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Abstract: The slow kinetics of the oxygen reduction reac{{@RR) remains a great
challenge in many energy storage and conversioitelevsuch as alkaline fuel cells
and metal-air batteries. Herein, a self-supportadbAsed alloy (AuCuMo) was
successfully synthesized by a one-pot hydrothemmethod. By combining Cu and
Mo, the electronic structure of Au was finely tunédrthermore, the electrochemical
stability of surface Cu was enhanced by the inaafan of Mo. Benefitting from

these advantages, the reaction of oxygen and o&yg@nntermediates on AuCuMo
was optimized, and the intrinsic activity was imygd. AuCuMo thereby exhibited

superior ORR activity and stability compared to coencial Pt/C catalysts.

Keywords. oxygen reduction reaction; gold-based alloy; swfatectrochemical

stability; intrinsic activity.



| ntroduction

As an important reaction in metal-air batteries atichline fuel cells, the oxygen
reduction reaction (ORR) in alkaline media hasikezemuch attention recently.[1-3]
However, the sluggish kinetics of the ORR have @rad the development of these
energy storage and conversion devices. Extensfeetehave been made to address
this challenge. The Pt/C catalyst is well knowrexdibit excellent activity. However,
the limited natural resources and low stabilityPoirestrict its wide applications.[4, 5]
Therefore, various electrocatalysts, including ¢mon metal oxides[6] and
heteroatom-doped carbon[7, 8], have been exploltmvever, the low electronic
conductivity of transition metal oxides and the patability of heteroatom-doped
carbon during operation (for example, start-up amait-down during fuel cell
operation) remain great challenges.[9] As potentt@ndidates for Pt-based
electrocatalysts, Au-based catalysts have the aalgas of high conductivity, high
stability and relatively high storage but suffeorfr low activity due to their weak
oxygen-binding ability. Hence, continuous work héscused on the activity
optimization of Au-based electrocatalysts. In eantesearch, alloying precious metals
with inexpensive metals has been proposed to retlhueecost and improve the
catalytic activity of precious metal catalysts. {14] As a feasible and effective
strategy, it also works for Au-based catalysts. ¢d¢enAu-based bi-/trimetallic
nanomaterials were developed, and the addition s#cand/third metal could tailor
the electronic structure of Au and generate a gystic effect[15-18] For example,

several studies have focused on Au-Cu-based cttalbere the addition of Cu,



which has a strong oxygen-binding ability, coulch&nce the absorption of oxygen
and thereby the activity of the catalyst. Howetbe stability of the Au-Cu-based
catalyst needs to be improved.[15, 16] Herein,raetallic AuCuMo nanobranched
alloy was developed. The addition of Mo as a thetkment enhanced the
electrochemical stability of Au-Cu. Furthermore,e tladdition of Cu and Mo

effectively optimized the electronic structure af;Aence, the activity and stability of

AuCuMo towards ORR electrocatalysis was signifiaimproved.
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Scheme 1. Schematic of AuCuMo synthesis.

Experimental

Chemicals

Nafion (5% w/w) and commercial Pt/C (20 wt. %) werktained from Alfa
Aesar. Octadecylamine (95 wt. %), HAyYGIHO (99 wt. %), CuGt2H,0 (99
wt. %), (NH;)sM07024-4HO (99 wt. %), DMSO (99 wt. %), n-hexane (95 wt. %),
ethanol (99 wt. %) and KOH (95 wt. %) were obtairfesin Shanghai Aladdin

Biochemical Technology Co., Ltd. All reagents wased without further purification.



Sample synthetic methods

Scheme 1 shows the synthetic route of the AuCuMalyst. The precursor
solution containing the three metal salts and @gédmine was thoroughly and
homogeneously mixed by magnetic stirring. The hifgeomal process was performed
in a drying oven. Octadecylamine was used as tifactant and reducing agent and

removed by repeated centrifugation.

In a typical procedure, octadecylamine (7 mmol)CGW2H0O (0.2 mmol), and
(NH4)6M07024- 4H,0 (0.05 mmol) were dispersed in a mixed solutioM@D: H,0 =
20 mL: 42.48 mL). Next, a HAuGl4HO solution (0.2 mmol of HAuGi4H0 in
8.32 mL aqueous solution) was added, followed bgme#c stirring for 24 hr. Then,
the solution was transferred to an autoclave, ahgdaothermal process at 120 °C
was carried out for 48 hr. Afterwards, the samplesviiltered and washed with

ethanol and n-hexane three times.

The synthesis of AuCu was the same as the syntbie8isCuMo but without the

addition of (N H;)GM 07024 4H,0.

Material characterization

To obtain structure and morphology information, &rdiffraction (XRD, D8
Advance), scanning electron microscopy (SEM, Hite8td8010) and transmission
electron microscopy (TEM; FEI Talos F200s and Te&2 F20) were applied. To
obtain electronic structure environment informatiorX-ray photoelectron

spectroscopy (XPS, VG ESCALAB MKIl) was applied. AQ\Vista MPX) was



applied to obtain bulk component information.

Electrochemical measurements

A CHI760E electrochemical workstation and RRDE-3Aparatus were
employed to perform the electrochemical measuresnan25 °C. For the electrode
preparation, 1 mg catalyst (AuCuMo, AuCu and conuma¢iPt/C) was dispersed in a
solution of 1.6 mL ethanol and 0.4 mL Nafion (0.2W/Av in a mixture of ethanol),
and the solution was ultrasonically mixed for 3ates. Next, for RDE (3 mm in
diameter), 13 pL solution was dip-coated on thefaser for RRDE (4 mm in
diameter), 25 pL solution was dip-coated on théaser After drying under ambient
conditions, RDE or RRDE was used as the workingtedde in the three-electrode
system, and Ag/AgCI (saturated KCI solution) andditwere used as reference and
counter electrodes, respectively. Here, in 0.1 MHK@II potentials were referenced
to the standard reversible hydrogen electrode (REE&ording to E (RHE) = E
(Ag/AgCl, saturated KCI solution) + 0.965 V. Foetklectrochemical test, the details
were as follows: First, cyclic voltammetry (CV) wesnducted from 0.05 to 1.1 V at
50 mV $*in argon without rotation for catalyst activatidhen, for ORR background
correction, CV was performed from 0.2 to 1.1 V @traV s* in argon with a rotating
speed of 1600 rpm. Next, the CV was measured bet@€s and 1.1 V at 50 mV's
in O, without rotation for the ORR. Finally, linear swpegoltammetry (LSV) was
performed from 1.1 to 0.2 V at 1600 rpm to evaluae ORR performance. For the
RRDE test, the ring potential was set at 1.2 V.therchronoamperometric (CA) test,

the i-t curve was obtained under a constant pakeofi 0.765 V for 15000 s. To



determine the electron transfer number (n), thatirg speeds ranged from 900 to
2025 rpm, and n was calculated according to Kowytelokvich (K-L) equations (1)

and (2):
1j = Uj + Ujg = Uji + 1 (Bw™®) (2)

B = 062nFD, *“v™°C,, )

where | is the measured current densitys jthe kinetic-limiting current density Is
the diffusion-limiting current density, and is the electrode rotation ratelz.)Oz IS

the diffusion coefficient of @(Doz: 1.86x107° cnf s %), F is the Faraday constant

(96485 C mol), Coz is the concentration of Qdissolved in the eIectronteC(Jz:

1.21x 10°mol cm®), andv is the kinetic viscosity of the solution € 0.01 cmi s ).

The RRDE test was further applied to measure trdrdgen peroxide yield (%

HO,) and the electron transfer number (n) during tRRO

abg jp)
abgjp)+ Jr/N ®3)

|
X

2j.IN
abgj,) + jz/N 4)

9%HO, ~ =100x

where p and i could be determined from polarization curves diye@and the

collection efficiency (N) was 0.424.



Results and discussion

Figure 1. (A) SEM image, (B) TEM image of AuCuMo. (C, D) Enjed HRTEM
images of AuCuMo. (E, F, G, H, I, J) HAADF-STEM igmand elemental mappings
of AuCuMo.

The hydrothermal method was used to synthesize Mg@Cubranched
nanostructures, where a soft template was adof#8tIn our previous work, it was
found that the coexistence of gold and copper psecs has great significance in the
synthesis of nanobranches. [18, 20, 21] In thiskwarmolybdenum precursor was
added to form AuCuMo nanostructures. As shown énSEM image (Figure 1A) and
TEM image (Figure 1B, C), the as-synthesized AuCullwows a branched
nanostructure, similar to that of AuCu (Figure Sllhe typical interplanar distance of
0.217 nm (Figure 1D) corresponds well to the d-spmpof the (111) crystal plane of
Au-based alloys as a result of the addition of ggn&u and Mo atoms to the (111)

planes of Au (0.235 nm). Moreover, different growdinections and dislocations are



observed in the distorted part of the AuCuMo braimckigure 1D, and twin crystals
are observed for AuCu in Figure S1. These defeats &ct as active sites in
electrocatalysis.[22] Elemental mapping shows adgsneous distribution of Au, Cu
and Mo in the nanobranch (Figure 1G, H, I, J). 8mmnorphology and features are
observed for AuCu (Figure S1). The XRD pattern&o€uMo and AuCu are shown
in Figure S2. AuCuMo and AuCu show similar XRD dhfftion patterns, and
diffraction peaks of gold, copper and molybdenummommmponents are not observed;

hence, the synthesis of a single-phase alloy teduwverified.
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Figure 2. (A) 1-50 cycle CV curves of AuCuMo and AuCu. (B) Gdirves of
AuCuMo after the activation process. (C) CV curedsAuCu after the activation

process.

In a surface-sensitive reaction such as the ORRstiface condition is important
for electrocatalysis.[23] Here, the CV patternsAmsaturated 0.1 M KOH are useful
for analysing the surface conditions of AuCuMo aadCu. Initially, a 50-cycle CV
(sweep rate: 50 mV™™3 served as an activation process, and the potemiii@ow
ranged from 0.05 to 1.665 V (Figure 2A). After gation, as shown in Figure 2B, a

stable curve was obtained at a scan rate of 10 Thdhsnegative scanning, and the



characteristic reduction of Au and Cu oxide waseobesd. The peaks located at 0.85
V and 1.08 V correspond to Au oxide, and the pdakated at 0.31 V and 0.62 V

correspond to Cu oxide, respectively.

For AuCu, the same procedure was performed, anduhface conditions are
shown in Figure 2C. It is worth noting that thefaoe electrochemical stability is
important for ORR electrocatalysis. [24] Here, éhectrochemical stability of surface
Cu in AuCuMo and AuCu is obviously different. Tafgithe peak corresponding to
Cu(Il)-to-Cu(l) reduction as an example, during thetivation process shown in
Figure 2A, the Cu(ll)-to-Cu(l) reduction peak arealergoes a decrease of 59.7 % for
AuCuMo, while for AuCu, the peak undergoes a desgeaf 97.4 %. This sharp
contrast illustrates that the electrochemical $tgbof surface Cu was distinctly
enhanced as a result of the addition of Mo into AlleCu system. In addition, as
shown in Figure 2C, the ratio of the Cu reducti@alpto the Au reduction peak for
AuCu is much lower than that for AuCuMo in FigurB,2and the electroactive and

electrostable Au and Cu in AuCuMo could be favoledbr catalytic activity.

The ORR on AuCuMo, AuCu and commercial Pt/C waslistlivia linear sweep
voltammetry (LSV) in 0.1 M KOH saturated with, O'he onset potential (ke and
the half-wave potential (lp) are important descriptors for the assessmentRR O
performance.[25] Here, for AuCuMo, thg.k:is 1.03 V, which is 30 mV and 50 mV
more positive than those of Pt/C (1.00 V) and AUC98 V), respectively (Figure
3A). Furthermore, the iz of AuCuMo is 0.875 V, which is positively shiftdxy 16

mV and 50 mV compared to Pt/C (0.859 V) and AuCB82bB V), respectively (Figure



3A). To further understand the reaction kinetiasth® ORR, mass transport-corrected
Tafel plots were obtained. Figure 3B shows that AMG, AuCu and Pt/C possess
Tafel slopes of 47.7, 44.7 and 68 mV derespectively. The smaller Tafel slopes of
AuCuMo and AuCu indicate faster kinetic behavid@6] To obtain the electron
transfer number (n), LSV measurements were recoadedifferent rotation rates
(Figure 3C). The corresponding Koutecky-Levich (Kgdlots are shown in Figure 3D.
Based on the K-L equation, the electron transfemlmer n is calculated to be
approximately 4, which is further confirmed by totg ring disk electrode (RRDE)
tests (Figure 3E, F). The results indicate a gt@stelectron ORR pathway and a

low amount of HO, (< 3 %) for AuCuMo.
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Figure 3. (A) RDE polarization curves of AuCuMo, AuCu and aoercial Pt/C. (B)
Tafel plots of AuCuMo, AuCu and commercial Pt/C) RDE polarization curves of
AuCuMo at different rotation rates. (D) K-L plot§the ORR on AuCuMo. (E) Disk

and ring currents for AuCuMo. (F) Electron transiamber (n; top) and 40 yield



(bottom) for AuCuMo.

The durability of AuCuMo, AuCu and commercial PtMas assessed by a CA
method. Strikingly, there is no obvious decay (5 @) of AuCuMo after the whole
testing time (15000 s) (Figure 4A), demonstratingt the AuCuMo catalyst exhibits
better durability than AuCu and Pt/C. To accoumtdiectrocatalytic stability, the CV
was performed before and after the CA test and eoetp As shown in Figure 4B, no
obvious change in the CV curve was observed, esipetor the reduction peaks of
Au and Cu; hence, the surface electrochemicallgtabf Au and Cu was achieved on

the AuCuMo surface, and the durability was distinenhanced.
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Figure 4. (A) Comparison of ORR stability on AuCuMo, AuCudacommercial Pt/C.
(B) CV curves of AuCuMo before and after the siaptest.

The enhanced ORR performance of the AuCuMo catabystbe rationalized as
follows. Initially, Mo is considered to be importafor the surface stability of
crystals.[27, 28] By adding Mo, Au and Cu becomecebchemically stable on the
surface of AuCuMo after CV activation, while for 8u, the Cu content at the surface
is very low after CV activation. For ORR electradgsis, Cu exhibits stronger

oxygen adsorption than Au, and the existence dleit@u at the surface could thereby



enhance the adsorption of oxygen.[15]

Next, to investigate the variations in the desorptf oxygenated intermediates
from the catalyst surface, XPS was performed (Eduk, S3). As shown in Figure
5A, the Au4f high-resolution XPS spectrum of AuCuMiisplays two peaks
corresponding to Aldf;,) and Al(4fs,) at 84.22 and 87.92 eV, respectively.
Compared to those of pure Au (83.42 and 87.12 ed)AuCu (83.62 and 87.32 eV),
the binding energies of Audér AuCuMo shift to higher values as a result oé th
addition of Cu/Mo (Figure 5B), leading to the etedic structure optimization of Au
and rendering the desorption of oxygenated interatesl from the surface easier.[29]
Furthermore, the metal valence-band structure, liysdascribed quantitatively in
terms of the d-band centre energy, can be signilicaffected by the addition of the
second/third metal, and to determine the d-bandregosition of Au, the surface
electronic structure of our bi-/trimetallic catalyswvas studied using valence band
XPS evaluations (Figure 5C, Figure S4)[30, 3After subtraction of the Shirley
backgrounds, the intensity signals of the valerenedbspectra are proportional to the
density of states. Upon addition of Cu/Mo, the maked-band centre changed , from
-3.88 eV for Au, to -4.09 eV for AuCu, and -4.68 & AuCuMo. Such a change in
the d-band centres is crucial in the precise reguaeduction of binding strength
between the catalysts and adsorbates. This willbvenstrongly adsorbed species

from the Au-based catalyst surface and boost tin@sic activity.
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Figure 5. (A) XPS spectra of Au4f in AuCuMo, AuCu and Au.)(Binding energies

of Au’(4f7) in AuCuMo, AuCu and Au. (C)-band centre energies of AuCuMo,
AuCu and Au. (D) ICP quantitative analysis and Xde&i-quantitative analysis of the
element content in AuCuMo. (E) ICP quantitativelgsia and XPS semi-quantitative

analysis of the element content in AuCu.

In addition, as shown in Figure 5D and 5E, for AMoy from the ICP
guantitative analysis, the Au: Cu: Mo ratio was78:110.088: 1 for the bulk catalyst;
from the XPS semiquantitative analysis, the Au: @ ratio was 8.296: 11.028: 1
for the catalyst surface, the Au content was 2%a3tr the bulk and 40.82 % for the
surface, and more Au existed at the surface. F@uAthe Au: Cu ratio was 1: 1 for
the bulk catalyst and 0.454: 1 for the catalystas@. The Au content was 50 % for
the bulk catalyst and 31.21 % for the surface, rande Au existed inside the catalyst.

The obvious difference in the number of surfacevacsites explains the increasing



ORR activity of AuCuMo. It is worth noting that, akown in Table S1, compared to
our previous research on Au-Cu-M (M= Co, Ni) trialét electrocatalysts[18, 29],
AuCuMo exhibits the best ORR activity, which confs the importance of the
addition of Mo, and the continuous optimizationAaf-Cu-M-based electrocatalysts

will be carried out in future work.

Conclusion

In this work, a promising AuCuMo catalyst for th&kR in alkaline media was
synthesized via a facile method. The enhanced prepe@riginate from the improved
intrinsic activity of Au boosted by the optimizekb&ronic structure of Au by adding
Cu and Mo and the enhanced electrochemically sabface promoted by Mo. This
work opens a new avenue to the preparation of ectmd stable Au-based

electrocatalysts in the field of alkaline fuel sedind metal-air batteries.
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Highlights
Self-supported AuCuMo alloy exhibits high activagd stability for ORR.
By incorporating Cu and Mo, the electronic struetaf Au is finely tuned.
Electro-chemical stability of surface Cu is enhahlbg incorporation of Mo

Electronic structure and surface electrochemieddisty are crucial for ORR.
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