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We have demonstrated AgzPO, as an active non-Pt electrocatalyst with enhanced activity compared with
Ag for oxygen reduction reaction (ORR). Density functional theory reveals that better ORR performance of
Ag atoms on AgzPO, surface than that on pure silver surface originates from more appropriate oxygen
adsorption on positively charged Ag atoms. Further study of the surface geometry of AgzPO, including
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oxygen adsorption on {110} surface of rhombic dodecahedral AgsPO4 lead to the highest ORR activity,

which is about 12 times that of Pt catalysts from a commercial perspective. It may be applicable for
developing low-cost and highly active non-Pt catalytic materials from a broader range of material systems.
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Introduction

Oxygen reduction reaction (ORR) is one of the crucial limiting
factors in commercialization of proton-exchange membrane
fuel cells due to its sluggish kinetics.'”® Platinum group metal
has been demonstrated to be the most practical ORR catalyst
because of its appropriate adsorption of oxygen, which facili-
tates the adsorption of oxygen on Pt surface for reduction and
the desorption of the intermediate OH for turnover.® In the past
few years, great efforts have been made to design active ORR
catalysts by shape control, composition engineering and
modulation of element distribution.”*® However, Pt-based
electrocatalysts are usually of high cost and from limited
reserves, which bring limitations for the commercialization of
these catalysts, especially for mass production of vehicles."”
Thus, a large number of substitutes for Pt have been considered
including metals (Pd, Fe, Co, Mn, etc.),"®* metal oxides,**>
carbon materials,*® Fe-N-C,** and perovskites.>*>*
Non-platinum monometallic catalysts such as Pd,*”** Au,
and Ag** are capable of catalyzing the ORR. However, most of
these cannot resist the oxidative etching in the working

29-31

“State Key Laboratory of Metal Matrix Composites, School of Materials Science and
Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai,
200240, People's Republic of China. E-mail: jianbowu@sjtu.edu.cn; hong.zhu@sjtu.
edu.cn

bUniversity of Michigan - Shanghai Jiao Tong University Joint Institute, Shanghai Jiao
Tong University, 800 Dongchuan Road, Shanghai, 200240, P. R. China

‘Materials Genome Initiative Center, Shanghai Jiao Tong University, 800 Dongchuan
Road, Shanghai, 200240, P. R. China

T Electronic  supplementary
10.1039/c7ra12643c

1 These authors contribute equally to this work.

information  (ESI) available. See DOI:

5382 | RSC Adv., 2018, 8, 5382-5387

condition of the ORR, including the electrolyte and high
potential.**** For example, Ag is the most abundant precious
metal, which is 38 times that of Pt in terms of global reserves,*
illustrating that Ag is much easier to obtain and use for mass
production. However, the standard redox potential of Ag is
0.7993 V (ref. 36), which results in the oxidation and degrada-
tion of Ag-based catalysts at high potential under working
conditions.

In this paper, we have demonstrated that the oxidized Ag"
ion in the lattice of Ag;PO, can still electro-catalytically reduce
oxygen, which makes Ag;PO, nanoparticles a non-Pt ORR
catalyst, and also avoid the aforementioned oxidation limita-
tion. Moreover, Ag" ions of Ag;PO, are even more active than Ag
atoms. Density functional theory calculation reveals that the
positively charged Ag in the lattice of Ag;PO, leads to a more
appropriate oxygen adsorption, and therefore to enhanced ORR
activity compared to pure Ag. Further study of the surface
geometry of Ag;PO, by altering Ag;PO, nanoparticles from
tetrahedron to rhombic dodecahedron and cube shows that the
highest density of Ag and appropriate oxygen adsorption on
{110} surface of rhombic dodecahedral Ag;PO, lead to the
improved ORR activity, which is about 12 times that of Pt
catalysts from a commercial perspective.

Experimental section

Materials

Silver acetate (CH3;COOAg, 99.5%), sodium phosphate dibasic
(Na,HPO,, 99.99%), potassium hydroxide (KOH, 99.99%) and
short multi-walled carbon nanotubes (CNT) were purchased
from Aladdin. Silver nitrate (AgNO;, 99.8%) and ammonia
solution (NH;-H,0) were purchased from Shanghai Ling Feng

This journal is © The Royal Society of Chemistry 2018
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Chemical Reagent Co. Ltd. Phosphoric acid (H;PO,, 85.0%) was
purchased from Sinopharm Chemical Reagent Co. Ltd. Ethanol
(CH3CH,0H, 99.7%) was purchased from Changshou City Yan-
gyuan Chemical Co. Ltd. Carbon (C, Vulcan®XC-72R) purchased
from Cabot was used as support material. Oxygen (O,, 99.999%)
and argon (Ar, 99.999%) were purchased from Shanghai Wei-
chuang Standard Gas Analytical Technology Co. Ltd.

Synthesis of Ag;PO, particles

Ag;PO, particles were synthesized by a simple method.*” For
Ag;PO, tetrahedron, 12 mmol AgNO; was dissolved in 80 ml
ethanol with strong magnetic stirring. Meanwhile, 20 ml H;PO,
was blended with 80 ml ethanol under rapid magnetic stirring.
After AgNO; was completely dissolved in ethanol solution and
these two solutions were transparent, the AgNO;-ethanol mixed
solution was added to the H3PO,-ethanol solution drop by drop.
Sediment appeared quickly and then disappeared under strong
stirring. AgNO,-ethanol mixture was added dropwise continu-
ously until H3PO,-ethanol mixed solution became cloudy; at
this moment, the whole H;PO,-ethanol and AgNO;-ethanol
suspension were added back to the AgNO;-ethanol solution.
There appeared a yellow precipitate immediately. After stirring
for 1 hour, the mixed solution turned a bright green colour,
indicating the nucleation and growth of Ag;PO, with specific
shapes. Finally, the product was washed with deionized water
and ethanol three times each.?”

For Ag;PO, rhombic dodecahedron, 0.2 g CH;COOAg was
dissolved in 100 ml deionized water. And then an as-prepared
Na,HPO, solution (0.15 M) was added to the above solution
dropwise. A golden yellow precipitate was formed. After 1 hour
of stirring, the obtained products were washed with deionized
water and ethanol three times to remove CH;COO™.

With regard to the Ag;PO, cube, 0.2 g AgNO; was dissolved in
100 ml deionized water. Ammonia aqueous solution (0.1 M) was
added drop by drop to the AgNO;-water solution. When the
above solution became transparent, an as-prepared Na,HPO,
solution (0.15 M) was added to the mixed solution. After stirring
for 1 hour, the samples were washed with deionized water and
ethanol to remove impurities.*®

Finally, these three kinds of obtained samples were dried in
the atmosphere, and it was ensured that all moisture was
removed from the catalyst.

Material characterization

Scanning electron microscopy (SEM) micrographs were ob-
tained using an LV UHR FE-SEM. The SEM was operated at an
accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) images were obtained using a JEOL JEM-2100F micro-
scope with an accelerating voltage 200 kV. X-ray diffraction
(XRD) patterns were obtained using a Shimadzu LabX XRD-6100
X-ray diffractometer with Cu source. The XRD patterns were
recorded from 10° to 90° with a scanning rate of 0.167° s~ .

Preparation of catalyst

These three kinds of Ag;PO, with different morphologies can be
used as catalysts for the ORR. In order to improve the ORR
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performance, Ag;PO, was mixed with carbon. Vulcan XC-72
carbon and CNT were chosen as the carbon support,
becoming Ag;PO,/C and Ag;PO,/CNT catalysts. The carbon and
CNT were each dissolved in methanol. After sonicating for
1 hour, Ag;PO, with different facets were added. And the mass
ratio of Ag;PO, particles to carbon was 1 : 4. The mixture was
stirred for at least 24 hours. Afterwards, the solid products were
obtained by centrifugation. Subsequently, the samples were
dried by freeze-drying for ORR tests.

Electrochemical measurements

A three-electrode cell was used to test the electrochemical
performance. A glassy-carbon rotating disk electrode (RDE),
whose area was 0.196 cm?, was used as the working electrode.
The counter electrode was a 5 cm platinum wire. And a revers-
ible hydrogen electrode (RHE) was used as the reference, which
was put in a separate compartment connected with the main
cell through a salt bridge. The electrolyte for Ag;PO,-related
ORR tests was 0.1 M KOH. In order to prepare a catalyst for the
working electrode, 5 mg of Ag;PO,, Ag;PO,/C and Ag;PO,/CNT
were dissolved in 5 ml solution, which was composed of 4 ml
deionized water, 1 ml isopropanol and 25 pl Nafion (5%). The
mixed solution was sonicated for 15 min, forming a uniform
ink. So as to ensure the mass of Ag;PO, used for the catalyst was
constant, we selected 10 pl solutions in pure Ag;PO, ink.
Meanwhile, it is necessary to select 50 pul solutions in Ag;PO,/C
and Ag;PO,/CNT ink. This ink was added to the RDE and dried
under a warm flow of air. The Pt/C and Ag were designed as
40.82 g cm > and 40.82 g cm > on the RDE by following
a similar procedure. The electrochemical active surface area was
obtained from cyclic voltammetry curves, which were measured
at room temperature in argon-saturated 0.1 M KOH solution.
The potential scan rate was 50 mV s *. And then the ORR
properties were tested in 0.1 M KOH solution that was pumped
with oxygen for 30 min in advance. The scan rate for ORR

measurements was 10 mvV s~ .

Results and discussion

Fig. 1a shows a typical SEM micrograph of the as-synthesized
Ag;PO, tetrahedrons. It can be seen that single crystalline
Ag;PO, tetrahedrons with smooth surfaces have been fabricated
in large quantities. The average edge length of the Ag;PO,
tetrahedrons is 1140 nm (Fig. S2at). The as-prepared Ag;PO,
tetrahedron was enclosed completely by four well-defined {111}
planes (Fig. 1a and S1af). Fig. 1b shows a representative SEM
image of the Ag;PO, rhombic dodecahedrons, and the average
edge length of these is 478.2 nm with regular rhombic
dodecahedral morphology. Furthermore, the SEM and TEM
micrographs (Fig. S1bt) indicate that the Ag;PO, rhombic
dodecahedron was enclosed completely by twelve {110} facets.
Interestingly, when using [Ag(NH;),]" complex replacing silver
acetate in this synthetic system, we can obtain uniform Ag;PO,
cubes (Fig. 1c). In addition, the enlarged SEM and TEM
(Fig. S1ct) micrographs indicate that the as-prepared Ag;PO,
cube was enclosed by six square {100} planes, whose average
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Fig. 1 SEM micrographs of AgszPO, crystals: (a) tetrahedron, (b)
rhombic dodecahedron, (c) cube. (d) XRD patterns of faceted AgzPO4
crystals.

edge length is 676.7 nm. Moreover, the XRD patterns (Fig. 1d)
clearly show that all of the diffraction peaks of the tetrahedral,
rhombic dodecahedral and cubic particles could be indexed to
that of body-centered cubic crystalline Ag;PO, (JCPDS no. 06-
0505). And there are no other impurity peaks or trace peaks
associated with the precursors found in the patterns of as-
synthesized samples.

The catalytic performance of the three Ag;PO,/C catalysts
towards the ORR was investigated using the three-electrode
method (Fig. 2a—c). The polarization curves of the tetrahedron
and rhombic dodecahedron have positive shifts of 5 mV and
30 mV compared with that of the cube. The corresponding ORR

a 04{——cube b 0

—— rhombic dodecahedron
. —— tetrahedron

——cube
——rhombic dodecahedron
.1 —tetrahedron

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs.RHE E (V) vs.RHE

d 14 tetrahedron
(ZZZ rhombic dodecahedron
12477 cube

—cube
——rhombic dodecahedron
.4 ] —tetrahedron

@0.8V

*é’"',;

Ag,PO, and carbon Ag,PO, and CNT

0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs.RHE

Ag,PO,

Fig. 2 ORR polarization curves of tetrahedral, rhombic dodecahedral
and cubic AgzPO, catalysts: (a) pure AgzPOy, (b) AgzPO,4 and carbon,
(c) AgzPO,4 and CNT. The mass of AgzPOy, is 10 pg. (d) Comparison of
the mass current density based on 0.8 V (vs. RHE), ORR properties, of
cubic, rhombic dodecahedral and tetrahedral AgzPO,.
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mass activity (i,,) of tetrahedral, rhombic dodecahedral
and cubic Ag;PO, is 4.65 mA mg,, ', 5.57 mA mg,, ' and
3.49 mA mg,, ', respectively. The mass activities are obtained
from the following equation:

L1 W

ik lgsk

where i is the kinetic current density, iy is the measured
current density, which is got at 0.8 V, and i, is the diffusion-
limiting current density. Then
ik xS 1

= X T, @
where S is the area of loading catalysts, m is the loading mass of
Ag;PO,4, and the value “77.3%” means the relative molecular
mass ratio of Ag in Ag;PO, crystal.

When Ag;PO, is mixed with carbon, the corresponding ORR
performances of all Ag;PO, particles show great improvement,
which is 193% for the tetrahedron, 201% for the rhombic
dodecahedron, and 216% for the cube. The ORR performance is
further boosted when Ag;PO, is combined with CNT, for which
the improvement is 256% for the tetrahedron, 220% for the
rhombic dodecahedron, and 271% for the cube.

From Fig. S3,f we can find that the Ag;PO, crystals were
completely dispersed in carbon and CNT. Carbon material such
as Vulcan XC-72 and CNT is not only a silver phosphate crystal
support, but also plays a role of collaborative catalyst.** The
incorporation of carbon can increase the electrochemical
accessible surface areas and electron conductivity.*” And CNT
was discovered as a promising support material, due to its
specific surface area, electrical conductivity and electro-
chemical stability.**** So the dramatic improvements of cata-
Iytic activity are because Ag;PO, with CNT has better electrical
conductivity and greater specific surface area than Ag;PO, and
Ag;PO, with carbon.

Indeed, the rhombic dodecahedral Ag;PO,/CNT exhibits
a mass activity of 13.76 mMA mga, po, ' (0.0178 mA nga, ),
which is about 12% of that of a commercial Pt/C catalyst
(0.1495 mA pgp, '; Fig. $10%). This result of Pt/C is similar to
reported data.** In fact, considering that the price of Ag is only
1/100 of that of Pt,*>*® the rhombic dodecahedral Ag;PO,/CNT
catalyst is about 12 times as active as Pt catalysts from
a commercial perspective. Moreover, the global reserve of Pt
metal is about 38 times less than that of Ag, illustrating that Ag
is much easier to acquire and use for mass production.

The long-term stability of the catalysts was evaluated
through accelerated durability tests (Fig. S7 and S87). The mass
activity of rhombic dodecahedral Ag;PO,/CNT shows 12.5% loss
after 5000 cycles, while the reported loss for Pt/C catalyst was
31.3% after 5000 cycles.”” Therefore, the rhombic dodecahedral
Ag;PO,/CNT catalyst shows better durability than commercial
Pt/C.

The ORR performance of the Ag;PO,/C catalysts was further
examined as a function of the rotation speed of RDE from 400 to
2500 rpm (Fig. 3a—c). Fig. 3d shows the Koutecky-Levich plots as
a function of potential for Ag;PO,/C catalysts bounded with
each of {111}, {110} and {100}, which shows different slopes,

This journal is © The Royal Society of Chemistry 2018
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Fig.3 RDE voltammograms for the ORR of (a) tetrahedral, (b) rhombic
dodecahedral and (c) cubic AgzPO,4/C electrocatalysts at various
rotation rates. (d) Koutecky—Levich plots of the rotating disk current at
0.3V (vs. RHE). The tests were conducted in O,-saturated 0.1 M KOH
solution and the scan rate was kept at 10 mV s,

indicating the different reaction kinetics occurring on the three
faceted Ag;PO,/C catalysts. The number of transferred electrons
during the ORR has also been investigated via changing the
rotation speed of the RDE ranging from 400 to 2500 rpm
(Fig. 3a—c).

Then, we calculated the slopes of the three Koutecky-Levich
plots from the following equation:

1 1 1 1 1

—=—+-—=-+—7 3)
ldisk Ik U k B2

where i is the kinetic current density, igis is the measured
current density, and 4 is the diffusion-limiting current density.
B is the Levich constant and  is the rotation rate of the elec-
trode. B can be directly acquired from the slope of the Koutecky-
Levich plot (Fig. 3d).

The relationship between the Levich constant B and the
number of transferred electrons n during ORR could be ob-
tained as follows:

B =0.2nFDy*?Cor " = 3.5 x 10 (4)

in this equation, n represents the number of electrons trans-
ferred, F refers to the Faraday constant, D, is the diffusion
coefficient of oxygen gas (1.9 x 107> cm? s '), C, repre-
sents the concentration of oxygen gas in aqueous solution
(1.1 x 107> mol em™?), and » is the kinematic viscosity of water
(0.01 cm® s 1)+

Therefore, from the slopes of the three curves shown in
Fig. 3d, we can obtain the value of n, which is 3.1, 3.2, and 3.0,
respectively, for the tetrahedral, the rhombic dodecahedral, and
the cubic Ag;PO,/C catalysts. This indicates that the reduction
from O, to OH™ on these Ag;PO,/C catalysts can be regarded as
mixed pathways of four-electron and two-electron processes.
But the {110} of Ag;PO, shows a higher portion of the four-
electron pathway than the other two facets.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The crystal structure of AgzPO,. Illustration that the favored

adsorption site on (b) the {111} planes of AgzPO, crystals is Ag-top site
with Eags = —2.151 eV, (c) the {110} planes of AgsPOy4 crystals is Ag-top
site with E,4s = —0.83 eV, and (d) the {100} planes of AgzPO, crystals is
Ag—P bridge with E,gs = —2.996 eV. (e) Volcano plot of pure Ag and
different surfaces of AgzPOg4. E,qs is the adsorption energy of oxygen.

Fig. 4a shows the crystal structure of Ag;PO, which possesses
a body-centered cubic structure. Fig. 4b-d shows the surface
atomic configuration of the {111}, {110}, and {100} close-packed
planes of Ag;PO, crystals. Obviously, all the facets including
{111}, {110} and {100} have different terminations composed of
Ag atoms, O atoms or P atoms. However, the outermost Ag
atomic ratio, that is the Ag atomic ratio involved in the reaction,
and its atomic activity (Table S2t) are different on the three
surfaces (Table S2,T see the calculation details in ESIY).

We calculated the adsorption of oxygen at various sites on
these three surfaces (Table S41). The most stable oxygen
adsorption energies, E,qs, on different faceted Ag;PO, are
shown in Fig. 4, namely, —2.151 eV, —0.830 eV and —2.996 eV
for {111}, {110} and {100} facets, respectively (Table S47}). The
rhombic dodecahedral Ag;PO, with {110} planes shows the best
ORR performance of the three different morphologies of Ag;PO,
because of the appropriate adsorption energy of oxygen based
on the Sabatier principle (the volcano plot in Fig. 4e).*®

Moreover, the Ag atoms in the lattice of Ag;PO, also show
a better atomic ORR performance than Ag atoms in pure silver.
If only counting the surface Ag atoms participating in the ORR,
Ag of Ag;PO, (4.50425 x 10 '° mA per atom,, for Ag;P0,{110})

RSC Aadv., 2018, 8, 5382-5387 | 5385
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is 7.5 times better than pure Ag (5.99961 x 10~ mA per
atomy,,) (Table S37). Based on the calculation, the Ag atoms on
Ag;PO, have a stronger binding with oxygen than pure Ag
(—0.49 eV in Fig. 4e and Table S51) due to the positive charge on
Ag of Ag;PO,, which leads to a downshift of density of states of
Ag, and hence the 7.5 times enhancement of ORR activity.*®

Conclusions

In summary, we have demonstrated Ag;PO, nanoparticles as an
active non-Pt ORR catalyst. The Ag" ions in the lattice of Agz;PO,
show very good ORR performance compared with the Ag atoms
of pure Ag due to more appropriate oxygen adsorption on
positively charged Ag atoms. Among the three geometric
structures of Ag;PO,, namely tetrahedron, rhombic dodecahe-
dron, and cube, the highest density of Ag atoms and appropriate
oxygen adsorption on {110} surface of rhombic dodecahedral
Ag;PO, lead to the highest ORR activity, which is about 12 times
that of Pt catalysts from a commercial perspective. This
fundamental discovery may be applicable for developing low-
cost and highly active non-Pt catalytic materials. This demon-
stration provides an alternative strategy to develop low-cost and
highly active non-Pt catalytic materials from a broader range of
material candidates.
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