Applied Catalysis B: Environmental 301 (2022) 120782

e 4

ELSEVIER

Contents lists available at ScienceDirect
Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

Origin of hetero-nuclear Au-Co dual atoms for efficient acidic

oxygen reduction

Check for

updates

Fanpeng Kongf"b’l, Rutong Si“’, Ning Chen °, Qi Wang ! Junjie Li", Geping Yin?, Meng Gu',

Jiajun Wang ™, Li-Min Liu®", Xueliang Sun""

& MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, Harbin Institute of Technology, 150001, China
b Department of Mechanical and Materials Engineering, University of Western Ontario, London, ON N6A 5B9, Canada

¢ Beijing Computational Science Research Center, Beijing 100083, China
4 School of Physics, Beihang University, Beijing 100083, China
¢ Canadian Light Source Inc, Saskatoon, SK S7N 2V3, Canada

f Department of Materials Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China

ARTICLE INFO ABSTRACT

Keywords:

Hetero-nuclear dual atoms
Acid oxygen reduction
Fuel cells

Synergistic effect
D-orbitals symmetry

The atomically dispersed dual metal atom catalysts exhibit significant promise for the electrochemical energy
conversion technologies. Herein, the hetero-nuclear precious-non-precious (Au-Co) dual atoms have been syn-
thesized and subsequently applied for the acidic oxygen reduction reaction (ORR). The (Au-Co) dual atoms
exhibit an outstanding activity with half-wave potential (E1,2) of 0.82 V in 0.1 M HClO4. Additionally, the proton
exchange membrane fuel cell (PEMFC) analysis reveals a peak power density of 360 mW cm ™2 under Hy/air

condition. Co-N,C, with axial Au atom moieties act as the active sites of the (Au-Co) dual atoms towards ORR.
Further, *OH adsorbed on the Co atom induces a coordinated change in the adjacent Au atom symmetry, which
leads the anti-bond spin orbitals to a low energy level, thus, further improving ORR performance. The devel-
opment of (Au-Co) dual atoms via the regulation of p-orbitals symmetry provides an encouraging way to design
highly efficient (electro)catalysts.

1. Introduction

The supported metal nano-electrocatalysts exhibit a significant
promise in the electrochemical energy conversion technologies owing to
their large-scale production and selective product formation [1-5].
Nevertheless, a limited three-dimensional surface accessibility of the
loaded nanoparticles leads to a low degree of atom utilization and
enhanced mass-transfer resistance [6-9]. In addition, high composi-
tional and structural inhomogeneity of the heterogeneous catalysts
strongly hinders the understanding of the reaction mechanism at the
atomic-scale, thus, making the exposure of more active centers difficult
[10-12]. The single metal atom (SAs), a dramatic class of catalysts,
integrate the advantages of the heterogeneous and homogenous cata-
lysts, including 100% atom utilization, high stability and excellent
recyclability, thus arousing an extensive research interest [13-18]. The
well-defined structure of SAs makes them an ideal model for unraveling
the chemical processes associated with the given active centers [19-23].

* Corresponding authors.

Besides, SAs with highly unsaturated coordination and unique electronic
structure endow a superior performance in many (electro)catalytic
processes [24-29]. However, a relatively slow activation of the
multi-molecules on SAs owing to their structural simplicity and absence
of the resemble sites limit the application of SAs [30-33].

Compared with SAs, the dual metal atoms not only exhibit the same
merits [34-37], but also demonstrate the synergistic effect and resemble
sites, thus, benefitting the activation of the complex molecules [12,
38-41]. The synergistic interaction of the dual metal atoms is mainly
determined by their chemical nature, which controls the structure of the
p-orbitals owing to the difference in the localized p-electron density and
atomic coordination symmetry [42,43]. Both dual precious metal atoms
(DPAs) and dual non-precious metal atoms (DNPAs) have been fabri-
cated and reported to exhibit significantly enhanced activity and sta-
bility [44-48], in comparison with their single metal atom counterparts.
The non-precious metal atoms, such as Fe, Co and Ni, exhibit mutable
spin d orbital configurations in the local coordination environments,
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which strongly affect the catalytic reactivity [34,49,50]. Further, the
d orbitals of the precious metals exhibit high locality and weak elec-
tronic interaction with the adsorbed catalytic intermediates [51]. It is
suggested that the adsorption on the active sites of the precious SAs is
strongly affected by the intrinsic property of the d orbitals [52-54].
Therefore, the hetero-nuclear precious-non-precious dual atoms
(DP-NPAs) are expected to reveal the extraordinary p-electron spin
configurations, thus, endowing excellent activity, stability and selec-
tivity, which are different from those of DPAs and DNPAs. However,
DP-NPAs with effective electro-catalytical performance are still in fancy.

Herein, the novel (Au-Co) DP-NPAs have been successfully synthe-
sized to boost the acidic ORR kinetics as the strong coupling between the
fully filled d orbitals of the Au atom and spin d orbitals of the Co atom
can strengthen the chemical interaction between the reagents and active
centers. (Au-Co) DP-NPAs consisting of Co-N,Cy with the axial Au atom
moieties have been observed to achieve an excellent activity with E; /3 of
0.82 V and high selectivity for the four-electron pathway in an acid
solution, thus, leading to the classification as one of the most optimal Co-
based catalysts. The remarkable ORR activity on (Au-Co) DP-NPAs is
also demonstrated in the PEM fuel cells with a peak power density of
360 W cm 2 under 1 bar Hy/air condition. The significantly enhanced
stability on (Au-Co) DP-NPAs is demonstrated by a negligible 15-mV
decline in the E;/» value after 30,000 potential cycles. Furthermore,
the mechanistic details of ORR on (Au-Co) DP-NPAs has been revealed
by the density functional theory (DFT) calculations.

2. Experimental section
2.1. Preparation of electrocatalysts

2.1.1. Preparation of (Au-Co) DP-NPAs

In a normal procedure, Zn(NOj3);.6H;0, Co(NOs3),.6H20, and
HAuCl4.3H20 was dissolved in 200 mL methanol, which was poured
into 200 mL methanol containing 4.0 g 2-methylimidazole. The above-
mixed solution was heated at 60 °C for 24 h. The obtained precipitates
were centrifuged and washed with ethanol for three times and dried in
vacuum at 60 °C for 12 h. 300 mg powder was placed into a tube furnace
and precursors were pyrolyzed at 1000 °C for 1 h in Ar atmosphere to
obtain (Au-Co) DP-NPAs.

2.1.2. Preparation of Co SAs
The synthetic process in the case of Co SAs is similar to (Au-Co) DP-
NPAs except the use of chloroauric acid.

2.1.3. Preparation of Au SAs
The synthetic process in the case of Au SAs is similar to (Au-Co) DP-
NPAs except the use of cobalt nitrate hexahydrate.

2.1.4. Preparation of N-C
The synthetic process in the case of N-C is similar to (Au-Co) DP-
NPAs except the use of cobalt nitrate hexahydrate and chloroauric acid.

2.1.5. Preparation of Au NPs/Co SAs
The synthetic process in the case of Au NPs/Co SAs is similar to (Au-
Co) DP-NPAs except the use of two-fold chloroauric acid content.

2.2. Physical characterization

Scanning electron microscopy was carried out on high-resolution
field-emission scanning electron microscopy (Hitachi 4800). Trans-
mission electron microscopy (TEM), high-resolution TEM (HR-TEM),
and high angle annular dark field-scanning transmission electron mi-
croscopy (HAADF-STEM) were carried out on FEI Tecnai G2F30 with an
acceleration voltage of 300 kV. Atomic resolution- HAADF-STEM images
were collected on double Cs-corrected FEI Titan Themis G2 operating at
300 kV equipped with an X-FEG gun and Bruker Super-X EDX detectors.
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The STEM-EDX mapping was obtained with a beam current of ~1 nA
and counts up to 6k cps for~ 5 min. Cu grids were used during all the
EDS analyses. The metal content was determined by a PerkinElmer
Optima 5300DV inductively coupled plasma (ICP) instrument. Surface
area and pore distribution analysis of samples were tested by Ny
adsorption/desorption at 77 K with an Autosorb-IQ Gas sorption system.
X-ray photoelectron spectroscopy (XPS) was performed on a PHI 5700
ECSA system using Al Ko radiation (1486.6 eV). Powder X-ray diffrac-
tion (XRD) was carried out on a Rigaku D/max—yA X-ray diffractometer
with Cu ko radiation (A = 1.54178 i\). Raman spectra were performed
using a Renishaw Raman system at 514 nm excitation. The hard X-ray
micro-analysis (HXMA) beamline (Canadian Light Source) and the
beamline 20-BM-B at the Advanced Photo Source (APS, Argonne Na-
tional Laboratory) were used to obtain the Co K edge and Au L3 edge
spectrum. Each spectrum was collected under the fluorescence yield
mode with a solid-state detector. The Co foil, CoPc, and Au foil spectra
were also collected under transmission mode for comparison and energy
calibration. In EXAFS R space curve fitting, software Athena was used
for data reduction, Feff7.02 used for theoretical calculation in phase and
amplitude for the XAFS backscattering, and Win XAS used for R space
curve fitting.

2.3. Electrochemical measurements

4 mg catalyst was dispersed in a solution of 400 yL isopropanol and
40 4L Nafion by sonication for 10 min (10 mg mL™}). The catalyst ink
was dropped on a polished rotating ring disk glassy carbon electrode
(5.6 mm in diameter) and the loading of PGM-free is 0.8 mg cm 2. The
ink for Pt/C was prepared through dispersing 4 mg catalysts into the
mixture of 3 mL deionized water, 1 mL isopropanol, and 4 uL Nafion,
followed by ultrasonic dispersion. And the Pt loading on the work
electrode is 60 pg cm™2. Graphite rod and Ag/AgCl were used as the
counter electrode and reference electrode, respectively. Cyclic voltam-
metry (CV) curves were recorded in argon saturated 0.1 M HClO4 so-
lution at a scan rate of 50 mV s~'. The oxygen reduction performance
was tested by linear sweep voltammogram using a rotating ring disk
electrode in oxygen saturated 0.1 M HClO4 solution at a rotation rate of
900 r min~! (scan rate = 10 mV s !). The accelerated stress tests (ASTs)
were performed by applying 30,000 potential cycles between 0.6 V and
1.0 V at a scan rate of 50 mV s~! in oxygen saturated 0.1 M HCIO4 so-
lution. Besides, chronoamperometry at high potential oxygen saturated
0.1 M HClOy4 solution was also carried out to evaluated stability. All the
electrochemical measurements were conducted on a CHI 760E electro-
chemical workstation at room temperature, and the potentials were
reported with respect to the reversible hydrogen electrode (RHE). The
Hy0, yield and transfer electron number were determined by the
following equation:

2001z /N

GHy0y = —— R
R T L+ (Ix/N)

41,
n=———"—
Ip + (IR/N)

Where I is the Faradaic current at disk electrode, Iy is Faradaic current
at the ring electrode and N is the Hy0 collection coefficient at the ring.
The transfer electron number during ORR was also determined by the
Koutechy-Levich (K-L) equation as follows:

1 1 1 1 1

J i Ji B2

B =0.62nFCoDZ v ¢
Where j is the measured current, ji is the kinetic current and jj, is the

diffusion limiting current, n is the transfer electron number, F is the
Faraday constant (96,500 C mol’l), Cp is the bulk concentration of O,
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(0.0012 mol L’l), Dy is the diffusion coefficient of Oy (1.9 x 107° cm?
s_l) and v is the kinetic viscosity of the electrolyte (0.01 cm? s_l).

2.4. Fuel cell tests

The catalysts were ultrasonically dispersed into the mixture of de-
ionized, isopropanol, and 5% Nafion suspension. The inks were
applied to a gas diffusion layer (GDL) by ultrasonic spraying until the
cathode catalyst loading of 4.0 mg cm™ 2 was achieved. The inks con-
taining commercial Pt/C were sprayed onto decals until the catalyst
loading of 0.1 mgp; cm ™2 was reached. The membrane electrode as-
sembly with the geometric area of 5.0 cm™~2 was fabricated through hot-
pressuring cathode and anode onto the Nafion 212 membrane. Fuel cell
testing was carried out in a single-cell fuel cell with straight parallel flow
channels. Fuel cell polarization curves were recorded in a constant-
current mode at 100% RH and 80 °C under 1.0 bar Hy/O5 and 1.0 bar
Hy/air.
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2.5. First-principles calculations

Computational method. We performed first-principles calculations
by the CP2K/Quickstep package [55]. The Perdew-Burke-Ernzerhof
(PBE) functional was used to describe the correlation energies and
nonlocal exchange [56]. The norm-conserving Goedecker, Teter, and
Hutter (GTH) pseudopotentials were used to describe core electrons
[57]. Gaussian function with molecularly optimized double-zeta polar-
ized basis sets (m-DZVP) were adopted for expanding the wave function
of N 1s225?2p® and C 15%2s%2p%, and triple-zeta polarized basis sets
(m-TZVP) for H 151, Au 5d'%s! and Co 2522p63d74s2 electrons [58]. A
500 Ry cut-off energy was used for auxiliary basis set of plane waves.
During the calculations, all the atomic positions were fully relaxed until
the force is smaller than 0.05 eV/A. The self-consistent continuum sol-
vation model were applied to capture the water effects [59].

The catalytic activity for ORR. The ORR activity was calculated using
the method introduced by Ngrskov, in which the free energy of all in-

2.05 angstrom

Co

Au |
/T\

0 0.

1 0.2 0.3
Distance / (nm)

ADF Intensity (a. p.)

0.

(Au-Co) DP-NPAs, Au 4f

—~
«Q
~

Au(ill) 4f,,

93 92 91 9 89

(Au-Co) DP-NPAs
(©) 1200 .| M \
C) —e—Co SAs A
R
= 10004  —* (Au-Co) DP-NPAs .
£ ~
~ P a3
o 800 o X
@ ‘ &
o | >
2 600 { o 790 788 786
g Micropores g 5 Co SAs, Co 2p,;,
2 4007 1 --.-."A./ Macropores E
= -9-® -
T -wﬂ ?
g 200 H Mecropores Satelllite
¢ i
04

Au NPs/Co SAs, Au 4f

Intensity (a. y.)

Au(0) 4y,

J

00 02 04 06 08 10 790 788 786
Relative pressure / (P/P0)

784
Binding energy / (eV)

776 9 89 88 87 86 85 84 83

Binding energy / (eV)

782 780 778 82 81

Fig. 1. Synthesis and characterization of (Au-Co) DP-NPAs. (a) The schematic diagram for the fabrication of (Au-Co) DP-NPAs. (b) Aberration corrected-HAADF-
STEM image of (Au-Co) DP-NPAs. (c) The colored raster graphic of Region 1 in Fig. 1b. And the inset is a magnification of Region 1. (d) The intensity profile
along the arrow in Region 1 of Fig. 1b. (e) The nitrogen absorption-desorption isotherms of Co SAs and (Au-Co) DP-NPAs measured at 77 K. (f) High-resolution XPS
spectra for Co SAs and (Au-Co) DP-NPAs taken at the binding energy of Co 2ps3,,. (g) High-resolution XPS spectra for (Au-Co) DP-NPAs and Au NPs/Co SAs taken at

the binding energy of Au 4f; 5.
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termediates can be obtained from first-principles DFT calculations. The
associative mechanism was carried out, in which the reaction in acidic
solution is given by the elementary steps:

0,+ % + H'4+e = xOO0OH

*OOH+ H'+ e - x0O+H,0

*O4+H" +e - *OH

*OH+H "+ e = H,O

For each electron-transfer step, the free energy change (AG) can be
expressed as follows:

AG = AE + AZPE - TAS - eU

Here, the AE, AZPE, TAS, and U represent the energy changes, zero-
point energy correction, entropic energy, and the applied potential vs.
RHE, respectively.

3. Results and discussion
3.1. Synthesis and Characterization of (Au-Co) DP-NPAs

(Au-Co) DP-NPAs were synthesized by combining the host-guest and
chemical doping strategies, as shown in Fig. 1a. The Co-doped zeolitic
imidazolate frameworks-8 hosting tetrachloroaurate (Au/Co-ZIF8) was
subjected to pyrolysis at 1000 °C in an Ar atmosphere to obtain the
atomically dispersed Au-Co pairs. During this process, Zn was volatilized
due to its low boiling point (907 °C) [60,61], while the cobalt nodes and
hosted tetrachloroaurate evolved into the dual atoms anchored on the
carbonized carbon matrix (Fig. S1). The scanning (SEM) and trans-
mission (TEM) electron microscope images of (Au-Co) DP-NPAs in
Fig. S2a and S2b reveal a highly uniform rhombic dodecahedron
morphology, with a narrow size distribution and an average particle size
of ~ 60 nm. The absence of the metal clusters and nanoparticles is
demonstrated in the high angle annular dark field — scanning trans-
mission electron microscopy (HAADF-STEM) image (Fig. S2c). The
aberration-corrected HAADF-STEM image with sub-angstrom resolution
further elucidates the atomic dispersion of Co and Au on the carbonized
porous carbon (Fig. S3). A number of atomic pairs with varying
brightness are observed (marked with yellow circles in the high
magnification image, Fig. 1b), thus, indicating the formation of the
(Au-Co) atomic pairs based on the obvious Z-contrast between Au
(Z =79) and Co (Z = 27). The representative isolated dual-metal pairs
at the edge of the carbon matrix in Region 1 and Region 2 in Fig. 1b are
directly evidenced in the raster graphic (Fig. 1c and Fig. S4). Also, the
intensity profile of the atomic pair in Region 1 reveals the presence of a
diatomic feature, with a bond length of 2.05 A (Fig. 1d). The elemental
distribution in (Au-Co) DP-NPAs analyzed through EDS-mapping
(Fig. S5) exhibits a high homogeneity for all elements in the
three-dimensional carbon architecture. As observed, an increment in the
Au precursor content leads to the formation of the small-sized gold
particles, denoted as Au NPs/Co SAs (Fig. S6). To explore the commu-
nicative effect of (Au-Co) DP-NPAs, Co SAs were also prepared using the
similar synthesis strategy for comparison, and the corresponding elec-
tron microscope images are shown in Figs. S7-S9.

The X-ray diffraction (XRD) pattern of (Au-Co) DP-NPAs (Fig. S10)
exhibits a broad shoulder peak, attributed to the contribution of the
amorphous carbon and absence of nanocrystals, in compliance with the
atomic dispersion. The Ny adsorption/desorption analysis exhibits the
similar Brunauer-Emmet-Teller (BET) surface area and pore size distri-
bution for both (Au-Co) DP-NPAs and Co SAs (Fig. le, Fig. S11, and
Table S1). The X-ray photoelectron spectroscopy (XPS) and inductively
coupled plasma optical emission spectrometer (ICP-OES) also reveal the
similar content of Co species in (Au-Co) DP-NPAs and Co SAs (Table S2).
Except for the compositional information, the structural and
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environmental information of the local surface has been revealed
through high-resolution XPS, as shown in Fig. S12 and Table S3-S5. The
N 1s spectrum of (Au-Co) DP-NPAs, similar to that of Co SAs, can be
deconvolved into four peaks. The peak at ~399.5 eV is assigned to the
N-metal (Fig. S12d)[61,62]. The presence of the deconvoluted Co-N
peak (782.9 eV) in the Co 2p XPS spectrum (Fig. 1f) also demonstrates
the coordination between Co and N in (Au-Co) DP-NPAs, thus, revealing
the presence of the atomically dispersed metal atoms, in line with the
findings from the atomic resolution HAADF-STEM images. Besides, the
Au 4f; 9 XPS peak at 87.3 eV in the case of (Au-Co) DP-NPAs indicates
the Au (III) chemical state rather than the metallic state which is
observed in Au NPs/Co SAs (Fig. 18).

3.2. Identification of active sites of (Au-Co) DP-NPAs by XAS fitting and
DFT calculations

To obtain the molecular-scale insights into the electronic and coor-
dinative environments of (Au-Co) DP-NPAs, the synchrotron radiation-
based X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) analysis were performed for (Au-
Co) DP-NPAs along with the Co foil and cobalt phthalocyanine (CoPc) as
the reference materials. The Co K edge absorption energy in the case of
(Au-Co) DP-NPAs is observed to be located between those of Co foil and
CoPc, as shown in the inset of Fig. 2a. It suggests that the Co atoms are
positively charged, and the oxidation valence is between Co® and Co™.
Besides, the positive shift of the Co K absorption edge in (Au-Co) DP-
NPAs indicates a high extent of Co®" oxidation,[63] possibly brought
about by the adjacent Au atom. The Fourier transforms (FT) k?-weighted
¥ (k)-functions of Co EXAFS for (Au-Co) DP-NPAs are shown in Fig. 2b.
The prominent FT peak at about 1.4 A in the EXAFS R space is attributed
to the contribution of the nearest neighbor coordination associated with
the Co-N/C first-shell. Besides, the absence of the metallic Co—Co scat-
tering path corresponding to the FT peak at 2.10 A (green trace, Fig. 2b)
demonstrates an atomic dispersion in (Au-Co) DP-NPAs. Further, the
unusual double peak at the low R data range is only observed for (Au-Co)
DP-NPAs, which may possibly arise due to a new scattering path. The
absence of the metallic Co-Co path with an intensity maximum at
k = 6.8 A~! in the wavelet transform (WT) of the EXAFS oscillation also
corroborates the atomic dispersion (Fig. 2¢ and Fig. S13).

XANES and EXAFS were also employed to investigate the chemical
and structural information of Au in (Au-Co) DP-NPAs. For (Au-Co) DP-
NPAs, the white-line peak of Au Lg edge XANES (Fig. 2d) displays a
sharp white-line feature. In comparison, almost no white-line feature is
observed in the Au foil owing to the filled 5d state of Au®, thus, sug-
gesting a significantly different electronic and atomic environment in
(Au-Co) DP-NPAs [64]. Further, the Au (III) in (Au-Co) DP-NPAs is
revealed by comparing the XANES spectra (Fig. S14) and is observed to
be in line with the XPS findings. Also, the widened simple sine oscilla-
tion is observed at Au L3 edge for (Au-Co) DP-NPAs rather than the
periodic oscillation, thus, suggesting the absence of the long-range or-
dered Au local structure in (Au-Co) DP-NPAs. The FT k2-weighted
¥ (k)-functions of Au L3 edge EXAFS for (Au-Co) DP-NPAs and Au foil are
presented in Fig. 2e. The absence of the peak attributed to the Au-Au
first-shell (metallic Au) demonstrates the atomic dispersion of the Au
sites. In contrast with the WT-EXAFS spectrum of the Au foil (Fig. 2f), the
k value at the maximum intensity in the contour line for (Au-Co)
DP-NPAs is about 4 A~!, thus, supporting the absence of the Au-Au
first-shell. Based on the findings from XAFS and aberration-corrected
HAADF-STEM, the presence of the atomically dispersed Au-Co atomic
pairs is unambiguously confirmed. In addition, Au NPs/Co SAs also
exhibit the presence of the metal-state Au nanoparticles, as confirmed
from the XANES and EXAFS spectra (Fig. S15).

The quantitative structural parameters of the Co and Au atoms in
(Au-Co) DP-NPAs have been extracted by fitting the least-squares EXAFS
R space curve based on a structural model, including Co-C, Co-N and Co-
Au scattering paths with the coordination numbers of 2, 2 and 1,



F. Kong et al. Applied Catalysis B: Environmental 301 (2022) 120782
14 4
(a) (b) (c) Co foi
P
1.2 5 3
©
104 & (Au-Co) DP-NPAs | —~
-~ = <2
3 08 —— Co foil i:z =
(Y CoPc
= ——CoSAs x> CoSAs | 21
2> 064 ——(AuCo)DPNPAY | S
] , w 24
@ 04+ o S CoPc | ©
L2 —=
£ [ m; g g 3
0.2 0.084
0.06] ‘g g
oot} ) Co foil
0.0+ 0021 (]
00o =
7e9s 70 705 7710
-0.2 T T T T T T T T T T
7700 7720 7740 7760 7780 7800 0 1 2 3 4 5 6 1 3 5 7 9 1 13
Energy / eV Radial distance / (A)
(d) (e)
| oy
f\ 3
I ( P.NP. .
\ I © —
AV =1 = <
| = ~
- x 8
: | E — %
L | = % 1 3 5 7 9 1 13
| - (2]
2 Y, Au foil w 53
2 5 s
< 0] Au foil o
@©
= 3 e
=
c
[
(o] 1
=
T T T T T T T T
11800 11900 12000 12100 12200 0 1 2 3 4 5 6 1 3 5 7 9 11 13
Energy / eV Radial distance / (A) ) Wave number / (A)"
(@) (h) sesall)| [ e
xgoc@ .- S y O
- S—— Au-N
Co-Au Xa
X2 Au-C (1
I N N N\ u-C (1)’
. ¥ooN o 3
: Au-Co -
= /\/\/\/\2/ = W
— —_
>
\:-(/ ot i) \:_E ’_\/\/\/\/\/ %
< X2 < c
¥ [N N ] X T ]
S
- A . c
/ s - 9 \ &
=
T T T T T T T T T T T T T T T T T T T T T
3 4 5 6 7 8 9 10 M 3 4 5 6 8 9 10 11 12 13 7600 7650 7700 7750 7800 7850

Wave number / (A)"

Wave number / (A)*

Energy / eV

Fig. 2. XAS characterization of (Au-Co) DP-NPAs. Normalized Co K-edge XANES (a) and EXAFS (b) spectra of Co foil, CoPc, Co SAs, and (Au-Co) DP-NPAs. (c)
Wavelet transforms for the kz-weighted Co K-edge EXAFS signal of Co foil and (Au-Co) DP-NPAs. Normalized Au L-edge XANES (d) and EXAFS (e) spectra of Au foil
and (Au-Co) DP-NPAs. (f) Wavelet transforms for the k2-weighted Au L-edge EXAFS signal of Au foil and (Au-Co) DP-NPAs. A comparison made for k2x(k) between
experimental data and R space fitting based on total Feff modeling and each scattering path for Co K-edge (g) and Au L-edge (h). (i) The comparison between
experimental XANES spectrum and the best-fit of Co K-edge XANES modeling for (Au-Co) DP-NPAs. The inset is proposed architecture of (Au-Co) DP-NPAs consisted

of centrosymmetric CoN,C, with axial Au atom.

respectively. The model has been developed based on the DFT pre-
dictions for the Au-Co atomic pairs. The besting Feff fitting analysis of
(Au-Co) DP-NPAs shows the presence of Co-C, Co-N and Co-Au scat-
tering paths with the coordination numbers of 2.1, 2.2 and 0.9,
respectively, in agreement with the DFT predictions (Fig. 2g, Fig. S16,
and Table S6). DFT has also been used to deduce the possible configu-
ration of the Au atoms based on EXAFS and Feff fitting curve (Fig. 2h,
Fig. S17, and Table S6). The fitting analysis reveals the presence of the
Au-Co coordination with the coordination number of 1.1 and bond
length of 1.93 A. It further confirms the validity of the DFT analysis for
exploring the local Au structure environment. The fitting results of the
Co K edge and Au L3 edge corroborate with each other, thus, supporting
the Au-Co atomic pair configuration predicted by DFT. The mono-

dispersed CoN3Cy moieties are observed to prevail in Co SAs with a
lack of the Co-Co coordination path (Fig. S18 and Table S7). Also, the
local coordinative information for the Co and Au foils, derived from the
Feff fitting of EXAFS, has been shown in Fig. S19-S20 and Table S8 for
reference.

To further verify the local structure of (Au-Co) DP-NPAs, the DFT
guided theoretically calculated Co K edge XANES spectra has been
conducted by using the FDMNES codes, which is highly sensitive to the
3D atomic arrangement around the photo-absorber. The calculated
XANES spectra exhibit similar peak features as the experimental results
(Fig. 2i and Fig. S21), consistent with the EXAFS R space curve fitting.
For further comparison, the theoretically calculated XANES spectra
based on other DFT models are shown in Fig. S22. Combining the EXAFS
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fitting, XANES simulations and DFT calculations, the atomic-site struc-
ture of (Au-Co) DP-NPAs has been identified as Co-N5C, with the axial
Au atom moieties (Fig. 2i inset). The in-depth analysis suggests that the
presence of the axial Au atom leads to a more positively charged Co atom
and elongation of the Co-C(N) bond in (Au-Co) DP-NPAs in comparison
with Co SAs.

3.3. Electrocatalytic performance of (Au-Co) DP-NPAs towards ORR in
acid medium

The ORR activity and selectivity of (Au-Co) DP-NPAs are evaluated
using a rotating ring disk electrode (RRDE) in an oxygen saturated acid
electrolyte. The best performing (Au-Co) DP-NPAs after the optimization
of pyrolysis temperature and content of the Co and Au precursor
(Fig. 523-525) exhibit a significant ORR activity with the onset potential
(Eonset) and Ej/» of 0.918 V and 0.820 V, respectively (Fig. 3a,b, and
Fig. 526). It is worth noting that there is nearly no ORR activity on Au
SAs, even though their synthesis has been carried out by employing the
similar approach, except the introduction of the Co species. Besides, it is
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also found Au NPs/Co SAs exhibit an inferior activity as compared to
(Au-Co) DP-NPAs (Fig. 523). Therefore, the observed 25-mV enhance-
ment in E; 5 for (Au-Co) DP-NPAs in comparison with Co SAs is likely
associated with the synergistic role of the (Au-Co) dual atoms, as
observed from the combined aberration-corrected HAADF-STEM and
XAFS. The performance of (Au-Co) DP-NPAs is noted to be lower than
that of Pt/C by only 30 mV. Further, the performance is comparable to a
majority of Fe-based catalysts (Table S9) as well as exceeds a majority of
most Co-based catalysts (Fig. 3c), such as (Zn-Co) DNPAs [48], (Co-Co)
DNPAs [47], and (Fe-Mn) DNPAs [43]. In addition to E; /o, the mass
activity at 0.85 V calculated by dividing the kinetic current with the
metal mass also represents a vital criterion. Mass activity for (Au-Co)
DP-NPAs is noted to be 1.95 and 1.30 times higher as compared with
that of Co SAs and Pt/C, respectively, thus, suggesting that the syner-
gistic effect significantly boosts the ORR activity (Fig. 3b). The Tafel
plots (Fig. 3d) also confirm the superb ORR activity of (Au-Co) DP-NPAs
with the slope value of 69 mV dec™!. The Hy0, yield on (Au-Co)
DP-NPAs is noted to be substantially reduced over the potential range
from 0.8 V to 0.2 V, which is observed to be much lower than Co SAs
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Fig. 3. Electrocatalytic performance of (Au-Co) DP-NPAs towards ORR. (a) Linear sweep voltammetry curves of (Au-Co) DP-NPAs in oxygen saturated 0.1 M HCIO4
at a rotation rate of 900 r min~* (scan rate = 10 mV s~ ). (b) The bar chart of half-wave potential and mass activity at 0.85 V for Co SAs, (Au-Co) DP-NPAs, and Pt/C.
(c) The half-wave potential of other recently published Co-based catalysts and (Au-Co) DP-NPAs. (d) Tafel curves for (Au-Co) DP-NPAs. (e) H,O, yield and transfer
electron number for Co SAs and (Au-Co) DP-NPAs. (f) The polarization curves of (Au-Co) DP-NPAs in oxygen saturated 0.1 M HClO4 after ASTs with different cycles.
(g) Schematic diagram of PEM fuel cells. (h) MEA performance of (Au-Co) DP-NPAs and Co SAs at 100% RH under 1 bar H,/O, and 1 bar H,/air condition.
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(Fig. 3e). Besides, the findings from the K-L plot are also in line with the
much-improved selectivity observed for (Au-Co) DP-NPAs (Fig. S27 and
$28).

The long-term stability is another pivotal criterion for evaluating the
ORR catalysts and has been studied by employing two accelerated stress
tests (ASTs) protocols, including dynamic potential cycle and chro-
noamperometry in oxygen saturated acid electrolyte. (Au-Co) DP-NPAs
exhibit a significantly enhanced stability, with only a 15-mV negative
shift in E;/o after 30, 000 potential cycles, as compared to a loss of
29 mV and 34 mV in E; /5 for Co SAs and Pt/C, respectively, as shown in
Fig. 3f and Fig. S29. Furthermore, the excellent stability of (Au-Co) DP-
NPAs is also supported by the chronoamperometry analysis carried out
to simulate the real fuel cell operation condition (Fig. S30 and S31). The
similar Raman spectra, electrochemical impedance spectra (EIS) and CV
profiles of (Au-Co) DP-NPAs and Co SAs after ADTs suggest the almost
same corroded carbon matrix, which is not affected by the synergistic
role of the dual atoms (Fig. S32, S33 and Table S10). The enhanced
stability of (Au-Co) DP-NPAs may stem from the relatively stable active
centers resulting from the strong coupling interaction between the spin
d orbitals of the Co atom and fully filled d orbitals of the Au atom
(Fig. $33).

(Au-Co) DP-NPAs have been further tested in the actual PEM fuel
cells to explore their feasibility as the practical PGM-free cathodes
(Fig. 3g). 5 cm~2 MEAs with a PGM-free catalyst loading of 4 mg cm 2
are first tested in the Hy/O5 fuel cell to minimize the mass-transfer
resistance, so as to accurately study the true catalytic activity in the
fuel cell environment. At 1 bar Hy/O3 condition (Fig. 3h), the fuel cell
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employing (Au-Co) DP-NPAs as the cathode catalyst achieves a current
density of 148 mAcm 2 at 0.7V and a peak power density of
490 mW cm 2, which exceed those of the corresponding Co SAs. Also,
under more practical 1 bar Hy/air conditions, the (Au-Co) DP-NPAs-
based cathode also generates a peak power density of 360 mW cm ™2
(Fig. 3h), which represents the best performance among the non-Fe
PGM-free catalysts-derived Hy-air fuel cells (Table S11). The signifi-
cantly enhanced fuel cell performance in the case of (Au-Co) DP-NPAs
can be rationally attributed to the unique precious-non-precious Au-
Co active centers.

3.4. Catalytic mechanism by DFT calculations

First-principles calculations have been performed to explore the
origin of greatly enhanced acidic ORR activity on (Au-Co) DP-NPAs.
Considering that the Co-ZIF8 is synthesized prior to the formation of
(Au-Co) DP-NPAs, the Co atoms should be coordinated by the nitrogen
and carbon atoms. Besides, the centrosymmetric Co-NoC, with the axial
Au atom moieties have been revealed through XANES, EXAFS and DFT
analyses. Thus, the subsequent first-principles calculations have been
performed using the Au-Co dual atoms on the N-doped graphene with
two nitrogen atoms coordinated to the Co atoms.

The adsorption of the oxygenous intermediates on (Au-Co) DP-NPAs is
further examined so as to explore the ORR pathway. As shown in Fig. 4a,
the O5 molecule is adsorbed on the Au side of (Au-Co) DP-NPAs. The O,
molecule is subsequently converted to *OH after the reduced electron-
proton reaction. ORR is completed once *OH desorbs from the Au site.
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Fig. 4. The diagram of the ORR pathway and corresponding Gibbs free energy. (a) Oxygenous intermediates configurations on the (Au-Co) DP-NPAs during the ORR
pathway, dash lines represent the energy-unfavored reaction pathways. (b) The diagram of AG for three reaction mechanisms. The Mechanism III indicated by red
circle represents the final ORR circle. pink, grey, light blue, dark blue, red, white balls represent the Au, Co, N, C, O, H atoms, respectively.
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The corresponding Gibbs free energy diagrams for the ORR process are
shown in Fig. 4b. It is found that the free energy difference (AG) for each
step is downhill under the potential of 0.918 V, except for the step
involving the formation of *OOH. This step is non-spontaneous step at
0.918 V, which indicates that it can only provide electric potential under
0.918 V under mechanism I. As mentioned earlier, an activated electric
circle is performed, which is needed to react with the *OOH adsorbed on
the Au side acting as the active intermediate for mechanism II.

In the presence of adsorbed *OOH on the Au atom, the Co atom also
adsorbs the oxygenous intermediates under mechanism II, as shown in
Fig. 4a. The corresponding AG of the first step of mechanism II is
remarkably inclined, which reveals an electric potential lower than
0.918 V under mechanism II. However, it can react with an active
configuration under mechanism III to attain the best ORR performance
(Fig. 4a). As *OH is adsorbed on the Co atom, the ORR reaction site shifts
to the Au atom. The corresponding AG is downhill at a potential of
0.918 V, which indicates that the over-potential of ORR under mecha-
nism III is lower than 312 mV, which coincides with the experimental
results. The calculated overpotential with including the solvation effect
is slightly increased by 0.18 V, while it shows the same mechanism for
both without and with considering the solvent effect. Comparing with
mechanism I and II, the rate-determining step is always noted to be the
*OOH adsorption step. The adsorbed species on Co the atoms exhibit a
major difference, which indicates that the adsorbed species on the Co
atom should be the key point for exploring the ORR performance.

To study the extraordinary improvement in the ORR catalytic ac-
tivity by the *OH adsorbed on the Co atoms, the corresponding projected
density of states (PDOS) and molecular orbital of the Au and Co atoms in
(Au-Co) DP-NPAs has been examined based on the p-orbital configura-
tion and atomic coordination symmetry. The corresponding PDOS are
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shown in Fig. 5a. Notably, in case different species are adsorbed on the
Co atom, the Au atom mainly heads to the z orientation and interacts
with the d,» orbital of the Co atom. Several literature studies reveal
that the d orbital leads to splitting and unoccupied spin-orbital due to
the coordination transformation introduced by the coordination of the N
and adsorbed atoms[65,66]. The d orbitals construct the base of a
symmetry group and form different irreducible representations under
the symmetry group induced by the coordinated atoms. Some previous
works reveal that metallic atoms tend to be oxidized state, which means
the anti-bond state is mostly made up of the unoccupied p-orbitals of
metallic atoms [61]. The coordinated symmetry of Au is consistently Cay,
prior to the *OH adsorption on the Co atom. In the absence of any
adsorbent on the Co atom, the corresponding coordinated symmetry
group is mainly Dsp. The d,. orbital belonging to the A; irreducible
representation is quite high and interacts with the Au atom. The p orbital
of the oxygen atom of *OOH has a weak interaction with the d,=_,-
orbital of the Au atom. Thus, it is not easy to adsorb *OOH on Au atom.
In case *OOH and *OH are adsorbed on the Co atom, the interaction
between the Au and Co atoms weakens due to the charge transfer of the
adsorbents and metal atoms (Table S12). It is embodied by the Au-Co
bond length, as shown in Table S13, thus, the atomic coordinated
symmetry is noted to change. The corresponding coordinated symmetry
groups are Doy and D41, and the d,. orbital belongs to the A; and A;
irreducible representations, respectively. As shown in Fig. 5a, the
interaction between the Co and Au atoms is weakened due to a drop in
the energy of the d,. orbital of the Co atom introduced by the change in
the symmetry from Doy to D4y (Fig. S34). As *OH is adsorbed on Co
atom, the adsorbed *OH induces a change in the coordinated symmetry
of the Au atom from Cyy, to Cy owing to the p-orbital symmetry modu-
lating effect of the Co atom (Fig. 5b and Fig. S35). As a result, the
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Fig. 5. Electronic structures and the diagram of symmetry modulating mechanism. (a) The PDOS of no intermediates adsorbed (Au-Co) DP-NPAs, *OOH adsorbed on
Au side, one *OOH adsorbed on Co side and one *OOH adsorbed on Co side, *OH adsorbed on Co side and *OOH adsorbed on Au side, respectively. (b) The
interaction of d,»_,» orbital of Au atom, the d,» orbital of Co atom and the p orbital of oxygen atoms adsorbed on Au atom dominated by p-orbital symmetry
modulating effect of CoAuOOH, CoOOHAuOOH, and CoOOHAuOOH, respectively. The dashed line represents the weaker interactions and the real line represent the
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symmetry of the Au atom is improved. As shown in Fig S36, the d,.
orbital of the Co atom scarcely interacts with the d,»_» orbital of the Au
of the symmetry change. Consequently, the
anti-bond spin-orbital declines from a rather high energy level
and interacts with *OOH on the oxygen side. Besides, the py orbitals of
the two oxygen atoms form a non-bonding state with almost no in-
teractions (See in Fig. 5b, S36), thus, boosting the ORR activity. Hence,
the d spin-orbital symmetry modulating effect should be considered as
the origin of the superior ORR performance.

atom because
dxz —y2

4. Conclusion

This study describes the design principle and analysis of the hetero-
nuclear (Au-Co) DP-NPAs for an efficient electroreduction of oxygen.
The atomically dispersed conjunct (Au-Co) dual-metal sites have been
observed via the aberration-corrected HAADF-STEM images. Further,
the XAFS analysis verifies that the local structure of the active moieties
consists of CoN2Cy with the axial Au atom within a porous carbon
framework, also supported by the DFT calculations. (Au—Co) DP-NPAs
exhibit a significantly improved ORR activity with E;,2 of 0.82V in a
harsh acidic electrolyte, along with an enhanced long-term stability with
only 15-mV decline in the half-wave potential after long-term stability
testing. Besides, (Au-Co) DP-NPAs offers a peak power density of
360 mW cm 2 in the Hy/air PEM fuel cell system. The manipulated
d spin-orbital symmetry has been sufficiently demonstrated to be the
main origin of the enhanced ORR performance owing to the modulation
of the adsorption and desorption of the adsorbed species. The develop-
ment of (Au-Co) DP-NPAs via regulation of the p-orbital symmetry
represents a highly efficient approach to design the advanced hetero-
nuclear dual atoms with excellent activity, stability and selectivity.
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