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Detailed experimental procedures
1. Materials.

Commercial Pt/C (20 wt% of Pt, Pt nanoparticles: 3.0 nm) catalyst, Nafion (5%) and
triphenylphosphine (>99%) were purchased from Alfa Aesar. Chloroplatinic acid hex-
ahydrate (H2PtCle:6H20), methanol (CHsOH, 99.99%), pyridine (99.99%), 4-
dimethylaminopyridine (99.99%), butylamine (99.99%), perchloric acid (HCIOa,
99.99%) and potassium hydroxide (KOH, 99.99%) were purchased from Sinopharm
Chemical Reagent Corporation. Oleylamine (80%-90%) were purchased from Aladdin
Industrial Corporation. All chemicals were used as received.

2. Electrochemical measurements.

All the electrochemical measurements were carried out on an electrochemical
workstation (CH Instruments, Inc., Model CHI 750E) at room temperature (~25 °C),
using a three-electrode electrochemical system equipped with a rotating disk elec-
trode (RDE) (RRDE, Japan). The cell consisted of a glassy carbon working electrode (3
mm diameter, 0.071 cm?), a carbon rod counter electrode, and a saturated calomel
electrode (SCE). The SCE was isolated by a double reference electrode to ensure the
stability of SCE in acid or alkaline medium. The potential versus SCE was transferred
to that versus RHE using the following equation: E(V) versus RHE = E(V) versus SCE +
0.059 x PH (V) + 0.2438 V.

To prepare catalyst-modified working electrodes, Pt/C catalyst was dispersed in a
mixture of water/2-propanol/Nafion (v/v/v = 4/1/0.025) under sonication to form a 4
mg mL* catalyst ink (totally 1 mL). ~3 pL of this ink was dropped onto the surface of
the GC electrode (the actual Pt loadings on electrode were controlled at 15 pgp: cm”
2), and then dried under the ambient condition.

The cyclic voltammogram (CV) experiments were conducted in a N2 or O,-saturated
0.1 M HCIO4 or 0.1 M KOH solution with a scan rate of 50 mV s. The linear sweep
voltammograms (LSVs) were obtained in the O,-saturated 0.1 M HCIO4 or 0.1 M KOH
solution at rotation speeds of 1600 rpm and with a scan rate of 10 mV s™*. The kinetic
current was calculated based on the following equations'2:

1 1 N 1 1 N 1 o)
] L Jxk Bw'Y/?Z
B = 0.62nFC,(Dy)%/3v~1/¢ (2)

Where J is the measured current density (mA cm2), J. and J are the diffusion- and
kinetic-limiting current densities (mA cm2). B is the Levich slope which is given by (2).
n is the number of electron transferred for the ORR. w is the rotation speed in rpm.
F is the faraday constant (96485 C mol?). u is the kinetic viscosity (0.01 cm? s!) and

Do is the diffusion coefficient of O, in 0.1 M HClO4 or 0.1 M KOH (1.9 x 10 cm? s).
The bulk concentration of oxygen Co is 1.2 x 10 mol cm™.

CV profiles were recorded at a sweep rate of 50 or 10 mV s™%, and in a potential
window between 0.03 and 1.24 V versus RHE. The MOR was conducted in a N»-
saturated 0.1 M HCIO4s + 0.1 M CH3OH or 0.1 M KOH + 0.1 M CHsOH solution. For
CH3OH crossover test, a calculated portion of CH30H was directly added into the
aqueous solution with Oz bubbling. For CO stripping, pure CO was bubbled through

S2



the electrolyte for 15 min while holding the working electrode at 0.05 V versus RHE.
Then, Ar was bubbled for another 15 min to remove excess CO from the solution be-
fore CO stripping was performed. The electrochemical active surface areas (ECSAs)
were calculated by integrating the Coulombic charge for hydrogen desorption or CO
stripping in the cyclic voltammetries (CVs) recorded in Nz-saturated 0.1 M HCIO4 or
0.1 M KOH aqueous solution.

For ECSAs obtained from hydrogen desorption®>:

_ Qu
ECSAH_0.21[Pt] (3)

where Qu (mC) is the charge due to the hydrogen desorption in the hydrogen region
(0.05-0.45 V) of the CVs, 0.21 mC cm™2 is the electrical charge associated with mono-
layer adsorption of hydrogen on Pt, and [Pt] is the loading of Pt on the working elec-
trode.

For ECSAs obtained from CO stripping>®:

_ Qco
ECSAco = 0.42[Pt] (4)

where Qco (MC) is the charge due to the CO desorption in the CO adsorbed region
(0.8-1.1 V) of the CVs, 0.42 mC cm™ is the electrical charge associated with mono-
layer adsorption of CO on Pt, and [Pt] is the loading of Pt on the working electrode.

3. Pt/C catalyst with different surface coverages of ligands.

The working electrode modified with Pt/C catalyst was firstly activated in O-
saturated electrolyte solution for 20 cycles to clean the surface of Pt NPs. The pro-
cess will be discussed in detail in our recent paper published elsewhere. After then,
the working electrode was washed by deionized water for three times and immersed
in pyridine solution with different concentrations (0.2, 0.5, 1 and 10 uM) for 30 s fol-
lowed by removing the residual pyridine by deionized water for three times. The
eletrocatalytic performance was then performed. The schematic illustration was
demonstrated in Scheme S1. To the modification of other ligands, the pyridine aque-
ous solution was changed to oleylamine-ethanol mixture, butylamine-ethanol mix-
ture, dimethylaminopyridine-aqueous solution or triphenylphosphine-ethanol mix-
ture.

4. The preparation of 1wt.% Pt/SiO; catalyst.

Pt/SiO2 (1wt.%) catalyst was prepared by a conventional impregnation method.”
Briefly, 1 g of H,PtCle-:6H20 was dissolved in 100 mL of deionized water. Subsequently,
5.3 mL of above solution and 200 mg of silica microsphere were added into a beaker
(100 mL). After stirring at a temperature of 80 °C for 2 h, the solid product was ob-
tained and grinded after the water was evaporated. The 1% Pt/SiO; catalyst was ob-
tained followed by reducing the above solid product at a temperature of 300 °C in a
tube furnace for 1 h under a mixed hydrogen (5%)/argon atmosphere.

5. The denotation of surface coverage of ligand.

The surface coverage of ligand on Pt NPs was calculated based on the decreased
electrochemical surface area of Pt, which was calculated from hydrogen desorption
or CO stripping:

total Pt surface area — exposed Pt surface area

SH ™ total Pt surface area
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— SH—Sfresh_SH—X (5)
H-fresh
Where Sh.fresh is the surface area of surface cleaned Pt calculated from hydrogen
desorption, Sux is the surface area of Pt after immersed in X uM pyridine solution for
30s.

total Pt surface area — exposed Pt surface area

50— total Pt surface area

— SCO;fresh_SCO—X (6)
CO-fresh
Where Sco-resh is the surface area of surface cleaned Pt calculated from CO strip-
ping, Scox is the surface area of Pt after immersed in X uM pyridine solution for 30 s.

6. Physical characterization.

X-ray photoelectron spectrum (XPS) was measured on an VG Scientific ESCALAB
Mark Il spectrometer using a monochromatic Al Ka X-ray source (1486.6 eV) with a
500 pum spot and an anode power of 150 W. All XPS spectra were corrected using the
C 1s line at 284.7 eV. The X-ray powder diffraction (XRD) patterns were recorded on
an X-ray diffractometer (Rigaku Ultima IV) with Cu Ka radiation operated at a tube
voltage of 40 kV and current of 40 mA in the range 10-80°. Transmission electron mi-
croscopy (TEM) images were recorded on a Hitachi HT-7700 electron microscope.
High-resolution TEM (HRTEM) images were obtained on a JEOL JEM-2100F. The actu-
al Pt loadings on electrode in this work were determined by inductively coupled
plasma mass spectrometry (ICP-MS), which were carried out in Agilent 7700 using
the diluted solution containing calculated Pt/C in aqua regia.

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
gathered with a Nicolet IS50 spectrometer equipped with a mercury cadmium tellu-
ride (MCT) detector at a resolution of 4 cm™ using 32 scans. For Pt/SiO, sample,
Pt/SiO; catalyst was put in a furnace and reduced in situ with 20% Hz/Ar at 300 °C for
1 h, followed by cooling to room temperature. The background spectrum was then
recorded. After that, 1% CO/Ar was introduced into the sample for 30 min, and the
spectra were collected till the steady state. Then pure Ar was introduced to the sam-
ple to remove the extra CO gas, and the spectra of chemisorbed CO species were col-
lected. For Pt/SiO.-py sample, Pt/SiO. catalyst was reduced in situ with 20% H»/Ar at
300 °C for 1 h, followed by cooling to room temperature. Then pyridine was ad-
sorbed onto the sample using Ar-blow method (pure pyridine solution) followed by
1% CO/Ar was introduced into the sample. The following procedure was the same as
described above.

7. DFT calculations.

Density functional theory (DFT) calculations were carried out using the Vienna Ab-
initio Simulation Package (VASP)®. The spin-polarized projector augmented wave
(PAW) method® and the Perdew-Burke-Ernzerhof (PBE) electron exchange-
correlation functional of the generalized gradient approximation (GGA)!! were ap-
plied in our calculations. The kinetic energy cut-off for the wave function expanded in
the plane-wave basis was set as 400 eV. To optimize the structures, the calculation
was performed until the maximum force upon each relaxed atom was less than 0.05
eV Al The vacuum height was set as 12 A to eliminate the interaction between
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neighboring slabs. The spin-polarized calculations were carried out with the DFT
(PBE) - D3 (BJ) scheme'? 13 as implemented in VASP. Default values of the dispersion
coefficient (Cs) and the vdW radii (Ro) parameters given by Grimme!? 13 were em-
ployed.

The adsorption energy (Eads) was calculated as follows:

Eads = Esubstrate + Egas-phase adsorbate ~ Etotal (7)

where Etwotal is the calculated total energy of the adsorption system, Esubstrate is the
energy of the clean substrate and Egas-phase adsorbate iS the energy of the gas-phase mol-
ecule (include carbon monoxide, oxygen, methanol and pyridine).

In order to study the adsorption of carbon monoxide, methanol or oxygen with dif-
ferent coverage of pyridine on platinum surfaces, we used the models that a 5x5 sur-
face cell was used to construct a five-layer Pt(111) slab, and the top three layers of
the Pt(111) slab were allowed to relax. The Brillouin-zone integration was performed
along with a 2x2x1 Monkhorst-Pack grid for the {111} surface slabs.

The four-electron ORR mechanisms were investigated on the different coverage of
pyridine on Pt nanoparticles in the present work. In acid medium each ORR step can
be summarized as follows,

O2+4(H*+e) > *OOH + 3(H*+¢e) (8)
*OOH + 3(H*+e) > *O+H0+2(H* +e) (9)
*O+H0 +2(H"+e) > *OH + H,0 + (H" + &) (10)
*OH + H,0 + (H* + &) = 2H,0 (11)
Overall: O; + 4(H* + e’) = 2H,0 (12)

The free energy diagrams of the oxygen reduction reactions (ORR) have been cal-
culated according to the method developed by Ngrskov et al.l* Free energy change
from initial states to final states of the reaction is calculated as follows:

AG = AE + AZPE — TAS + AGu + Gpr + AGfield (13)

where AE is the total energy change obtained from DFT calculations, AZPE is the
change in zero-point energy, T is the temperature (298.15 K), and AS is the change in
entropy. AGy=eU, where U is the electrode potential with respect to standard hydro-
gen electrode, and e is the charge transferred. AGpn = ksTIn10xpH, where kg is the
Boltzmann constant, and pH=0 for acid medium in this study® 6. AGfew is the free
energy correction due to the electrochemical double layer and is neglected as in pre-
vious studies'* 16, Gas-phase H,0 at 0.035bar was used as the reference state, be-
cause at this pressure gas-phase H;O is in equilibrium with liquid water at 298.15 K.
The free energy of O, was obtained from the free energy change of the reaction O, +
2H; = 2H;0, which is -4.92 eV at 298.15 K and a pressure of 0.035bar*. The free en-
ergy of (H* + e7) in solution at standard conditions of U=0 and pH=0 is equal to that of
1/2 H; according to a computational hydrogen electrode model suggested by Ngr-
skov et al.'*, whereas at finite potential and pH=0, it is shifted by -eU, as used in
some previous studies'*'’. The free energy of OH" was calculated from the reaction
H* + OH - H>0, which is in equilibrium in water solution?>. The entropies and vibra-
tional frequencies of the species in gas phase were taken from the NIST database?.
Zero-point energy and entropies of the adsorbed species were calculated from the
vibrational frequencies. The DFT total energies, ZPE, TS, and Gibbs free energies of
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gas molecules were taken from the reference reported®. Based on those data, we
can calculate the free energy change AG of each step for the ORR on catalytic surfac-
es.
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Scheme S1. Schematic illustration of the modification of ligand on carbon supported
Pt nanoparticles.
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Fig. S1 (a) CVs operated in Nz-saturated 0.1 M KOH solution of Pt/C catalyst before
and after immersed in different concentrations of pyridine solution. (b) The variation
of electrochemical surface area derived from hydrogen desorption (ECSA4) and sur-
face coverage (0) of ligand as a function of pyridine concentration.
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Fig. S2 TEM images of Pt/C before (a) and after (b) modification of pyridine. HRTEM
images of Pt/C before (c) and after (d) modification of pyridine. The insets on top

right corner of (c) and (d) are the FFT patterns of lattice fringes marked in red dotted
square.

-

,“.;-'.: s '..‘ e *
R e o S e

| ".‘._ &5 9‘3 e v Lt
g 0.226 nim A

vof

Fig. S3 HRTEM images of Pt nanoparticles before (a, c, e) and after (b, d, f) adsorp-
tion of pyridine.

S8



a) b)
Pt 4f
3 3
o &
= z
g :
8 2
= =
80 78 76 T4 72 70 68 404 402 400 398 396
Binding energy / eV Binding energy / eV

Fig. S4 XPS results of Pt 4f (a) and N 1s (b) of Pt/C and pyridine modified Pt/C (Pt/C-

py).
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Fig. S5 Fourier transform infrared spectroscopy (FTIR) of Pt/SiO; and pyridine modi-

fied Pt/SiO; (Pt/SiO2-py).
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Fig. S6 ( a) CO stripping curves in 0.1 M KOH of Pt/C, Pt/C modified with saturated
pyridine ligand (Pt/C-py). (b) MOR curves in 0.1 M KOH + 0.1 M CH3OH solution of
Pt/C and Pt/C-py.
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Fig. S7 (a) ORR activity in 0.1 M KOH solution of Pt/C catalyst before and after im-
mersed in different concentrations of pyridine solution. (b) The relationship between
potential and kinetic current density of Pt/C catalyst before and after immersed in
different concentrations of pyridine solution. ORR mass activity (c) and specific activi-
ty (d) in 0.1 M KOH at 0.9 V of Pt/C catalysts with different surface coverages of pyri-
dine derived from hydrogen desorption (s ).
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Fig. S8 The adsorption model and energy of O, on Pt(111) of pre-adsorbed pyridine
with a coverage of 0, 25, 50 and 75%.
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Fig. S9 The Bader charge analysis of O on Pt(111) with different coverages of pyri-
dine.
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Fig. S10 Electronic property of O, on Pt(111) with different coverages of pyridine.

Table S1. Adsorption energy of CO on Pt(111) with different coverages of pyri-

dine.
Coverage of py 0 25% 50% 75%
COaq 2.12 eV 2.19 eV 2.33 eV 2.48 eV
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Fig. S11 Calculated adsorption structures of CO at Pt(111) with pre-adsorbed pyridine
under the coverages of 0%, 25%, 50% and 75%.
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Fig. S12 The Bader charge analysis of CO on Pt(111) with different coverages of pyri-
dine.
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Fig. S13 Electronic property of CO on Pt(111) with different coverages of pyridine.
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Table S2 Physicochemical properties of the organic ligands

Ligands Abbreviation Structure
Pyridine Py | _
\\N‘_.;:e

Oleylamine OAm o~ 3 o~ -~ _-NH)

Butylamine BAmM T N
\T,
4-dimethylaminopyridine DMAP ,lf"“’*a-]
7
Triphenylphosphine TPP P\

The reasons why above ligands were selected:

Based on the experimental and theoretical analysis, it was found that the electronic
effect of ligand was important to obtain the bifunctional catalyst in ORR and MOR. To
further investigate the electronic effect on the catalytic performance, it is crucial to
compare the ligands with different electron donating abilities. Here, OAm is chosen
as an alkylamine ligand whose electron donating ability is weaker than that of pyri-
dine. Besides, considering that OAm is a commonly used ligand in colloidal synthesis,
the study of impact of OAm on catalytic activity is also important in heterogeneous
catalysis. Observing that the electronic effect of OAm is not as strong as that of pyri-
dine in ORR and MOR, we further used shorter carbon-chain of alkylamine (butyla-
mine) to demonstrate that the alkylamine indeed had less electronic effect than pyr-
idine. On the other hand, considering that the substituent group in 4-
dimethylaminopyridine (DMAP) can further donate electrons to the pyridine ring,
DMAP was selected as a ligand whose electron donating ability is stronger than that
of pyridine. Similar to pyridine, DMAP exhibits both electronic and steric effects. At
given surface coverage, Pt/C modified by DMAP even shows slightly higher ORR activ-
ity than Pt/C-py. The above results led us to think if the electronic effect came from
the pyridine ring (similar as benzene ring). Considering that TPP has more benzene
rings and it was often used as an electron-donating ligand in homogeneous catalysis,
we thus determined its effects in ORR and MOR and found it had both of the elec-
tronic and steric effects.
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Fig. S14 TEM image (a) and XRD pattern (b) of as-synthesized PtCu alloy nanoden-
drites (NDs). (c) XPS spectra of PtCu NDs and pyridine modified PtCu NDs (PtCu NDs-

py).
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Fig. S15 (a) XPS Pt 4f spectra of PtCu nanodendrites (NDs) and pyridine-saturated
PtCu NDs (PtCu NDs-py). (b) CVs of PtCu NDs and PtCu NDs-py operated in N»-
saturated 0.1 M HCIOa. (c) ORR LSV curves of Pt/C, PtCu NDs and PtCu NDs-py in O>-
saturated 0.1 M HClOa4. (d) MOR LSV curves of Pt/C, PtCu NDs and PtCuNDs-py in N2-
saturated 0.1 M HCIO4 + 0.1 M CH30OH solution.
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Fig. S16 CV curves of Pt/C-py before and after 500 cycles from 0.05 V to a specific
potential. (a) 0.8 V, (b) 0.9V, (c) 1.0V, (d) 1.1V, (e) 1.3 V. (f) The variation of ECSA af-
ter different cycles from 0.05 V to a specific potential.
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Fig. S17. XPS spectra (a) and CO stripping in 0.1 M HCIO4 (b) measurements of Pt/C

and OAm modified Pt/C.
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Fig. S18. The case of butylamine (BAm) ligand. (a) CVs operated in N»-saturated 0.1 M
HCIO4 solution of Pt/C catalyst immersed in different concentrations of BAm/ethanol
mixture. (b) LSV curves of Pt/C catalyst immersed in different concentrations of
BAm/ethanol mixture. Mass activity (c) and specific activity (d) of Pt/C catalyst as a
function of surface coverage of BAm derived from hydrogen desorption. (e) MOR
curves in 0.1 M HCIO4 + 0.1 M CH30OH solution of Pt/C and Pt/C with different surface
coverages of BAm. (f) MOR mass activity (left) and specific activity (right) versus sur-
face coverage of BAm on carbon supported Pt.
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Fig. $19. The case of triphenylphosphine (TPP) ligand. (a) CVs operated in N-
saturated 0.1 M HCIO4 solution of Pt/C catalyst immersed in different concentrations
of TPP/ethanol mixture. (b) LSV curves of Pt/C catalyst immersed in different concen-
trations of TPP/ethanol mixture. Mass activity (c) and specific activity (d) of Pt/C cata-
lyst as a function of surface coverage of TPP derived from hydrogen desorption. (e)
MOR curves in 0.1 M HCIO4 + 0.1 M CH3OH solution of Pt/C and Pt/C with different
surface coverages of TPP. (f) MOR mass activity (left) and specific activity (right) ver-
sus surface coverage of TPP on carbon supported Pt.
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