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Experimental details

Chemicals: Tron (II) sulfate heptahydrate (FeSO4 7H,0, 99%), chloroplatinic acid hexahydrate
(H,PtClg6H,0, 99%), zinc nitrate hexahydrate (Zn(NO;),.6H,0), 2,2’-bipyridine (C;oHgN,, 99%),
dopamine hydrochloride (CgH;;NO,HCL, 98%), 2-methylimidazole (C4H¢N,, 98%), absolute ethanol
(C,H50H, 99.7%), absolute methanol (CH;OH, 99.5%) and ammonia (NH;H,O, 25-28%) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China. Sulfuric acid (H,SOy,
98%) was purchased from Sinopharm Chemical Reagent Co., Ltd., China. Nafion D520 membrane
solution (5 wt%) and commercial IM-20%Pt/C were purchased from Shanghai Hesen Electric Co.,
Ltd., China. All the chemicals were used as received without any further treatment. Deionized water
was obtained from an ultra-pure purification system.

Preparation of the High Nitrogen-Content Carbon (HNC): The HNC powder was prepared
according to the previous work with slight modification.! Firstly, 14.88 g of Zinc nitrate hexahydrate
and 16.22 g of 2-methylimidazole were respectively weighed and dissolved into 400 mL of methanol
solution and ultrasonicated for 10 minutes. Then, the 2-methylimidazole solution was quickly poured
into the zinc nitrate hexahydrate solution and ultrasonicated them until milky white precipitate
appeared. After standing for overnight, the milky white precipitate was cleaned and centrifugated with
deionized water and anhydrous ethanol for three times and finally was dried at 60 °C for overnight to
obtain ZIF-8 precursor powder. After that, 3 g of ZIF-8 precursor powder was weighed and well
dispersed into a mixed solution (1000 mL deionized water, 400 mL anhydrous ethanol, and 10 mL
ammonia) by sonicating it for 30 minutes. Meanwhile, 500 mg of dopamine hydrochloride was
dissolved into a mixed solution (60 mL deionized water and 40 mL anhydrous ethanol) and stirred for
30 minutes. Then, the dopamine hydrochloride mixed solution was poured into the ZIF-8 dispersion
and continuously stirred for overnight at room temperature. The brown precipitate was cleaned and
centrifuged for three times with deionized water and anhydrous ethanol and finally dried for overnight
at 60 °C to obtain the ZIF-8@polydopamine precursor powder. After that, the obtained ZIF-
8@polydopamine precursor powder was annealed at 900 °C in an argon atmosphere for 2 hours and
then naturally cooled down to obtain the HNC powder.

Preparation of the PtFe@HNC electrocatalyst: The PtFe compound powder was prepared based on

the previous work with slight modification.? Specifically, 2 mmol of iron(II) sulfate heptahydrate was
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weighed and dissolved into 60 mL of deionized water and stirred for 10 minutes. Meanwhile, 6 mmol
of 2,2’-bipyridine (bpy) was weighed and dissolved into 60 mL of anhydrous ethanol and stirred for
10 minutes. Then, the 2,2’-bipyridine ethanol solution was added to the FeSO47H,0 solution to form
a deep-red complex solution and continuously stirred for overnight. Subsequently, 60 mL of ethanol
solution containing 2 mmol H,PtCls6H,0 was gradually added to produce a bright-red precipitate and
stirred continuously for more than 5 hours. After that, the bright-red PtFe compound precipitate was
cleaned and centrifuged with ethanol solution for several times and dried at 60 °C for overnight. The
obtained PtFe complex precursor powder (800 mg) and HNC powder (800 mg) were respectively
dispersed in 200 mL of ethanol solution, followed by ultrasonic treatment and magnetic stirring for 2
hours to make them relatively more dispersed. Then, the powder dispersions were thoroughly stirred
and mixed by ultrasonic stirring and finally dried at 60 °C for overnight to obtain the black-red PtFe
compound/HNC composite powder. Ultimately, the prepared PtFe compound/HNC composite
precursor powder was annealed at 700 °C under Ar atmosphere for 6 hours to obtain an ordered PtFe
alloy/high nitrogen-content carbon composite electrocatalyst, named as PtFe@HNC.

Materials Characterization: The samples’ morphology, mean nanoparticle size and crystal plane
structure were respectively observed through scanning electron microscopy (SEM, SIRION200, 3 kV)
and transmission electron microscopy (TEM, JEM-2100F, 200 kV). The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and energy dispersive spectroscopy
(EDS) mapping images were obtained using high-resolution transmission electron microscopy
(HRTEM, FEI Talos F200X, 200 kV). The X-ray diffraction (XRD) image was performed on a X Pert
through the graphite monochromatized Cu-Ko radiation (A=1.54178A) from 20° to 80°. The
Brunauer—-Emmett-Teller (BET) surface area, and relative pore size distribution analysis were done
on a Tristar II 3020M. The X-ray photoelectron spectroscopy (XPS) was measured on a Thermo
ESCALAB 250Xi with the Al Ka =1486.6 eV. The metal loading was obtained from Inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Optima 7300 DV) equipment.
Electrochemical Measurements: All electrochemical tests were completed on the electrochemical
workstation (CHI 660E) with standard three-electrode system using Ag/AgCl (3 M KCI) as the
reference electrode, glassy carbon electrode (GCE, diameter 3 mm) as the working electrode, and
platinum wire as the counter electrode. The catalyst slurry was obtained by adding 2 mg as-prepared

sample into the mixture solution of 500 pl deionized water, 500 pul absolute ethanol and 30 pl Nafion
3
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(D520, 5 wt%) and ultrasonicated for 60 minutes. Then, 5 pl of the catalyst ink (2 mg/ml, 14.5 wt% Pt
loading measured by ICP-AES) was dripped onto a pre-cleaned GCE and naturally dried to form a
uniform film. All electrochemical measurements were conducted in N,-saturated sulfuric acid medium.

For methanol oxidation reaction (MOR) testing, the working electrode was activated in 0.5 M
H,S0O, aqueous solution through cycling potential between -0.2 and 1.0 V vs. Ag/AgCl for 50 cycles
at 50 mV's’! for the calculation of electrochemical specific aera (ECSA) using the following equation?:
ECSA = Qn/(Mp*0.21 mC/cm?), where Qy is the charge of H,,q adsorption, Mp; is the loading amount
of Pt, 0.21 mC/cm? is the charge of oxidizing monolayer of H, absorption on the surface. And then,
CV curves were operated between 0 and 1.0 V vs. Ag/AgCl in 0.5 M H,SO, + 1 M CH;0H aqueous
solution to determine the electrocatalysts’ activity for MOR. To make the tests more rigorous, the
loading content of Pt was determined as 14.5 wt% by ICP-AES. CA curves (4000 s, at 0.60 V vs.
Ag/AgCl) and CV curves (1000 cycles, at 200 mV/s) were performed in 0.5 M H,SO, containing 1M
CH;O0H to check the durability of electrocatalysts.

For hydrogen evolution reaction (HER) testing, all potentials were transformed to RHE with the
following equation*: E (RHE) = E (Ag/AgCl) + 0.226 V. Firstly, the working electrode was activated
in 0.5 M H,SO, solution through the potential cycling between 0.1 and -0.4 V vs. RHE at 50 mV/s
until stable voltammogram curves were obtained. The electrocatalytic performance of HER was
acquired by linear sweep voltammograms (LSV) at 5 mV/s and all polarization curves were corrected
with iR compensation for 90%. The Tafel slope (b) was calculated with the following equation: #= a
+ b log (j), where n is the overpotential (mV) and j is the current density (mA/cm?). Turnover
frequency (TOF) values were obtained by the following equation: TOF (s!) = I/(2*F*n), where 1 is
the current (mA) during the LSV testing, F is the Faraday’s constant (96485 C/mol), n is the number
of active sites (mol). Electrochemical impedance spectroscopy (EIS) spectra were recorded ranging
from 100 kHz to 10 mHz with the amplitude of 10 mV. CV curves were operated by cycling potential
between 0.1 and -0.4 V vs. RHE at 200 mV/s to evaluate the catalytic stability of catalysts for HER.
Chronopotentiometric (CP) curve was performed at 10 mA/cm? to further verify the superior durability

of PtFe@HNC electrocatalyst for HER.



109 Results

110
111 Figture S1. Physical characterization of the PtFe@HNC electrocatalyst. (a) and (b) SEM images. (¢) and (d) TEM

112 images. (¢€) HAADF-STEM image. (f) Electronic photo for the gram-scale synthesis of PtFe@HNC electrocatalyst.

113



114 Table S1. Lattice strain and ordering degree of PtFe@HNC.*

Sample 20(degree) Lattice spacing Lattice constrain Ordering degree
P (111 d(A) (%) (%)
Pt-PDF# (04-0802) 39.76 2.27 - -
PtFe@HNC 40.86 2.25 -0.88 79.25

115 * According to the parameters from XRD and HRTEM with the following equation:
dPt -Fe™ dPt -Pt
fE=———— %
116 Lattice strain dpe_pe 100%
117 The ordering degree of PtFe@HNC was calculated through the following equation (2):

Sa10)

*
118 Ordering degree / = Sain 5o *Sw002)  100%

119 Where the Sqi10), Scii1y, S200) S002) respectively refers to the aera of XRD powder diffraction peaks (110), (111),
120 (200) and (002).And the standard value of ordering degree for fct-PtFe was 0.1843, which can be normalized to 100%

121 ordering intermetallic PtFe.?
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124 Figure S2. CV curves of PtFe@HNC with different annealing temperature (a) and time (b) in N,-saturated 0.5 M
125 H,SO4+ 1 M CH;0H solution.
126
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Figure S3. Contact angles of 0.5 M H,SO, solution with (a) PtFe@HNC and (b) Pt/C electrodes.

Table S2. Electrocatalytic activity of PtFe@HNC and commercial Pt/C toward MOR

Samples ECSA (m?%/g) Eonset (V) I (mA/mgpy) 1/1,
PtFe@HNC 49.6 0.30 1599.3 2.04
Pt/C 56.8 0.41 299.1 0.82

Table S3. Summary of recently reported Pt-based electrocatalysts toward MOR.

Mass Specific
Samples Electrolyte activity (mA/  activity (mA/c Ref.
mg) m?)
05M stO4+ This
PtFe@HNC I M CH;OH 1599.3 3.22 work
PtFe@a-FeO,/NC- 0.5 M H,SO4+
C I M CH;OH 1480 2.34 5
Pt-8n0,-rGO 0.1 M HCIO.+ 1310 2.18 6

1 M CH;0OH



0.5 M H,SO4+

PtFeAu NCs | M CH;0H 1324 3.01 7
0.5 M H,SO4+
PtFe/C@NC-3 | M CH;OH 357.9 0.84 8
PtRuFe 0.5 M H,SO4+
nanodendrites 1 M CH;0H 1140 2.03 ?
0.1 M HCIO4+
PtFe@PtRuFe | M CH;0H 690 1.3 10
. 0.5 M H,SO4+
Pt-Ni,P-Graphene | M CH;OH 1554.6 1.64 11
0.1 M HCIO4+
PtIrCu-NCs | M CH;0H 863 1.04 12
) 0.1 M HCIO4+
PtCoNiRh NWs | M CH;0H 1360 2.08 13
. 0.5 M H,SO4+
PtNiP/P-graphene | M CH;OH 826.1 0.65 14
133
(b) Element Atom%
Pt 51.69
Fe 48.31
g Cu
=
134

135 Figure S4. (a) and (b) TEM and STEM-EDS images of PtFe@HNC after 4000 s chronoamperometric measurement
136 toward MOR, the inset is HRTEM for interplanar spacing. (c) and (d) TEM images of commercial Pt/C before and
137 after 4000s chronoamperometric measurement toward MOR.



CH,OH +* - CH,OH*+H* +e= (1)

CH,OH* — CHOH* + H" + ¢ (2)
CHOH* — COH* + H™ + e~ (3)
COH* — CO* + H + e (4)

CO*+H,0 - CO*+OH"+H*+e (5

CO*+ OI* —» CO, +tH.O+H'+e (6)
138

139 Figure SS. The involved multiple-electrons transfer routes for MOR.
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141
142 Figure S6. Retention of mass activity for PtFe@HNC and commercial Pt/C after 4000 s chronoamperometric

143 measurement in N,-saturated 0.5 M H,SO,4 and 1 M CH;O0H solution.
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144
145 Figure S7. Crystalline structures, vibrational modes and elemental bonding states of the PtFe@HNC electrocatalyst

146 before and after 4000 s chronoamperometric MOR testing. (a) XRD patterns. (b) Raman spectra. (c) Pt 4f XPS
147 spectra. (d) Fe 2p XPS spectra. () N1s XPS spectra. (f) Cls XPS spectra.
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151 5] . 25

152 Figure S8. (a) and (b) TEM images of PtFe@HNC after accelerated 5000 sweeps toward HER, the inset is HRTEM
153 for interplanar spacing. (c) and (d) TEM images of commercial Pt/C before and after accelerated 5000 sweeps toward
154 HER.

155
156 Table S4. Summary of recently reported Pt-based electrocatalysts toward HER.
Samples Electrolyte Ovelai)\t]e;ntial slop (T ;i?/l dec) Ref.
P{Fe@HNC 0.5 M H,S0, 15 12.5 vfg;i
Pt/NiCo@C 0.5 M H,SO, 17 32 15
Pt/Ti0,-0O, 0.5 M H,SO,4 18 12 16
Pts/HMCS 0.5 M H,SO, 20.7 28.3 4
Pt NPs/Siloxene 0.5 M H,SO, 24 24.6 17
Pto.47-Ru/Acet 0.5 M H,SO, 28 333 18

Pt-Ni NPs 0.5 M H,SO,4 32 51 19

11
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159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179

Pt/Mxene 0.5 M H,SOy4 34 29.7 20

ALDS50Pt/NGNs 0.5 M H,SO, 40 29 21
Pt-NCs-Mxene 0.5 M H,SO, 40 51 22
Pt SA/m-WO5 0.5 M H,SO, 45 47 23
CuTi@Pt 0.5 M H,SO, 46 33.3 24
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