeable to liquidctrolytes and can protect the Li
metal from direct contact with aqueous solution. [3uch hybrid electrolyte LABs
(HyLABs) have been demonstrated in aqueous nelittdl acidic [12, 13] and alkaline
electrolytes [14, 15]. Water is reduced in neubrabasic electrolytes when batteries were
discharged, which follows £+ 2H0 + 4é—40H (E°=0.4 V vs. RHE), yielding a
theoretical potential at 3.43 V. In acidic elecptel, oxygen is reduced through ©4H"

+ 46—2H,0 (E°=1.23 Vvs. RHE) which produces a 4.27 V theoretical potential
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To date, Pt is still the most active catalyst farygen reduction reaction (ORR)
[16-18], even though metal free N-doped graphen®, [lhanganese oxides [15] and
perovskite oxides [20] were reported to exhibit s0B@RR activities. Pt is most suitable
for use in acids for stability, and there are salvstudies reporting utilizing Pt as ORR
catalyst in acid based LAB. Zhamrgal. [12] reported using Pt mesh as cathode catalyst
in acetic acid, demonstrating 15 charge-dischaygkes. Liet al. [21] used 40 wt.% Pt/C
in phosphoric acid electrolyte and observed a piatledifference increasing from 1.0 to
1.3 V after 20 cycles. In order to reverse a disgbed LAB to its original charged state,
an extra overpotential, usually positive 200-300 no/the standard’=1.23 V, is
required to electrolyze water for OER [22]. Undastoverpotenial range, Pt is oxidized
to form oxidized film and loss its catalytic abjlif23, 24]. Our previous work [25] has
demonstrated sulfuric acid as catholyte in a HyLABe cathode catalyst was also Pt but
supported on carbon nanotubes (CNTs) with ultraRiwoading at only 5xI9 g/cnf.
While a discharge specific energy achieved was &@0 Wh/kg, the round trip
efficiency was low due to the large overpotentiap detween charge and discharge. It
was concluded that a bifunctional electrocatalgsheeded to reduce overpotential for
OER.

Iridium oxide (IrQy) has been found to be an active and stable OERysatt high
current densities [26, 27]. Pt/lgGas a bifunctional oxygen catalyst has been used in
regenerative fuel cells [28-30], in which Pt sefee ORR and IrQ for OER. Here, we

report a study on developing a CNT-supported Pi/b@unctional oxygen catalyst for
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the HyLAB. It was shown that the round trip effict can be much improved by using

the bifunctional oxygen catalyst.

2. EXPERIMENTAL

2.1. Catalysts Preparation. CNTs (Nano Lab, 50+£15 nm) were treated with 3:1
H,SO/HNO; (volume ratio) in an ultrasonic bath at 60 °C forh8urs for surface
functionalization [31], followed by filtration anithorough washing with deionized water.
10 mg of the functionalized CNTs were then dispgiael0 ml ethylene glycol plus 5 ml
de-ionized water with the aid of sonication andrisiy. Pre-determined amount of 0.01
M KlIrClg (Alfa Aesar) salt solution was pipetted into theee suspension and it was
stirred under reflux conditions for reactions fon@urs. The iridium salt was reduced to
metallic Ir to form Ir nanoparticles deposited dme tCNTs (If/CNTs), which were
separated out with a centrifuge. The product wasotlghly washed and dried at 80 °C
in a vacuum oven overnight. It was then annealeariat 400 °C for 2 hours to oxidize
the metallic Ir nanopatrticles into crystalline itich oxide (IrQ), leading to a final 10 wt.%
IrO, loading on the CNTs. That catalyst was further enagto a suspension, and
deposition of 5 wt.% Pt on IEICNTs was achieved by a polyol process reported
previously [32] to produce bifunctional catalystifd,/CNTs. Using bare CNTs, Pt was

also deposited on CNTs to make Pt/CNTs withouturidoxides.
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2.2. Catalysts Characterization. Morphologies of the catalysts were examined
by transmission electron microscope (TEM) (FEI BdfA20). The crystalline phase of
the catalysts was analyzed by X-ray diffraction DJRequipped with Cu Kd) and the
XRD data were collected with a Philips X-Pert Dafftometer over an angle rang éf2
10 - 90° at a scanning rate of 0.028° s

2.3. Electrochemical Testing. All electrochemical experiments were performed
with an Electrochemical Workstation (BioanalytiG&tiences, BAS 100). The working
electrode was a glassy carbon rotating disk eldet{®DE) with a disk diameter at 5
mm (Gamry RDE 710). A Pt wire was used as the @&ustectrode and saturated
Ag/AgCI as a reference electrode. The catalyst mowehs dispersed in deionized water
by sonication for 20 min to form 1 mg/mL catalyaspension. 2@L of the suspension
was pipetted onto the disk and dried in air. AbBuL Nafion solution (0.05 wt.%, Alfa
Aesar) was then put on top of the catalyst. Cyslagdtammetry (CV) and OER
measurements were carried out inplirged 1.0 M KESQ, at potential range of 0-1.5 V
and 0.8-1.6 V\(s. RHE), respectively. ORR measurement was takem i@,ssaturared
1.0 M H:SQOy at rotating speed of 1600 rpm between 0.2-1.sVRHE). To study the
durability of Pt/IrQ/CNTs, CV was conducted in Nubbled 1.0 M HSO, in the
potential range between 0.6 and 1.5v8 RHE) up to 1000 cycles. The initial and final
CV and ORR behaviors were recorded. For comparBBENTs catalyst was also tested
under the same cycling conditions. Current derssitiee calculated based on the total

catalyst weight normalized to mA/mg.
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2.4. Li-Air Cell Test. Detalls of air cathode preparation and cell assgmigre
reported in our previous work [25]. Tests of thdl @eere performed in an ambient
environment and at room temperature. An Arbin Ibgttest station (GT2000) was used
for charge-discharge data collection. 0.01 mA&icth2 mA/cnf, 0.5 mA/cnf, and 1.0
mA/cn? discharge current densities were chosen for estlin 1.0 M sulfuric acid. For
long-term discharge and charge experiments, 0.2cmAturrent density was used. In
this work, Pt/CNTs and Pt/IFBICNTs were compared to demonstrate the advantage of

the bifunctional catalyst.

3. RESULTSAND DISCUSSION

Crystalline information of the catalyst was obtairfeom X-ray diffraction. XRD
patterns of IFQICNTs and Pt/IrQCNTs were shown in Figure 1. The absence of laimet
diffraction and the presence of characteristic pebklonging to rutile Ir@[22] in
IrO,/CNTs indicate complete transformation of metaltido crystalline IrQ. After Pt
deposition, the crystalline form of Igx@emains unchanged in the catalyst. The peak.at
26° is graphite, from the graphitic structure & NT support [32].

Figure 2(A) shows a TEM image of the WONTSs. It can be seen that the nanotube
surface was uniformly covered with ls@articles, and despite some in agglomerates
there are no apparent sintering so that their remticplate entity is retained after

transformation. The two-step procedure was desigoedniformly deposit Ir on the
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CNTs first and then convert it to IsgOThis method can guarantee the uniform dispersion
of IrO, with minimum aggregation and maximize the utiliaat of the active oxide
surface.

The mean size of IrDwas measured to be 3.6+£0.5 nm from image analfdisgh
magnification image in Figure 2(A) shows latticasing of the graphitic layer of CNTs
and rutile IrQ at 0.34 and 0.26 nm, respectively. The formerhigracteristic of basal
planes in graphite, and the latter is characterddtithe (101) planes in rutile [gDwhich
also showed up in the XRD patterns as seen in &idurAfter deposition of Pt on
IrO,/CNTs, the morphology of Ir©Pdoes not shown changes, as can be gauged from
Figure 2(B). XRD patterns (see Figure 1) show tRathow appears in the catalyst.
Carefully examining the surface of the catalysir®/CNTs, there exist many round
darker black nanoparticles. These nanoparticlesbatieved to be Pt since stronger
lattice diffraction occurs in metals than in oxidg/ing contrast. These nanoparticles are
measured to have a size of 2.3+0.2 nm.

The prepared catalysts were put under electroclanests in a three-electrode cell.
The CV plots of Pt/CNTSs, Irf@@CNTs and Pt/IrQQCNTs were presented in Figure 3(A).
The anodic peaks at 0.66 V and cathodic peaks58t\0.were associated with redox of
surface oxide group, which have been found in &@dted CNTs [31]. The anodic
current occurred beyond 1.4 Vs( RHE) was assigned as to water oxidation currents
[22]. IrO, was found to be electrochemical inert in the pigénange at 0-1.4V and have

negligible contribution to the electrochemical sgd area (ESA), while Pt/IHNTs
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exhibits the typical peaks belonging to hydrogefdedorption on the Pt surface [32].
The ESA of Pt in the catalyst was obtained usirgrttethods commonly accepted [32,
33]. The ESA in PY/IrQCNTs is obtained to be 905.7 8¥mg p;, close to the 996.2
cn’/mg et in PYCNTSs, indicating that Pt active surface dsdarge in both catalysts.

The ORR activities of IrgJCNT, Pt/CNT and Pt/IrgJCNTs were plotted in Figure
3(B). IrO./CNTs exhibits negligible catalytic activity andshao contribution towards
ORR. Meanwhile, Pt/IrgdCNTs showed a similar ORR performance as Pt/CNils w
the same Pt loading, suggesting thatlh@s not affected Pt for catalyzing ORR. Linear
sweep voltammetry (LSV) was conducted to record@idR performances of the three
different catalysts. As shown in Figure 3(C), P$ Bame catalytic activity towards OER
(all OER currents were capacitance-corrected [8@¢ Figure S1), but is significantly
lower when compared to that from kQ'he mass activity of Irf@@CNTs at overpotential
n =0.25 V can reach 6 Alg, without Ohmic correctionyhich are comparable or better
than 5 A/gio2 and3 A/g (o2 reported by Rastemt al. [34] and Leeet al. [22],
respectively, at the same overpotential.

We found that by incorporating Pt with BW@NTSs, a significantly higher current
density can be achieved than J#fONTs alone (96 MA/Mgata. VS. 56 MA/MQcatarat 1.6
V), which is also higher than the sum of #ONTs and Pt/CNTSs, indicative of that there
is a possible synergistic effect between Pt and dkide IrQ; for OER. A similar
enhancement was observed by ¥al. who used Pt supported on pure{@9]. It was

argued that the downshift dfband center of Pt on Pt/IgQveakened the £ bound to
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the catalytic surface, favoring water dissociatimn form oxygen. It decreases the
coverage of @0O,4s0n catalyst surface and thus, increases the alaiative sites.

To gain more information about the stability of tlwatalyst Pt/IrQICNTSs,
accelerated cycling test was performed by appl{®@0 potential cycles from 0.6-1.5 V
(vs. RHE) in N-bubbled 1.0 M HSO,. As shown in Figure 4(A), Pt oin this catalystynl
suffered very small surface area loss, verifiechbgligible change in H ad/de-sorption
region of 0.05-0.4 V before and after the potentytling tests. In contrast, ESA of
Pt/CNTs suffered a much larger loss after 1000 esycfrom 996 to 230 cifmg py,
leading to a severe degradation of ORR performaiises Figure S2). Figure 4(B)
showed that the ORR half-wave potential shiftedrd@ negatively, indicative of an
ORR activity loss, but it's much smaller than tbathe Pt/CNT catalyst (see Figure S2).
We attributed the loss of the Pt to its easy degjrad on carbon support due to weak
interaction between the metal and carbon. We hageiqusly shown that Pt severely
degrades on carbon black (Vulcan-XC 72) in sulf@did, but it can be significantly
improved by supporting the Pt on a conducting naatieg of titanium suboxide on the
CNTs [35]. The fact that oxide IgQs involved may have similarly improved the stabil
of Pt, although perhaps to lesser degree sincéumnidoxide in this case is not a
continuous film and some Pt is in contract withbcer. Decrease in ORR activity is also
attributed to the formation of a thin Pt-oxide layd high potentials. Reiest al. [36]
observed electrochemical activity of Pt nanopaetauirface despite deactivation of Pt by

forming an oxide layer, which is believed to bepassible for the observed ORR
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activity in this work.

In the OER region (1.4-1.6 V), the CVs showed samanges of the P/IKICNTs
after cycling. It was determined that the OER auir@ensity decreased from 105 to 86
MA/mg caarat 1.6 V (see Figure 4(C)). Kot al. [37] proposed a mechanism for OER
on iridium oxide. Oxygen is split off from water &©3 with Ir in the hexavalent state,
which was formed by two consecutive deprotonati@ps from IrO(OH). Meanwhile,
IrO3 may corrode into the electrolyte as JfGon and lead to direct the OER activity loss.
Formation of poorly conductive and catalyticallyaative Pt oxide species may also
contribute to the loss of OER activity [36]. Neveless, the results showed a relatively
stable performance of the bifunctional catalystuifuric acid electrolyte.

Figure 5 presents the discharge of a full Li-ait asing Pt/CNTs or Pt/IrgJCNTs
as catalysts in the cathode at different dischargeent densities. The operation
potentials dropped from 3.72 to 3.21 V with inciegscurrent densities from 0.1 to 1.0
mA/cn?, and this polarization was mainly due to the inétresistance at the anode side
[12, 25]. Under 0.1~0.5 mA/chdischarge current densities, the cell performanite
Pt/CNTs or Pt/IrQICNTSs is very close as seen from Figure 5, indieatif that there are
no significant catalytic differences between Pt/GNEnd Pt/IrQICNTs towards ORR.
This observation supports the findings that,li@as negligible contribution to ORR.
However, at a higher current densigg(, 1.0 mA/cni), Pt/CNTSs yielded a slightly better
performance than Pt/IEBECNTs. Similar findings were reported previouslypwing that

Pt black is better than Pt/Ix@n regenerative fuel cells [29, 38]. As shown igUfe 2(B),
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some Pt nanopatrticles were found to be on the su@face rather than directly deposited
on the CNTs. We assume that some electron condugtith maybe hindered by the less
conductive IrQ agglomerates because the ohmic resistance gfigr@early five times
larger than that of Pt [29]. Under a high curreehslty, the inefficiency of electron
transport could result in a voltage loss.

Cycling results of the Li-air cell in Pt/CNTs and/IFD./CNTs at 0.2 mA/crhare
presented in Figure 6. The duration for charge diadharge was set at 1.5 hours each,
and the cell was cycled for 21 hours. Using Pt/CBiSshe cathode catalyst, the potential
gap between the charge and discharge was abouWliritbally, and it slowly increased
to 1.45 V after 6 cycles, as shown in Figure 6(A)Joss of the discharge potential was
recorded from 3.50 to 3.36 V, indicative of thahigher overpotential was induced in
order to initiate the ORR, attributed to surfacédexformation on Pt. It is well known
that Pt is an excellent electrocatalyst for ORR ittt for OER, due to its high oxygen
evolution ovepotential and formation of a stablefate oxide layer [23]. The charge
process requires a much higher potential to diaseevater into oxygen. The potential of
the first recharge reached 4.75 W%.(Li*/Li), corresponding to OER potential of 1.7 V
(vs. RHE). Jerkiewiczet al. [24] suggested that $tO* is formed above 1.15 Wg
RHE), and the oxide film is not reduced until tloggmtials are near the H potential range
[23]. The loss of activity of Pt is again attribdtenainly to the formation of the surface

oxide.
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As discussed above, intensive scanning of Pt/CNEshigh potential range has led
to a dramatic ESA and ORR loss, thus the passivaifoPt may be one of the major
factors responsible for the decrease of cell peréorce. It was found that the charge
potential gradually increased in the first chargend, and this trend became more
evident in the later charge steps. On the contargecreasing tendency in discharge
potential was found in the second and followingd&ge cycles. All those observations
suggested that utilizing single Pt as cathode ysitdlas its limitations and could not
sustain the cell for stable charge-discharge cycles

In the case of PY/Ir@ICNTSs, the obvious degradation was alleviatedlastrated in
Figure 6(B). Each discharge/charge process exHibik@ potential curves and the
corresponding potential gap at the beginning atet &f cycles were 0.93 V and 1.11 V,
respectively, showing much improved stability o\®/CNTs. Throughout the entire
cycling, the discharge potentials remained well3& V, similar to the discharging
potential with catalyst Pt/CNTs. However, the cliraggpotential stayed at around
4.5~4.6 V, approximately 0.25 V lower than that frahmarging with Pt alone. At lower
OER overpotentials, Pt suffer less oxidation angstform a thinner oxide layer, which
may reduce the barrier to access active Pt suffi@cé@RR. Consequently, the cell
exhibited a much improved discharge performancea®d® ER catalyst, IrPnot only
decreases the charging overpotential, but alsegi©Pt from over-oxidation.

The Li ion conducting ceramic glass membrane (Odéjlavas reported to be

unstable in strong acidic and basic media [39]avoid corrosion of the glass membrane
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and investigate the cell performance catalyzed ibynbtional catalyst for an extended
period, we further conducted cell for dischargefghain diluted 0.01 M E5O,. Our
previous work has found that this concentratiorswfuric acid did not notably impact
cell performance [25]. For this study, flat disgecharge potential curves of
Pt/IrO,/CNTs at 0.2 mA/crhwere also found, illustrated in Figure 7. In timstfcycle,
the discharge and charge potential were found @8 ¥. and 4.45 V, respectively. A
slightly higher discharge potential was found thihat in concentrated sulfuric acid.
Sulfate ion adsorption on the Pt would block actsteface and impose a negative
electronic effect on the ORR kinetics [40]. In dadi, Li ions also affect the Pt ORR in
sulfuric acid [41]. More diluted sulfuric acid mafleviate this influence and lead to
slightly better ORR activity.

Our previous work has demonstrated the possilslitieachieve a discharge specific
capacity of 306 mAh/g and a specific energy of 10@7kg after 75 hours (based on the
weight of sulfuric acid) [25]. To keep the same awEpy, the discharging capacity was
also cut off at 306 mAh/g. Again, the acid was fdun have a 56% utilization of the
theoretical capacity 547 mAh/g, and the specifiergyn density at first discharge was
measured at 1110 Wh/kg with a round trip energigieficy at 81% at the ¥0cycle (84%
for the ' cycle). This round trip efficiency is higher thainat (72%) we obtained
previously [25]; it is also higher than the repdrtealues €.9., 65%) in aprotic Li-Q

cells [1].
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After 20 cycles, the charge potential raised 100 t@\A.55 V. The potential gap
between charge and discharge increased to 1.08t\f 5 much smaller than those in
concentrated acids, as expected. The mild degoadatfi cell performance may come
from the impedance change caused by the glass mamhand inevitable oxidation of Pt
metal. In the case of Pt/CNTs [25], the potentag ghcreased quickly from 0.89 to 1.37
V after 10 cycles, demonstrating the bifunctionafatyst has significantly reduced the

overpotential in the Li-air battery, increasingrivgind trip efficiency and rechargeability.

4. CONCLUSIONS

In summary, we have successfully developed a biioimal catalyst, Pt/IrgJCNTSs,
for Li-air battery using sulfuric acid as catholyfée catalyst exhibits excellent catalytic
activities with smaller OER overpotentials, high€dER activity and better
electrochemical stability. Compared to mono Pt lgata the introduction of the
bifunctional catalyst significantly reduced the gfevoltage by more than 300 mV, and
thus increased its round trip efficiency from 72981% (evaluated at the "1 @ycle) for
mono Pt and bifunctional catalyst, respectivelye Hybrid Li-air can be cycled for 20
times without significant degradation. Discharggamty of 306 mAh/g and specific

energy of 1110 Wh/kg were demonstrated for thesbatt
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Fig. 1 X-ray diffraction patterns of catalysts WCNTs and Pt/IrQCNTs, showing a
rutile IrO, and fcc Pt supported on carbon nanotubes. Fatycldre IrO, peaks are not
marked on the pattern of catalyst PtACNTSs.
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a low and a high magnification iemg
The numbers on the right image are lattice spa@imgnanometers), with 0.34 nm for
graphite and 0.26 nm corresponding to rutile >Ir€rystalline plane (101). (B)
Pt/IrG,/CNTs, showing the round dark black dots as Pt pariwles (e.g., those
indicated by arrows); no obvious morphological des of the IrQ particles were
observed.

Fig. 2 TEM images of: (A) IrQ/CNT, show are
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Fig. 3 Electrochemical characterizations of catalysts. ¢pglic voltammetry curves ¢
Pt/CNTs, IrQ/CNTs and Pt/IrG/CNTs; (B) polarization curves of ORR (Pt/CNTs,
IrO,/CNTs and Pt/IrQICNTs; (C) polarization curves of OER on Pt/CNTE,/CNTs
and Pt/IrG/CNTs.
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Fig. 4 Electrochemical characterizations of catalyst PYICNTs before and after 1000
cycles. (A) Cyclic voltammetry curves; (B) Polatibm curves of ORR; (C) OER
activities.
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Figure S2. CV curves of Pt/CNTs before and after 1000 cycldse durability protocol
was carried in pbubbled 1.0 M HSO, in the potential range between 0.6-1.5 V for
1000 cycles with scan rate of 50 mV/s. The insgaire shows the ORR curves before
and after 1000 cycles. ORR measurement was takan @-saturared 1.0 M (50O, at
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ABSTRACT

Niobium oxide nanocoating on carbon nanotubes (GNVa&s synthesized via a
sol-gel method, followed by thermal carbon dopiBy. using CNTs as template for
nanocoating, the nanoscale morphology of oxide netsned during thermal treatment.
Annealing carbon doped niobium oxide undefNd atmosphere at lower temperature,
X-ray diffraction showed that niobium pentoxide ¢8g) was reduced to niobium
dioxide (NbQ). In the contrast, directly annealing X3 under the same condition
would not complete the phase transformation to NisOggesting that carbon doping can
facilitate the phase transformation. X-ray photogtn spectroscopy also suggested a
shift of Nb 3d to the lower binding energy, whichglies that a formation of suboxide
layer on the surface. Electrochemical studies skothat Pt supported on the carbon
doped NBOs/CNTs has a greater electrochemical activity tHaat bf on the undoped

Nb,Os/CNTs. However, Pt supported on the carbon dopegOMBNTs exhibited an
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inferior oxygen reduction activity and stabilityaiina commercial Pt/C catalyst, implying
that carbon doped NOs/CNTs may not be considered as a suitable eletlysat

support.

1. INTRODUCITON

Oxygen reduction reaction (ORR) in acidic and alleimedia has been being an
intensive research hotspot in proton exchange memebfuel cell (PEMFC) [1-4]. To
date, Pt is still the most active catalyst for OFR however, the persistent challenges
with Pt-based catalysts are their sluggish kinatic®RR. At potential over 0.75 V, OH
and O groups form strong bonds with Pt surfaces sinich block the further access of
O to the active Pt sites [6]. Another problem assted with practical utilization of Pt is
its instability during electrochemical process. l6&ar was widely used as Pt support,
unfortunately, carbon corrosion and ORR activitysidbecame a principal drawback [7,
8]. The emergence of more corrosion resistant caramotubes (CNTs) was found to
mitigate the corrosion, however, degradation odlyat was still found [9, 10].

To stabilize Pt electrocatalyst, Tibased oxide as supports were proposed and
obvious improvements were observed [11-15]. Amdmgnt, Magneli phase of J0y,
was commercialized under Ebofferade name and proved to be stable under corrosive
circumstance [16, 17]. Recently, niobium oxides Q\IN,Os and NbQ) as Pt supports

have been investigated [18-20]. Sasakial. [18] demonstrated that deposition of
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ultra-low Pt on niobium oxide exhibited higher ORRtivity and improved stability
against Pt dissolution. They argued that the lateqaulsion between OH/O and oxide
surface was responsible for the ORR activity enbarent. Zhangt al. [19] also found
the improved ORR activity and stability of Pt/NJONTs electrocatalyst, which were
attributed to the electronic charge density changéhe Pt surface.

In this work, we demonstrate a nanoscale carbordlopobium oxide coating on
CNTs as Pt support. A sol-gel process was usedbtairoa NbOs nanocoating and
subsequent carbon doping [13] was applied. It imeved that carbon doping not only
facilitates the phase transformation from,8bto NbG, at lower temperature, but also
increases the conductivity of supports. Furthermelectrochemical measurements were

carried out to characterize the oxide supportegld@iirocatalyst.

2. EXPERIMENTAL

CNTs (Pyrograf Products, Inc., 60~150 nm in diameted 30~100 microns in
length) were treated with 3:1,8B04/HNO; (volume ratio) in an ultrasonic bath at 60 °C
for 2 hours for surface functionalization [13], leMied by filtration and thorough
washing with deionized water. 10 mg treated CNTgewdispersed in a solution
containing 8 mL ethanol, 2 mL benzyl alcohol plugcess water with aid of
ultrasonication and stirring. Desired amount ofbmion ethoxide (Sigma-Aldrich) was

dissolved in M-saturated ethanol and slowly dipped into CNTs ensjn and stirred for
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2 hr, followed by vacuum filtration and dried at ®Din oven overnight. The synthesized
Nb,Os/CNTs were thermally doped under 10% acetylene inaN700°C for 20 min
(designated as c-NOs/CNTs). Some c-NiDs/CNTs and NbOs/CNTs were further
annealed under 10% ,Hin N, at 700-800 °C for another 3hr, named as
c-Nb,Os/CNTs-700 and c-Ni©s/CNTs-800, respectively. Finally, deposition of &t
carbon doped or undoped niobium oxide-CNTs waseaeli by polyol reduction method
[21], keeping Pt loading at 10 wt.%.

The morphologies were examined by transmissiontrelecmicroscope (TEM)
(Philips EM430) operating at 300 kV. The crystadliof catalysts were analyzed by X-ray
diffraction (XRD) (X-Pert Philips) equipped with Cui(a) X-ray photoelectron
spectroscopy (XPS) (Kratos Axis 165) was used talyae Nb (3d) and O (1s) by
employing Al K (@) excitation, operated at 150W and 15kV.

All electrochemical experiments were performed witdn Electrochemical
Workstation (Bioanalytical Sciences, BAS 100). Therking electrode was a glassy
carbon rotating disk electrode (RDE) with a disrdeter at 5 mm (Gamry RDE 710). A
Pt wire was used as the counter electrode andasetllAg/AgCl as a reference electrode.
The catalyst powder was dispersed in deionizednimtsonication for 20 min to form 1
mg/mL catalyst suspension. g0 of the suspension was pipetted onto the diskdaietl
in air. About 5uL Nafion solution (0.05 wt.%, Alfa Aesar) was thpat on top of the
catalyst. Cyclic voltammetry (CV) was carried autN, purged 1.0 M KS5SGO, at potential

range of 0-1.2 V\s. RHE). ORR measurement was taken in ars@urared 1.0 M
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H,SO, at rotating speed of 1600 rpm between 0.2-1.0v¥ RHE). To study the
durability of Pt on niobium oxide-CNTs, CV was caoieted in air saturated 1.0 MO,

in the potential range between 0.6 and 1.8/RHE) up to 5000 cycles. The initial and
final CV and ORR behaviors were recorded. For camapa, commercial E-TEK (20 wt.%

Pt/C) was also tested under the same cycling dondit

3. RESULTSAND DISCUSSION

Morphology of NBOs coated CNTs was presented in Fig. 1 (A) and EDXlyasis
confirmed the presence of Nb element in,G#CNTs sample. The nanocoating was
found to be uniform and smooth, and the thickndssoating can be easily adjusted by
varying the niobium ethoxide amount. Removing thETE backbone by annealing
Nb,Os/CNTs in air at 600C, pure NbOs nanotubes was obtained as shown in Fig. (B).
It provides an easy route to synthesize oxide ndrest

Crystalline information of catalyst and supportsrevdlustrated in Fig. 2. The
Nb,Os/CNTs obtained by sol-gel method has an amorphioustsre, and the crystallized
Nb,Os were obtained after annealing under &k seen in Fig. 2 (A). After carbon doping,
crystal pattern of c-NIDs/CNTs exhibited similar crystal pattern as ) CNTSs,
suggesting that the bulk crystal pattern has nahghd. Hahrt al. [22] suggested that
at lower temperature, carbon doping is mostly daser deposition process and only

distorts the surface lattice rather than the btlkanget al. [23] also observed that
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carbon doping pure TiOnanoparticles at 708C would not create a new phase, but a
surface distortion. As presented in Fig. 2(B) a69, characteristic peaks belonging to
NbO; e.g. NbO; (400) began to appear after post-thermal annealiNp,Os/CNTs under
H./N,, indicating that NgOs was reduced to NoOAnnealing at 706C, the oxide was a
mixture of NBOs and NbQ. Increasing to 806C, the main composite of oxide was
found to be Nb@ Higher annealing temperature was not chosenderaio avoid the
nanocoating pealing from CNTs surface. In a sepaaperiment, undoped MBs/CNTs
was annealed under the same conditions as ©{BNTs and comparison of XRD
pattern were shown in Fig. 2(B) and (C). It wasnduhat directly annealing undoped
Nb,Os/CNTs would not transform NBs to NbG, which usually required higher
calcinations temperatueg. 900°C under H atomosphere [18, 24]. Toyoa@hal. [25]
annealed the mixture of TiQvith carbon source in Ninstead of directly reducing TiO
in pure B. They found the formation of titanium suboxide lswas TiO; at a lower
temperature. Koc and Folmer thermal treated cadoated TiQ nanoparticles in argon
and found the generation of titanium suboxide, #mely suggested that carbon was
involved in the reduction of TiDby the partially substitution of oxygen atom irO¥i
[26]. Huanget al. [13] also found that carbon atom can be inteadlytincorporated into
TiO, lattice, resulting the lattice expansion. We sjmed that doped carbon may
partially react with oxygen atom in NBs, as well as expand the p@y lattice which
may favor the phase transformation in the posttlaértreatment. Finally, Pt

nanoparticles are crystalline, as indicated byctieracteristic peaks of Pt [21].
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The chemical states of Nb and O were investigaie&®S, and the results were
shown in Fig. 3. In Fig. 3(A), the binding enerdyEs) of Nb 3@, and Nb 3g. in
Nb,Os/CNTs were found at 208.1 eV and 210.9 eV, respelgtiin a good agreement
with those of NBOs reported by U.S. National Institute of Standardd dechnology
(NIST) with Nb 3d, at 208.1 eV and Nb 3d at 210.2 eV. In the scenario of
c-Nb,Os/CNTs-700, a negative shift towards lower BEs whseoved and BEs of Nb
3ds2, and Nb 3d, were observed at 207.3 eV and 210.9 eV, respégtikecording to
Jung [27] and NIST, Nb 3d in NbG, displays BEs of Nb 3@ at 205.7 eV. Huangt al.
[13] suggested that carbon doping can change tk® @lectron structure between
conducting band and valence band, resulting a BiEs $herefore, the Nb 3d BEs in
c-Nb,Os/CNTs-700 shift towards lower oxidation state mayggest a formation of
suboxide layer. The O 1s found at 530.3 eV in ¢NCNTs-700 also suffered a
negative shift compared with NDs/CNT, as presented in Fig. 3(B). XPS analysis
corroborated the XRD finding that a reduced phdsé¢b®, was partially formed.

Fig. 4 shows typical TEM images of Pt nanopartidepersed on Ns/CNTs and
c-Nb,Os/CNTs-700. The thin Ni®Ds coating was found to be well maintained during
doping process and the thickness was measured atnBx8From the image, Pt
nanoprticles is uniformly dispersed on the suppod aggregation is minimal. The Pt
average particles sizes are estimated to be 2.3#8.4n NBOs/CNTs and 3.2+0.5 nm
on c-NBOs/CNTs-700, respectively, which are based on cogntwer 100 randomly

picked particles.
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Fig. 5(A) showed the CV curves of pB/CNTs and c-NEOs/CNTs-700 in
N,-saturated 1.0 M $BO,. No specific oxidation and reduction current peakserged,
demonstrating that NBs/CNTs and c-NEOs/CNTs-700 were catalytic inactive in acid
electrolyte. ORR polarization curves of MB/CNTs and c-NBOs/CNTs-700 were
presented in Fig. 5(B). Both possessed negligiatalgtic activity towards ORR, only a
minor increase in the cathodic current below 0.2sVapparent, which supports our
argument that Ni®©s/CNTs and c-NBOs/CNTs-700 were catalytic inert at ORR potential
range. Fig. 5(C) plotted CV curves of Pt om,@PCNTSs, c-NbOs/CNTs-700 and carbon
black. Pt on NBOs/CNTs did not show obvious Pt oxidation and Pt-exi@duction
peaks as Pt on c-MBs/CNTs-700, only hydrogen adsorption/desorption pegpeared
distinguishable. Ni©s has an orthorhombic pseudohexagonal structure iandn
insulator, whereas NbQs an n-type semiconductor at room temperature 188 Our
previous investigation showed that Pt on undope@./GNTs has a delay in the
reduction of Pt-oxides compared to on carbon dap@d/CNTs, which can be attributed
to the difference in the electronic conductivity3]1 The different electrochemical
behaviors of Pt on supports demonstrated that caslbping and post thermal treatment
indeed increased the conductivity of support. Tleeteochemical surface areas (ESA) of
catalysts were obtained from the CV curves by irdtigg the area of hydrogen
adsorption region (~0.05-0.3 V) [21, 28], and weatalated to be 1075 &img p; and
1114.285 crfimg p; for E-TEK and Pt/c-NfDs/CNTs-700, which makes them suitable

for comparing their catalytic activities. The measuents of ORR for Pt/NBs/CNTSs,
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Pt/c-NlpOs/CNTs-700 and E-TEK are illustrated in Fig. 5(DheThalf-wave potentials
for Pt/NlpOs/CNTs, Pt/c-NbOs/CNTs-700 and E-TEK are measured to be 0.569 \340.7
V and 0.766 V, respectively. The better ORR perfomoe of E-TEK than
Pt/c-NlpOs/CNTs-700 is mainly due to the double Pt loading ¢&.% in Pt/C vs.10 wt.%
in Pt/c-NBOs/CNTs-700). Sasaket al. [18] suggested that the difference in electrical
conductivity between Pt/NBs/C and Pt/NbQ@C is likely to be one of plausible causes
of difference in ORR activity. The low electricabreductivity of NpOs would hamper
the electron transfer between Pt and CNTs, consdéiguelegrade the electrocatalytic
performance.

Tafel plots derived from the kinetic currenjig,using Koutecky-Levich theory [29]
are shown in Fig. 6; all the Tafel curves are ndized to the individual ESA of Pt and
total mass of Pt. In the kinetically controlled iy (~0.67-0.85 V), E-TEK displays the
highest kinetic current based on either ESA or mass

To gain information about the stability of the dgs$ts, cycling test was carried by
applying 5000 potential cycles from 0.6-1.0 %.(RHE) in N-bubbled 1.0 M HSQ,.
Comparison of the ORR activity before and afteleyavas made. As shown in the inset
of Fig. 7, the ESA loss was found to be 40% in-RitleOs/CNTs-700vs. 30% in E-TEK
[13]. And the half-wave potential of Pt/c-pMBs/CNTs-700 suffers obvious shift after
cycles, from 0.734 V to 0.653 V. In the contrakg half-wave potential loss in E-TEK
was observed from 0.766 V to 0.736 V. Especialtg loss in ORR mass activity of

Pt/c-NlpOs/CNTs-700 is 68% at 0.75 V and 65% at 0.8 V. In panson, the ORR mass
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activity loss in E-TEK was found to be 53% at 0.78Wd 56% at 0.8 V. All those
findings suggested that Pt/c-py/CNTs-700 exhibited inferior stability than
commercial E-TEK. Senevirathret al. [24] observed ~57% of ORR activity loss and
~60% ESA loss in Pt/Nb which was cycled in 0.1 M HCIO Through XPS
measurements of Pt/NbObefore and after cycles, they found the formatioin
electronically insulating Ni®©s that can be partially responsible for the lossOiRR
activity. Therefore, the rapid deterioration of OR&ivity in Pt/c-NBOs/CNTs-700 may
be attributed to the following two factors (1) Redation of NbQ layer into electronic
insulating NBOs during cycles that limits the electron transpatween oxide layer and
CNTs; and (2) Possible dissolution and agglomematb Pt particles that evidently

decrease the ESA.

4. CONCLUSIONS

Here we report a study of carbon doped,®¥ nanocoating on CNTs as Pt
electrocatalyst support for ORR. M coated CNTs was achieved via a sol-gel method,
leading to a nanoscale thin py coating. By removing the CNTs template, pure®i
nanotube can be obtained. One step carbon dopip@sNENTs and further annealing
under H/N, were carried. It was found that carbon doping tailitate the phase
transformation from NiDsto NbG, at lower temperature, which was not observed in

undoped NBOs. Electrochemical measurements were performedadcackerize the ORR
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activity of Pt supported on doped (undoped)®YCNTs. The results indicated that Pt
on c¢-NBOs/CNTs-700 exhibited superior electrochemical atiggi than Pt on
Nb,Os/CNTSs, suggesting that carbon doping and post thketmeatment can improve the
catalyst activity. However, Pt/c-MOs/CNTs-700 showed less ORR activity than
commercial E-TEK. Under oxidizing conditions of ®B0potential cycles from 0.6-1.0 V,
Pt on c-NbOs/CNTs-700 suffers 40% loss of its original ESA &@8% loss of its mass
ORR activity at 0.75 V, compared with 30% ESA laesgl 53% ORR activity loss. The
ORR activity loss may come from the re-oxidation Mi,Os layer into electronic
insulator NbOs during cycles that limits the electron transpatween oxide layer and
CNTs. This work demonstrated that carbon dopegONIENTs may not be suitable as Pt

supports for ORR.
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Fig. 1 (A) EDX of a NpOs/CNT sample supported on a copper mesh TEM grinlysig
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Fig. 4 TEM images of 10wt.% Pt nanoparticles on (A) c8¥CNTs-700 and (B)
Nb,Os/CNTSs.
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2. SUMMARY AND FUTURE WORK

This work described developing catalysts and piegaair breathing cathode for
hybrid lithium-air battery. In the catalysts seosp we focused on synthesizing metal
oxides nanocoating on CNTs as precious metal Rtretmatalyst support, great efforts
were paid on Ti@and NBOs. Thermal carbon doping was the main technique used
this work to modify the metal oxides. Pt supported c-TiO,/CNTs showed a better
oxygen reduction activity than a commercial Pt/@alyst. The catalyst only has a less
than 3% loss in activity after electrochemical aygl5000 times, as compared to about
55% activity loss for the Pt/C catalyst. In thersar@o of Pt supported on c-Nbs/CNTSs,
the intrinsic oxygen reduction activity and stalgikvere inferior to the commercial Pt/C,
suggesting c-NiDs/CNTs may not be suitable as an ideal support.lligjrtdanium oxy
carbide was synthesized by carbon doping and pestal treatment, and titanium oxy
carbide exhibited high oxygen revolution reactictiaty.

In the hybrid Li-air battery section, we concergthbn developing CNTs fabricated
air cathode. At high discharge densities, CNTs thas¢hode showed better performance
than carbon black based cathode which was attdbigethe high porous structure of
CNTs based cathode. With mono Pt/CNTs cathodegdheachieved a specific capacity
of 306 mAh/g and a specific energy of 1067 Wh/kinJ a round trip efficiency of 72%
after 10 cycles. In order to reduce the chargepmtential and extend the cell life time, a

bifunctional catalyst Pt/IrddCNTs was developed. It was found that the roumg tr
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efficiency can be elevated to 81% after 10 cyclesl anild degradation of cell
performance was observed after 20 cycles.

Our futhre work will mainly focus on phase trarmitibetween NJDs/CNTs and
NbG,/CNTs. In Paper V it was found that carbon dopimgld faciliate the phase
transition from NbOs/CNTs to NbQ/CNTs at lower temperature and it was speculated
that interstial carbon may expand the lattice whiey possibly favor the this transition.

XANES technique will be used to measure the bondtleand coordinate number.
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