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Experimental Section
Chemicals and Materials

(NH4),M004-4H,0 (99.99%), NaBH,4 (99.99%), AgNO3 (99.99%), KOH (99.99%), H;PO4 (85%) and
HNO; (65%) were obtained from Chongqing (China) Chuan-Dong Chemical Reagent Co. Ltd. Nafion (5.0
wt %) was commercially obtained from Sigma-Aldrich. Pt/Carbon (Pt/C) catalyst (40 wt. %) was purchased
from Alfa-Aesar. All reagents were all used as received. Aqueous solutions were prepared using deionized
(DI) water with a resistivity of 18.2 MQ cm.

Synthesis of pristine-POM (POM, (NH4);PMo01,04¢)

POM was prepared using a previously reported method.! In brief, 0.01 mol (NH4);M00,4-4H,0 and
0.012 mol H3PO, were dissolved together in 200 ml of DI water. After vigorous stirring for 15 min, the
solution color changed to light green. Then 8 ml of a concentrated HNO; was added, drop-by-drop, into the
solution and maintained at 80 °C for 2 h. The resulting yellow colloidal product was filtered and washed

with 1.0 % HNOj; solution for several times and vacuum dried at 80 °C.
Synthesis of discrete reduced-POM nanoclusters (rPOM)

rPOM was synthesized via a chemically reduction route. Briefly, 5 g of POM powder was dispersed in
50 ml of DI water. Then 0.25 g of NaBH, was added to the above dispersion at room temperature under
stirring: as soon as the reduction of the POM occurred, gas evolution (NH4* + H- — NH; (g) + H, (g))
occured, and the solution color changed from yellow to dark-blue. After stirred for 2 h to allow the complete
reaction of the POM, the rPOM containing solution was diluted with 50 mL of DI water and maintained in
the refrigerator at 5°C for 24 h to precipitate the impurities, and then, the upper parts of the resulting solution

was isolated and dried in a freezer dryer to obtain the rPOM.
Synthesis of nanoporous Ag catalyst (np-Ag)

In a typical synthesis, 1 g of rPOM powder was dissolved in 200 mL of DI water. AgNO; precursor
(0.1 to 0.8 g) was dissolved in 10 ml of water and added drop-wise to the first solution under stirring so that
the dark-blue solution soon became slightly cloudy with the formation of a rPOM and Ag* (rPOM-Ag(1))
intermediate composite. The reaction mixture was then stirred for 30 min and heated to 95 °C for another 2

h before it was cooled to ambient temperature. After the completion of the reaction, the resulting product
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was filtered, washed with 0.1 M KOH solution and water for several times and dried in a vacuum (80 °C).
A separated intermediate of rPOM-Ag(I) was also synthesized and separated according to the same method
as that used to prepare the np-Ag, except without heat treatment. For catalyst comparison, 40 wt% Ag support
on C (Ag/C) was prepared by applying the NaBH, method.”

Instruments:

The X-ray diffraction (XRD) data were collected on a XRD-6000 using Cu KR radiation at a scan speed
of 2° min'!. The Fourier Transform IR Spectroscopy (FT-IR) spectra were recorded on a Nicolet 55011 FT-
IR spectrometer. X-ray photoelectron spectroscopy (XPS) was tested on a Cratos XSAMS800 spectrometer
equipped with a monochromatic Al X-ray source (Al KR, 1.4866 keV), and the binding energy was
calibrated using 285 eV as the C 1s peak binding energy. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) were conducted on a FEI tecnai instrument
operating at 120 kV. Scanning electron microscopy (SEM) and corresponding energy-dispersive X-ray
(SEM-EDX) measurements were performed on a LEO-1530VP instrument.

Electrochemical measurements:

All electrochemical experiments were performed using a Princeton electrochemical workstation in a
typical three-electrode cell. A leak-free AgCl/Ag/KCI (3 M) electrode (Warner Instruments) was used as the
reference electrode. All potentials were converted to values with reference to the RHE. A Pt wire was used
as a counter electrode. A glassy carbon (GC) disk electrode with a diameter of 5 mm and geometric area of
0.19625 cm? (Pine Instruments) was polished with 0.05 pm alumina before each experiment and used as a
working electrode. The electrolyte was placed in 0.1 M KOH solution. For electrode preparation, the catalyst
was dispersed in 'sethonal//2DI water and sonicated for 30 minutes to form a uniform catalyst ink, and a
certain amount of this ink was loaded onto the GC electrode. After the solvent was evaporated, the deposited
catalyst was covered with one drop of dilute aqueous Nafion solution (~ 5 pl, 0.5 wt. %). The resulting thin
film was sufficiently strong to permanently attach the catalyst materials to the GC surface without producing
resistance. We compared Ag and Pt/C catalysts at different mass loading (637 pg cm for np-Ag/GC (125ug
Ag on GC electrode) and 63.7 ug cm2 for Pt/C/GC (5 ug Pt on GC electrode)), and the amount of catalyst
deposited for the Ag/C catalyst was well adjusted to provide the same electrode of Ag as the np-Ag catalyst.
Although the np-Ag catalyst (refer to Ag) on the electrode is 25 times the mass loading of Pt/C (refer to Pt),
np-Ag is still comparable to Pt/C at half of the cost (the price of Ag is ~1/50 of Pt).? The prepared electrodes
were dried at room temperature for 20 minutes before testing. All measurements were conducted 5 times to
avoid any incidental error. The kinetic analysis was conducted according to Koutecky-Levich (K-L) plots:
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where ji is the kinetic current and B is Levich slope which is given by:

B=0.2nFCD*?y7"¢

here 7 is the number of electrons transferred in the reduction of one O, molecule, F'is the Faraday’s constant
(96485 C mol"), C is the saturated concentration of oxygen (1.2 x 103 mol L!), D is the diffusion coefficient
of oxygen in 0.1 M KOH solution (1.9 x 10 cm? s7!), and v is the kinematic viscosity of the solution (0.01
cm? s!, 25 °C). The constant 0.2 is adopted when the rotation speed is expressed in rpm.*
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Figure S1. (a) XRD patterns, (b) FTIR spectra, (c) high-resolution Mo 3d XPS spectra and (d) O 1s XPS
spectra of as-synthesized materials.
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It is noteworthy that POMs are combinations between oxygen and early transition metals (e.g., Mo, W,
V, Nb, and Ta). Their molecular frameworks can be regarded as nanoscale metal oxide from both structural
and electronic points of view.”> POMs can accept and release a large number of electrons without changing
or decomposing their structural arrangements. The NaBH, route is able to cause the chemical reduction of
POM as well as transform POM into a scale of nanoscale clusters. The purity and structure of as-synthesized
materials were determined by XRD measurements. In Figure S1a, all characteristic peaks can be observed
in POM, whereas no indexed diffractions corresponding to crystalline phase and structure, can be observed
in the reduced form, indicating that the rPOM may contain very small nanoclusters that are not well
crystallized; instead, they may be in an amorphous state. When mixed with AgNOs, however, the diffraction
pattern of the resulting composite, lPOM-Ag(I), displayed no significant change when compared with rPOM.
This result reveals that rPOM-Ag(I) composites are a structure consisting of rPOM peripherally coordinated
by Ag* ions.

Infrared (IR) spectrometry was employed to elucidate the interaction between Ag" and rPOM. A pure
POM nanostructure has the following four types of oxygen species: central oxygen (O.), terminal oxygen
(Oy), bridged O of MoQOg octahedra sharing a corner (Oy), and sharing an edge (O,). Intense bands at 1068,
962, 869 and 785 cm’! in the Fourier transform IR (FTIR) spectrum of POM (Figure S1b) are assigned to
the vibrations of P-O., Mo=0,, Mo-Oy, and Mo-O,, respectively.® In the FTIR spectrum of the converted
rPOM, a hypsochromic shift of the P-O. and bathochromic shifts of the three types of Mo-O are observed,
which are compared with pristine POM. Moreover, the spectrum of rPOM shows a dramatic decrease in the
band intensities, which is ascribed to the reduction of POM that causes an increase in the electron density of
Mo, causing the structural modification in the rPOM. However, the FTIR absorption changes we observed
in the rPOM-Ag(I) composites are much smaller than those in rPOM when compared with those in POM.
Those observation reflects the coordination, resulting in electrostatic and electronic interaction between
rPOM structure and Ag" ions. Incorporation of rPOM and Ag* will decrease the electron density of rPOM,
weakening the structural changes in the rPOM.



The chemical compositions and valence-states of materials were evaluated by XPS measurements. The
XPS Mo 3d spectrum of POM (Figure S1c) shows only a Mo doublet that is assigned to Mo(VI) (at its high
oxidation state), whereas a significant widening and shift in Mo 3d binding energy was observed in converted
rPOM. A detailed inspection of the Mo 3d spectrum of rPOM reveals that it is deconvoluted into two parts
that are attributed to Mo at different valence-states, and the peak Mo undergoes a negative shift compared
with the POM. This negative shift could, therefore, increase the electron density in Mo and then enhance the
electronegativity of the rPOM, making the rPOM have a higher affinity to the Ag* ions. Although the Mo
3d spectra of the rPOM-Ag(]) intermediate is similar to that of rPOM, the coupling of rPOM with Ag* results
in a positive-shift of the Mo 3d binding energy, which verified the decrease in the tPOM electron density for
the hybrid composites due to the ligand-interactions. The O 1s patterns are given in Figure S1d to further
demonstrate the chemical-states changes in materials. The XPS analysis is consistent with the IR spectral
results.

Element  Wit%

Figure S2. (a-c) SEM images of as-formed np-Ag material and the corresponding energy dispersive X-ray
spectroscopic (EDX) data from the SEM measurement (d); that for np-Ag is shown in insert (d), and the
weight percentages of the elements are shown in the insert.
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Figure S3. Additional HR-TEM images of np-Ag: different facets/surfaces can be observed in a single Ag
nanocrystal.

Figure S4. TEM images of (a), (¢c) Ag/C and (b), (d) commercial Pt/C catalysts. Loading: 40 wt %.
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Figure S5. ORR response at (a) np-Ag, (b) Ag/C and (c) Pt/C catalysts in O,-saturated 0.1 M KOH solution;
scan rate: 10 mV s!; rotation rate: 1600 rpm. (d) CV curves for np-Ag and Ag/C recorded in Nj-saturated
and O,-saturated 0.1 M KOH solution.
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Figure S6. ORR polarization curves at different rotation rate with Koutecky-Levich plots.
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Figure S7. (a) and (b) Pb-stripping voltammograms used to measure the ECSA of np-Ag and Ag/C catalysts
at 10 mV s in 0.1 M KOH solution with 125 uM Pb(NOs), added. (c¢) H-stripping voltammograms used to
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measure the ECSA of Pt catalyst. (d) Summary of calculated ECSA for catalysts.
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Figure S8. (2), (b), (¢c) Long-term degradation of ORR polarization curves with cycling for np-Ag, Ag/C
and Pt/C, respectively. (d) Comparison of kinetic current density (ji) of catalysts before and after the stability

tests (@0.9V).
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Table S1. Comparison of the ORR electrocatalytic activity of np-Ag to the recent reported pure Ag catalysts
in alkaline media (0.1M KOH or NaOH).

Mass Activity Specific Activity

Reference
Catalyst (mA mg ') (mA cm?,,)
NP Ag 2.0 Fuel Cells 2010, 10, 575.
np-Ag - 0.024 Adv. Funct. Mater. 2015, 5, 1500149.
AgNW 25nm 6.2 0.085
ChemSusChem 2012, 5, 1619
AgNP24nm 5.3 0.016
Ag/C 0.425 0.0045 This work
np-Ag 6.90 0.068 This work
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