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Abstract

A series of AuPt nanopar®es suppdrted on multi-walled carbon nanotub@&d/(MWNTS)
catalysts with ultrafine dNetrj (13.0 nm) were synthesized for Al-air battery cathode to

enhance the ox @n reaction. Among themeRUMWNTS catalyst with metal loading

4. Wt %, Pt:6.1wt.%) exhibited a superior ORR catalytic activity and competitive

wt.% Pt/C catalyst. When applied as Al-air battery, appropriate increasing Au
lo2M0g encourage better battery performance.sfRIY/MWNTSs with 8.95wt.% of Au and as little

as 5.3 wt.% Pt content exhibit larger specific capacity (921 m&lagd power density (146.8 mW

cnt?) as well as better durability than 20 wt.% Pt/C catalyst when it is assembled as cathode in Al-
air battery.

Keywords: AuPt nanoparticle; catalytic activity; durability; oxygen reduction reaction; Al-air



battery
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1. Introduction

Metal-air batteries, such as Zn-air batteries, Mg-air batteries, Al-air batterigs ar, lass of safe,
reliable, and efficient energy storage devices have attracted increasing att¢hj a as
proven they have much higher theoretical energy density than that o t -art Li-ion battery

by producing electric energy through a redox reaction betwe d ¢RyRjerhmong

them, Al-air batteries possess great potential for large pliCation due to the high specific
capacity (2.98 Ah §) and energy density (810 {abu ant resources of aluminum,

environmentally friendly nature with hi la ]. However, the sluggish kinetics of

oxygen reduction reaction (ORR) n resulting in serious cathode polarization and low energy

efficiency is one of the seriousWgues hindering the wide commercialization of Al-air b§tgiies

Platinum (Pt) nanop ﬁ NP) dispersed on active carbon materials (Pt/C) has been
commonly used ectiv@®ly prompt the ORR process, however, it suffers from high cost, low
utilization_ effi cWand poor durabilit§8,9]. Tremendous efforts have been devoted on the
dev @ t°OI low or non-Pt ORR catalyid8], and the incorporation of other transition metals

w eported to simultaneously enhance the ORR activity and durdbilii2] It has been
reported that transition metal (M) such as, Ag, Pd, Cu, Fe, Ni etc. are introduced to form Pt-M alloy
or bimetallic catalysts to reduce Pt loading, increase utilization efficiency, high activity and stability.

Among the transition metals, gold (Au) is a special candidate in view of its higher oxidation

potential than Pt, which encourage the combination of Au and Pt to be a stable eBalyt
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The alloying of Pt with Au is a direct way of incorporation, which was reported to exert
apparent effect on the electronic structure owing to the strong coupling between Pt and Au atoms,
resulted in attractive ORR catalytic activjiy2, 15, 16, 17]The problem is that Pt and Au are not
always miscible in a whole range of concentrations and phase segregation can be expected, which
influence the stability of catalyst serioughB]. As an alternative choice, forminggor -shell
S

(Pt) structure has been reported to suppress the degradations of Pt nanoparti PSSy up-shifting

the dissolution potential of Pt and thereby pledging good long-term st 2,23, 24]

Shi et al. prepared Au-Pt core-shell catalyst in size of 30~738m by ionic liquid, which
effectively improved the ORR catalytic activity and stal mparison to the Pt/C catalyst,

because of the high utilization of Pt and the Q{of ctive sites hg3RuFurther
b

increasing the stability of Au-Pt core-shell ved by doped Au core with titanium oxide
at vertex and edges, which restri much Au segregation on to the Pt at surface facets, as

reported by Hu et 4R5].

In a reverse way to f®¥og AU-Pt core-shell catalyst, decorating Pt surface with Au atoms to
protect the vuin site® at edges and corners was also rdg@érted, 28] Kodama et al.

deposited Au RgMmWen step sites of Pt single-crystal surface, which raised the ORR activity by 70%

proved the durability of P8]. Moreover, Takahashi et al., modified the edges and

coMgrs of Pt nanoparticles with arc-plasma deposition, the stability as well as the activity of Pt

catalysts was improved significanfl¥6, 27] With this physical vapour deposition technique, the

deposited amounts and deposition site of Au on Pt catalysts is easy to control.

Recent attempts are addressed to develop bimetallic AuPt nanosize catalysts, which has been

proved that Au clusters confer stability by raising the Pt oxidation potential and stabilizing Pt against



dissolution under harsh work environmgf}, 30] Zheng et al. synthesized smaller AuPt NiP4 (

5 nm) in form of popcorn-like aggregates clusters (in size of ca. 36 nm), which only exhibited better

ORR catalytic activity than 10wt.% Pt/C, poorer than 20wt.% Pt/C possibly due to the aggregated

structurg/30]. It is known that increase the particles size can improve the stability, but sacrifice the

activate surface area therefore the catalytic activity. Further investigation to sygheg#@RuPt catalysts

with low metal loading, high activity and stability still need further investigati

Following this context, we synthesized a series ofPMMWNTSs ¢ 0.25, 0.67,

1.68 and 4.55 of atom ratio) by a simple one-pot reduction of gffilo acid and chloroplatinic

acid with the tris(hydroxylmethyl)phosphine oxide (T« resence of MWNTs. The

synthesized AWPt NPs are highly dispersed wj né/era diameter of ca. 3.0 nm. The
Aug s Pt/MWNTS catalyst with metal logdingidf 1 9% (Au:4.1wt.%, Pt:6.1wt.%) exhibited a

competitive ORR catalytic activity ability to 20wt. % Pt/C catalyst. ThegdRUMWNTS

by properly increasing Au loal to 8.95Wt.% (Pt:5.3wt.%) as the Al-air battery cathode showed

larger capacity and powe superior durability than 20wt. % Pt/C cathode.
2. Experimental n
2.1 Chemical aterials

rClal platinum catalyst (Pt/C, 20 wt.% and 10 wt.%, Alfa Aesar), chloroauric acid

( Cly, 99.999%, Shanghai Titan Scientific Co. Ltd., China), tetrakis(hydroxylmethyl)

phosphonium chloride (THPC, 80 % aqueous solution, Sigma-Aldrich), Nafion solution (5 wt.%,

Sigma-Aldrich) and multi-walled carbon nanotubes (MWNTS, diameter=10~20 nm, length=10~30

mm) were used directly without further treatment. Chloroplatinic acj@tEk, 37 %), potassium

hydroxide (KOH, AR), sodium hydroxide (NaOH, AR) and hydrogen peroxid®{HAR, 30%



agueous solution) are purchased from Sinopharm Chemical Reagent Co., Ltd.
2.2 Synthesis of bimetallic R/MWNTSs catalysts

The MWNTSs was pretreated using a moderate surface oxidation to increase watelf &8fjnity
31]. Typically, 200 mg of MWNTs was added in a gas-proof Erlenmeyer flask with a separating
funnel in connection to a vacuum pump. The flask was vacuumed to a pressuge ofgoL MPa for 10
min, then 40 mL of deionized water and@4 mixture was added. The suspen S then
sonicated for 10 min followed mixing for 2 h using magnetic stirrer, t overnight. The
pre-treated MWNTSs were separated from the suspension by cegWrif 8000 rpm, then dried in
an oven at 80C overnight.

43 mg of the treated MWNTSs were added i ‘ of nized wateregt &dd mixed
using ultrasonic for 5 mins, and then LK 24 HAwDH 1.25 mL of 20 mM HPtCl
were added, followed by addition 1 M NaOH and 2 mL of 50 mM THPC. It was kept
stirring for further 3 h at 75C ake unfform suspension, and then transferred to ice bath and
stood overnight. The pro rinsed with deionized water till pH neutral, and using a freeze-
dryer. the obtai rid Was named ag &Rt/MWNTSs. Three other hybrids were synthesized
using the sal cedure with different volumes content of HAa@ll HPtCk solution,
spe @ 0.333 mL of HAuGkhnd 2.083 mL of kPtCk, 0.5 mL of HAuCland 1.875 mL
of PtCk, 1.5 mL of HAuUC} and 0.625 mL of BPtCk, the catalysts are marked as
Aug Pt/ MWNTS, Ay s Pt/MWNTSs and AysP/MWNTS, respectively.
2.3 Characterization

Catalyst morphology and elemental analyses were carried out using a spherical aberration

corrected field emission transmission electron microscope (TEM, Titan G2 60-300) operated at 200



kV. The structure of the catalysts was characterized by an X-ray diffractometer (XRD, PANalytical)

equipped with Cu k radiation. The chemical component of the catalysts was investigated using an

X-ray photoelectron spectroscope (XPS, ESCALAB 250Xi, Thermo Fisher Scientific) using Al k

radiation. The metal loading in the catalysts was examined by an inductively coupled plasma mass

spectrometer (ICP-MS, X-Series, Thermo Fisher Scientific), where the hybridgwe Icinated
at 400°C for 2 h and then 508C for 5 h in air to burn up the MWNTSs substrate, r ing to
200°C the residuals were treated with aqua regia. The ICP-MS techni d to determine the
metal content in the solution, where each sample was tested fogfire , taking the average value
as the loading amount of Au and Pt for each sample. Q
2.4 Electrochemical performance measurement ,

4 mg of a AyPt/MWNTSs catalyst, 10 f @ solution, 200J ethanol and 80QJ

deionized water are used to prepa talyst ink, the slurry was mixed using an ultrasonic sound
bath for 30 mins. Cyclic voltaMgetry (CV) analysis was performed by using an electrochemical
workstation (CHI660E, ents) at a scan rate of 20 ¥k &I, or O, saturated 0.1 M

KOH solutions. orkir®, counter and reference electrodes are glassy carbon electrode (GCE,

d=4mmS ), platinum wire and Ag/AgCl electrode, respectively] 8of the catalyst

slur, ped on the GCE, it was dried in ambient temperature to obtain a smooth coverage
on@e electrode with catalyst loading of 0.23 mg2cwill potential values were given with the
respective to reversible hydrogen electrode (RHE) scale, the potentials were converted from
Ag/AgCl electrode by using = +0.209+ 0.059 ,where

and is the testing potential verse RHE and Ag/AgCl reference electrode,

respectively, 0.209 is the standard potential of Ag/AgCI electrode. The relationship between



and pH are showed in F&L
The ORR kinetics of the ARt/MWNTSs hybrid was examined using linear scan voltammetry
(LSV) method. ORR kinetics was investigated using rotating disk electrode (RDE) and rotating

ring-disk electrode (RRDE) technologies in $aturated 0.1 M KOH. The rotating speed were 400
rpm, 625 rpm, 900 rpm, 1225 rpm and 1600 rpm with the scan rate at 3 foVRDjg. T DE
equipped with a glassy carbon disk electratie 4 mm,S= 0.126 cr) and a Pt & 8(

= 0.189 cmM) and it was performed at scan rate of 1600 rpm only. Qriment, the disk

potential scanned from 1.0 to 0.2 V at a rate of 5 rh\aad the riglfpo as fixed at 1.8 V.

Prior to testing, 5J and 8J of the catalyst slurry were ceg ried on the RDE and RRDE

with catalyst loading of 0.25 and 0.23 mg-€mespegi I,
Al-air battery performance were sglkd i emade testing cell fabricated with Al foil

anode (99.99%, 4.5 é&n 4 M KOH yte and air cathode. The air cathode comprises of a

current collector (Ni foam) af§a carbon paper (B)cooated with 2 mg catalyst layer. The

discharge polarization cu carried out at 1 thivesween the potential widow of 1.8 - 0 V

vs. Al. the speci& acity®vas recorded at 100 m&,dime dynamic galvanostatic measurement

were perform een 1 mA @érand 200 mA cm, the durability of air electrode was tested by

dis IVE cycles by replacing Al anode and electrolyte after each discharge.
3 ults and Discussions
3.1Physical Characterization
As shown in Table 1, the overall Au and Pt loading amounts of thedAUMWNTS,
Auy gPt/MWNTS, AwsPYMWNTS and Ag.Pt/MWNTS catalysts are measured as 15.05 wt.%,

14.25 wt.%, 10.2 wt.% and 9.5wt.% by the ICP-MS analysis, from which the exact Au/Pt ratios of



the catalyst are determined as 4.55, 1.68, 0.67 and 0.25, respectively.

Fig. al, bl and clillustrate the TEM images of AYsPt/MWNTS, Au sPt/MWNTs and

Aug s Pt/MWNTS catalysts, respectively, along with the corresponding ones in higher magnification

shown in Figa2, b2 and c2All Au,Pt NPs are deposited uniformly on the MWNTSs substrates. The

average particle size of the fggPt on MWNTSs is measured in the picture as 3.0g n t

as 2.98 nm, and the APt/MWNTSs as 2.96 nm, suggesting that the variation of tios did

not influence much on the size of the bimetalliGPUNPs. In the high-re (HRTEM)

images in Fia3, b3 and c3twod-spacing values of 0.236 nm an 2 e measured, assigned

to the Au (111) and Pt (111) facets, respectiy@B]. The hig annular dark field scanning

transmission electron microscopy (HAADF-STEN s £in tMYEip4 and c4isplay that the
Au and Pt NPs stay overlapped but n ro ther. The energy dispersive X-ray (EDX)
analyses in Fig5 b5 and c@also dis Au (green color) and Pt (red color) NPs are very close

to each other, implying the pogble interaction between the Au and Pt NPs.

XRD patterns of thre! NTs catalysts in Fig.present the same feature. The peak at
26.6° can be asgy to t® (002) facet of MWNTSs (JCPDF No. 25-0284), and the peaks at 38.1°,
44.3°, 64.5° a7 ®° are corresponding to (111), (200), (220) and (311) facets of Au (JCPDF No.
04-4 @‘ h€ peaks at 39.5°, 45.9°, 67.0° are attributed to (111), (200) and (220) facets of Pt
J F No. 87-0636), where the diffractions of Pt are enhanced with the decrease of the Au/Pt
ratio. No signal assigned to AuPt alloy is seen in the XRD patterns.

Fig.3 displays the XPS analysis results for ,RUMWNTSs catalysts. The high-resolution
signals of G for the three hybrids (colura) are fitted with three peaks at 284.8 eV, 285.2 eV and

286 eV in correspondence to C-H/C-H, C-P-O and C-OH groups, respg@B8leljhe B, signals



(columnb) present two fitting peaks at 133.8 eV and 134.7 eV in each curve, assighggéamd
P2p129roups33]. The resolved Ay signals (columme) manifest a doublet at 84.3 eV and 87.9 eV,
attributed to the 4f, and 4§, of metallic Au[13]. The P4; signal (columrd) can be fitted into a
doublet at 71.4 eV and 74.7 eV associated with metallic Pt, and the peaks at 72.5 eV and 75.8 eV
are attributed to the divalent state of PE{PR3, 24] The results indicate of tripgen sphine
oxide (THPO) as the capping molecule on thgRAWNPs, which is normally eragd the
cleavage of THPC in alkaline solutiof&il].
3.2 Electrochemical ORR performance

The CV plots of the AWPPt/MWNTSs catalysts and 20 @ catalyst are recorded in both
O, and N saturated 0.1 M KOH ranging from 1, V at@pscanning rate of 20°'mm s
hydrogen underpotential deposition, egQ served between 0 V to 0.4 V attributed
to hydrogen adsorption and desor r thesAR/MWNTSs hybrid, Figdaexhibits an oxygen
reduction peak at 0.86 V witlfQge current density of 0.86 m& amO, saturated 0.1 M KOH
solution, in contrast to th Naturated electrolyte. With the decrease of the Au/Pt ratio,
the reduction oter®al of the AP/MWNTs and AggPt/MWNTs catalysts shifts
positively to OQg6 nd 0.87 V, respectively, along with larger peak current densities of 0.93 mA
cnr 96 mA cm. Further decreasing the Au/Pt ratio, the reduction peak potential of
A t/MWNTSs shift positively to 0.876 V, however, the peak current decays to 0.64 MAscm
showed in Fig52 In comparison, the 20 wt.% Pt/C catalyst exhibits an oxygen reduction peak at
0.886 V with the current density of 0.44 mA€nThe CV plots of MWNTSs were also measured
(see FigS3), which presented a reduction peak at 0.736 V with the current density of 0.241-fnA cm

in O, saturated 0.1 M KOH solution, demonstrating that MWNTs has weak catalytic activity



towards oxygen reduction reaction, decorating with AuPt NPs improve the ORR activity

significantly. It is seen that all the R/MWNTSs catalysts present larger reaction current densities

than the 20 wt.% Pt/C catalyst for oxygen reduction.

The RDE experiment was also used to characterize the ORR performance of the

Au,Pt/MWNTS catalysts in @saturated 0.1 M KOH solutions. The onset potenkig alf-

)

wave potentialk;,) are used to characterize the ORR catalytic activity, defined a® entials at

5% and 50% of the diffusion-limited current density, respectively. Th . a¥ization curves of

the AUPt/MWNTSs catalysts, MWNTs and commercial Pt/C ca f dad FigS4and

Fig.S5 Compare to MWNTS, the diffusion-limited curreg ty of PUMWNTS increase

significantly. It is found that with Au/Pt ratio cha 1&1 0 1.68 and 0.67, the diffusion-
limited current density increases, it theg.d S e Au/Pt ratio further decrease to 0.25, thus
the Au sPt/MWNTS and AgeAt/ xhibits the largest diffusion-limited current density.

The loading mass of Pt for all MWNTS'is less than 10 wt.%, but the diffusion-limited current

density is larger than that¥ef, % Pt/C.

The mech @Q process can be studied by using the Koutecky-Levich (K-L) plots
(Fig.5b a% S5, with indication of the relationship between the inverse square root of
the @ rate €2 and the reciprocal of current densifit), and the following equations are
us@to calculated the overall electron transfer nunmer (

1= 14 1= 14 12y 1 1)
= 021" 4($s)%° &1 @)
where Jy is the kinetic current density, is the diffusion-limited current densitys is the

angular velocity (rpm)B1 is the slope of K-L plotF is the Faraday constari@o, (1.2x10° mol
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cnt®) andDo; (1.9%x10° cm st) are the bulk concentration and diffusion coefficient of dissolved
oxygen, and?(0.01 cni s?) is the viscosity coefficient. Thevalues are determined from the K-L
plots as 3.9 ~ 4.1 for the A Pt/MWNTSs (FigS4b), 3.8 ~ 4.0 for the AlkdPt/MWNTS(Fig5h),
3.9 ~ 4.1 for the AysPt/MWNTSs (FigS4d, 3.8 ~ 4.1 for the AgpsPt/MWNTS (FigS4f), 3.6 ~ 3.9
for the 10 wt.% Pt/C (Fi@5b and 4.1 ~ 4.3 for the 20 wt.% Pt/C (B§d, demonstigtin four-
electron pathway towards ORR in alkaline medium. Howeverntkalue for_the is
determined as 1.6 ~ 1.9 (F&#h, suggesting a two-electron ORR pro ection with the
generation of KHO,. Hence, the MWNTSs substrate can catal 0 reduction in alkaline
medium but show little effect on the ORR performance Ts catalysts.

The RDE polarization curves at 1600 rpm of WN atalysts are further studied.
As displayed in Fig.5¢c, thEg,setand Ejzval a sured as 1.158 V and 0.890 V for the
AU, ssPt/MWNTS, 1.159 V and 0. r the APt/MWNTS, 1.150 V and 0.894 V for the
Aug sP/MWNTS, 1.159 V and 95 V for AuPPt/MWNTS, 1.151 V and 0.895 V for the 20 wt.%
Pt/C catalyst, respectiv%pared with the 20 wt.% PUC, thgs#ARAUMWNTs and
Auq sP/MWNT sts Manifest comparable valueEg,gfand diffusion-limited current. Tafel
plots conyert oMpolarization curves shown inFegre also used to analyze the ORR kinetics,
wh opes for the AMWPUYMWNTS, AuesPt/MWNTS, AuwesPt/MWNTs and
A t/MWNTSs catalysts are determined as 77 mVid@d mV decd , 72 mV dec and 94 mV
dec?, the one for the 20 wt.% Pt/C catalyst is 73 mVelemonstrating that the ORR kinetic of
AUy ssPYMWNTS, Au gdPt/MWNTS, AwsPt/MWNTS is similar to the one of 20 wt.% Pt/C
catalyst.

Notably, AUPt/MWNTSs catalysts show significant advantages when compared with the Pt/C

11



catalyst in view of specific activity and mass activity. The electrochemical active surface areas

(ECSA) of Pt was measured according to a method reported by Shao-Horn and co-{8drkers

35](See ref. Fig.S6), the resulting ECSA of Pt for AWPLt/MWNTS, Au gPt/MWNTS,

Aug e P/MWNTS, A sPt/MWNTS and 20 wt.% Pt/C is 184.52milp, 204.8 M glp, 87.9 M g

1, 33.8 M glpy, 90.9 N glp, and the values of specific activity based on Pt are gete ed as 0.16

mA cnt?, 0.08 mA cn?, 0.174 mA cn?, 0.128 mA cn?, 0.054 mA cn? at 0. 9QYFig"5e),

respectively. The mass loading of Pt was measured using an ICP-M Table 1, show the

Pt contents are 2.7 wt.%, 5.3 wt.%, 6.1 wt.% and 7.6 wt.% fgk u ePt/MWNTS,

Aug s Pt/MWNTS, Aw Pt/MWNTS, respectively. The Pt ivity values are 295 mA mg

164 mA mgland 153 mA mg and 112 mA (114_55P IWNTs, Au ePt/MWNTS,

Alg s P/MWNTS and AgsPt/MWNTS, e ly two to six times higher than that of 20

wt.% Pt/C (50 mA mg) as displa ig.5f. the metal mass activity while both Au and Pt

included are 55 mA my 61 mgt, 9T mA mg!, and 89 mA mg for Au,ssPt/MWNTS,
Auq Pt/MWNTS, ALb_67Pll®and AgPt/MWNTS, respectively, higher than the value for
the 20 wt.% Pt/ st mA rhyg indicating that the ORR activity increased by decorating
Pt with Au cluSgr. Wpssibly because the interaction between Pt and Au.

measurement was employed to further investigate the oxygen reduction mechanism of
theQQUPI/MWNTSs catalysts in 0.1 M KOH. {5 reduced on the glassy carbon disk electrode, and
the ORR intermediate 4@, is oxidized on the Pt ring electrode. The following equations are used

to calculated the overall electron transfer numhga(d the corresponding@,:

4% %
R (3)
2% %= 200 % 5 % (4)
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wherelq represents the disk current (A)js the ring current (A)N (collection efficiency) is

taken as 44% according to our previous literatd® B1]. Fig.6a 6¢ and 6éllustrate the disk

currents of the AP/MWNTSs catalysts increase with the potential scan of disk electrode in the

range from 1.2 V to 0.2 V, but the ring current approaches to zero for {Re/MUWNTSs catalysts.

Fig.6b, 6d and 6further illustrate that the 4@, yields are close to zero and the totghele transfer

numbers are determined as about 4 for allPMMWNTSs catalysts, similar as (Fig.

S8, which again identifies the little contribution of the MWNTSs

performance of the ARt/MWNTSs catalysts.

Apart from the ORR performance, the durability al

which are carried out by the current versus time (§ &a Wometry. In the durability tests, the
potential was fixed at half-wave potentiglm g gen reduction to take place on the catalysts
continuously, and the current wa; ed. As shown in7gjgthe reaction currents for all

catalysts decrease at the initi age and then reached plateau. After 30000 s, about 84.6%, 87.5%

and 87.8% of initial reacti tis observed fo HB/MWNTS, Aw s P/MWNTSs and 20wt.%

Pt/C, respective contlst, AstPt/MWNTSs exhibits higher stability with 91.6% of current

retention, sugSastiMy the superiority in practical application.

r 10 Investigate the methanol tolerance gPAMMWNTSs catalysts, thiet curves at 0.85

\Y HE in Q-saturated 0.1 M KOH solution with the addition of 3 M methanol were recorded.

As shown in Figrb, apparent current decay is seen for the 20 wt.% Pt/C catalyst soon after a current

fluctuation in response to the addition of methanol, leaving only 44% of the initial value at 1400 s.

In contrast, the current retention values are about 91%, 88% and 80% for,thEtAIWNTS,

Auy sPt/MWNTSs and AgePt/MWNTS catalysts. It is noteworthy that the superior methanol

13



tolerance of AWPt/MWNTSs catalysts to the Pt/C catalyst associates with the incorporation of Au
NPs, in other words, the Au NPs serve to protect the Pt NPs from poisoning to some extent via
particular interaction. The superior methanol tolerance gPAMWNTSs catalyst also endow the
application in direct methanol fuel cell.

3.3 Al-air battery performance of gRt/MWNTSs catalysts

The AyPt/MWNTSs catalysts are then investigated as cathode in a home- ceMAl-air cell
illustrated in Fig8a The cell consists an Al anode, air cathode an lectrolyte. For
comparison propose, the battery performance of 20wt.% Pt/C & ed. As show8l, in Fig.
the cell with Ay sPt/MWNTS presents the lowest open cirti | (OCP), which starts at 1.69
V but decays quickly to 1.43 V in half an hour follg urtheMgradual decrease to 1.36 V during
5 h.The OCP of the cell with AysdPt/MWNT. rt 8V, then declines slightly to 1.67 V and
maintained stable till the end of th . The cell withfRI/MWNTSs also has a starting OCP
of 1.78 V, it declines to 1.55 wly durihg the 5 h testing. Although the OCP of the battery with
20wt.% Pt/C starts at 1.8®weases to below 1.63 V after 5 8c Eigibits the discharge
behavior of Alg tter®s at the current density of 100 mAZcnhhe battery with
Aug ssPt/MW &a discharge capacity as large as 939 mAtogvever, exhibits the discharge
potg @ an 0.8 V. The other three batteries present the discharge potential above 0.9 V, the
diSqgarge capacity is 921, 898 and 886 mAHa Au; ¢dPt/MWNTS, Al s P/MWNTSs and 20wt.%
Pt/C, respectively. In order to further investigate the performance of hybrid catalysts, the discharge
polarization curves and the corresponding powder density curves are recorded as sho®d. in Fig.
The potential decrease sharply for the battery withs®Rt/MWNTS, resulting in a maximum power

density Pmay Of 72.7 mW cn?. In contrast, the potential of the batteries withy 4Bt/MWNTS,
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Aug sPt/MWNTSs and 20wt.% Pt/C cathodes decrease much slower, with the corresppgioig
146.8 mW cn¥, 143.1 mW cn? and 144.2 mW crd respectively. The assembled Al-air battery
with as Ay Pt/MWNTSs cathode can drive a fun working for at least 6 h, &3g), and also can
drive fan and hygrometer in series running for at least 3 h due to the high powder densa9LFig.
Apart from the above performance, the durability of catalysts is anothgr c%ctor to

determine the service life of Al-air batteries. Fige displays the dyna K tatic
measurements of the Al-air batteries with; APt/MWNTS, Aw sPt/M wt.% Pt/C
cathode, which are tested at the constant current density betw& (66 crim for each

discharge plateau), accordingly, the discharge potentialdecreases with increasing current
otenti®pp

density. There is no potential drops observed a lateau WHPtAMWNTS as

cathode. In contrast, with AgPt/MWNTS an@EOwWn C cathode have potential drop happened
often especially at higher currentQ. To investigate the long-term stability of the catalysts,
potential variations of Al-air b2ggries are recorded for five cycles which is operated by replacing
the Al foil and eIectronte%d of each cycle, the cathode is reused during these cycles. The
potential of all ¢ s is®ropping at the initial stage and then the discharge plateau occurs. It is
obvious that {fgdiSgharge potential with;AgPt/MWNTSs cathode is stable for the five cycles, but

it d heTourth cycle for the ones withoA#Pt/MWNTSs and 20wt.% Pt/C cathode. In order

to dy the stability of AWPt/MWNTs after long-term operation, the morphology was
characterized using TEM and HAADF as showed in ¥i§. TEM image shows that the
nanoparticles aggregated slightly, the HAADF and elemental mapping reveal that Au and Pt
nanopatrticles are still existed in the formation of bimetal particles, which endows the high stability

of Au,gPt/MWNTSs. These above results demonstrate that compared with 20 wt.%Pt/C, the
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Au,Pt/MWNTS catalysts combines the advantages of high catalytic activity, superior durability, and

low cost.

4. Conclusion

Au,Pt/MWNTSs catalysts were synthesized by a facile one-pot method, where the ultrafine

Au,Pt NPs capped with THPO were uniformly deposited on the MWNTSs subgtra an average

size of ~3.0 nm. The ARt/MWNTSs catalysts perform four-electron pathway S R, and
exhibit superior catalytic activity in terms of specific activity and mass gati ount which, the
Auy sPt/MWNTSs catalyst exhibits higher powder density, hig§er capacity and better

durability than 20 wt.% Pt/C when used as Al-air cat ove results demonstrate the

incorporation of Pt and Au NPs enhanced the ¢ i{erfor pnce towards ORR. The excellent

catalytic performance and stability of the et MWNTSs catalysts allow prospective

applications as efficient and stable ts on Al-air battery and fuel cells at lower Pt usage.
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AuPt/MWNTSs catalysts follow the same four-electron pathway towards ORR as the Pt/C
catalyst.

AuPt/MWNTSs catalysts exhibit more active than the 20 wt.% Pt/C catalyst in terms of
mass catalytic activity due to the ultrafine particle size (d= 3 nm).

AuPt/MWNTs catalysts have comparable discharge capacity, power density and

durability to the Pt/C catalyst.

Q}Q

22



Credit Author Statement

Title: AuPt Nanoparticles/ Multi-Walled Carbon Nanotubes Catalyst as High Active and Stable
Oxygen Reduction Catalyst for Al-Air Batteries

All persons who meet authorship criteria are listed as authors, and all authors certify that they
have participated sufficiently in the work to take public responsibility for the content, including

participation in the concept, design, analysis, writing, or revision of the manuscript. Furthermore,
each author certifies that this material or similar material has not been and will not ubmitted
to or published in any other publication before its appearance in the Applied grfafle ce.

Authorship contributions

Zhihong Luo: Majority of the experiments, manuscript writing.

Liankun Yin: characterization, data analysis and data collectio

Li Xiang: AuxPt/MWNTSs preparation
Terence Xiaoteng Liu: Co-I of this project, superyiss ﬁe g'@Ip and manuscript writing.

Zhou Song: Au and Pt content test

Yibing Li: data analysis

Li Zhou: Contributing on testi f the ORR performance

Kun Luo: PI of this proje ¥sion to the group, idea generation.
Kai Wu: testing ghtNgcells?

Jianjie Jiang: ting on testing of the ORR performance.

Ackl®wledgements

ersons who have made substantial contributions to the work reported in the manuscript (e.g.,
technical help, writing and editing assistance, general support), but who do not meet the criteria
for authorship, are named in the Acknowledgements and have given us their written permission
to be named. If we have not included an Acknowledgements, then that indicates that we have not
received substantial contributions from non-authors.

23



Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

The authors declare the followirignancial interests/personal relationshipghich may be
considered as potential competing interests:

OO

Y4

v
\Q
O

24



Figure Captions

Fig. L TEM (a1, b1, cl), zoom-in TEM (a2, b2, c2), HRTEM (a3, b3, c3), HAADF-STEM (a4, b4,

c4) and elemental mapping (a5, b5, c5) images of theRUMWNTSs(a), Ay sPt/MWNTs(b) and

Aug s Pt/MWNTS (c). Insets: corresponding size distribution plots.

Fig. 2 XRD patterns of AyssPt IMWNTS, Au ePt IMWNTS and AgsPt IMWNTS gat

Fig. 3 XPS spectra and fittings for the AgP/MWNTSs (top), Ay gt IMWNTS ( I nd

spectra.

Fig. 4 CV plots of the AyssPt/MWNTSs (a), Ay Pt IMWNTS

Pt/C catalyst (d) in Nand Q saturated 0.1 M KOH i&.
Fig. 5 RDE polarization curves at different ¢litati s (a) and corresponding K-L plots (b) of
Aug st IMWNTSs, RDE polarizati(Q at 1600 rpm (c), Tafel plots (d), specific activity (e)
and mass activity (f) Pt ma¥gactivity “for the ,APYMWNTS, Au sPt/MWNTS, Aw Pt

IMWNTS, Auo_zsPt/MWNT@2OWt.% Pt/C catalyst

Fig. 6 RRDE p&on c®ves (a, ¢, €) and the overall electron transfer numbeg@nyieid

(b, d, f) of t

/M\@g column) catalysts

Fi ORR chronoamperometric response (a) and current-time (i-t) chronoamperometric response

t IMWNTSs (left column), AugdPt IMWNTs (middle column), AgsPt

by adding of 3 M methanol (b)

Fig. 8 Al-air battery performance with AgdPt/MWNTS, Au sPt/MWNTS, Aw st /IMWNTS and

20 wt.% Pt/C as cathodes. Schematic illustration of the Al-air battery (a), open circuit plots (b),

specific capacities of the Al-air battery (c), discharging polarization curves and corresponding
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powder density plots (d), dynamic potentiometric measurement from 1 mtAac@00 mA cn?
(e), long-term discharge curves at 100 mA2dm replacing Al anode and electrolyte after running

out of Al anode.
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Table 1ICP-MS analysis of the ARt/MWNTSs catalysts

Loading amount

Atomic ratio
Hybrid (wt.%)
Total Au Pt Au : Pt
Auy ssPt/MWNTS 15.05 12.35 2.7 4.55
Auy gPt/MWNTSs 14.25 8.95 5.3 1.68
Aug ¢ Pt/MWNTSs 10.2 4.1 6.1 0.67
Aug ,Pt/MWNTSs 9.5 1.9 7.6 0]
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