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ABSTRACT

The high cost and poor durability of Pt nanoparticles (NPs) have always been great challenges to the commercialization of proton exchange
membrane fuel cells (PEMFCs). Pt-based intermetallic NPs with a highly ordered structure are considered as promising catalysts for PEMFCs
due to their high catalytic activity and stability. Here, we reported a facile method to synthesize N-doped carbon encapsulated PtZn
intermetallic (PtZn@NC) NPs via the pyrolysis of Pt@Zn-based zeolitic imidazolate framework-8 (Pt@ZIF-8) composites. The catalyst obtained
at 800 °C (10%-PtZn@NC-800) was found to exhibit a half-wave potential (Ei.) up to 0.912 V versus reversible hydrogen electrode (RHE) for
the cathodic oxygen reduction reaction in an acidic medium, which shifted by 26 mV positively compared to the benchmark Pt/C catalyst.
Besides, the mass activity and specific activity of 10%-PtZn@NC-800 at 0.9 V versus RHE were nearly 3 and 5 times as great as that of
commercial Pt/C, respectively. It is worth noting that the PtZn@NC showed excellent stability in oxygen reduction reaction (ORR) with just
1 mV of the Ey» loss after 5,000 cycles, which is superior to that of most reported PtM catalysts (especially those disordered solid solutions).
Furthermore, such N-doped carbon shell encapsulated PtZn intermetallic NPs showed significantly enhanced performances towards the
anodic oxidation reaction of organic small molecules (such as methanol and formic acid). The synergistic effects of the N doped carbon
encapsulation structure and intermetallic NPs are responsible for outstanding performances of the catalysts. This work provides us a new
engineering strategy to acquire highly active and stable multifunctional catalysts for PEMFCs.
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and stability in many electrocatalytic processes including ORR
[22-27]. The unique carbon encapsulation structure can not only
greatly improve the catalysts™ ability of activating oxygen, but also

1 Introduction

Proton exchange membrane fuel cells (PEMFCs) as energy source

device with promising sustainable energy conversion technology
have attracted more and more attentions [1-3]. To date, Pt-based
catalysts with high catalytic activity are considered as the best
catalyst for both the anodic oxidation reaction (methanol, formic
acid and molecular hydrogen) and cathodic oxygen reduction reaction
(ORR) in the PEMFCs [4-9]. However, the application of Pt catalysts
is greatly limited because of the high cost, slow kinetics and poor
stability over long-term reaction. Recently, alloying Pt with 3d
transition metals M (M refers to transition metals such as Fe, Ni,
Co, Cu, Zn, etc.) has proven an efficiency strategy to improve the
performance of Pt-based catalysts towards PEMFCs [10-17]. However,
the PtM alloys generally form as disordered solid solutions, which
often suffer from the leaching of transition metal M under
electrochemical conditions, thereby resulting in the decay of catalytic
activity [18]. Of note, intermetallic nanoparticles (NPs), another
form of alloy with a ordered occupancy of Pt and M atoms, are
often found to exhibit significantly enhanced activity, anti-toxicity
as well as stability compared to those disordered solid solutions when
acting as fuel cell catalysts [7, 8, 19-21].

Wrapping active metal NPs with a carbon layer of a proper
thickness is another effective strategy to improve the catalyst activity

protect the active metal components (such as transition metals) in
catalysts from the leaching under harsh catalytic conditions (e.g.,
strong acidity or alkalinity) [28-30]. Moreover, many studies revealed
that doping with p-block elements (especially N doping) can effectively
modify the electronic structure of carbon-based materials, thereby
facilitating ORR on carbon supported catalysts [31-33]. Based on
these successes, the hybrid structure with PtM intermetallic NPs
encapsulated in N-doped carbon is supposed to be an ideal architecture
of catalysts with high activity and high stability in electrocatalysis
processes [32, 33]. But the biggest current challenge is how to fabricate
such complicated architectural catalysts simply and efficiently.
Recently, metal-organic frameworks (MOFs) have proven to be a
kind of promising precursors for the synthesis of heteroatom-doped
carbon supported electro-catalysts through thermal decomposition
due to its highly ordered porous structure, large specific surface area
and uniform distribution of hetero-atoms [34-37]. In this study, we
successfully synthesized N-doped carbon (NC) shell encapsulated
intermetallic PtZn (PtZn@NC) NPs via the pyrolysis of Pt@MOF
composites with Pt NPs incorporated in Zn-based zeolitic imidazolate
framework-8 (ZIF-8) under H./Ar atmosphere. In this synthetic
route, the PtZn intermetallic nanoparticles (NPs) were in situ generated
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via alloying Pt with Zn reduced from ZIF-8 and embedded in as-formed
N-doped carbon during the pyrolysis process of precursors. Strikingly,
the resulting PtZn@NC catalyst obtained at 800 °C not only exhibited
significantly improved catalytic activity and stability for the cathodic
ORR in an acidic medium, but also exhibited excellent properties in
anodic oxidation reaction of small organic molecules such as formic
acid and methanol.

2 Experiment

Chloroplatinic acid (H2PtCle:6H:0), zinc nitrate hexahydrate (Zn
(NO:s),-6H,0), polyvinylpyrrolidone (PVP, K-30), methanol and
ethanol were analytical reagents and purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). 2-methylimidazole
were analytical reagents and purchased from J.K. All reagents were
used as received without further purification.

2.1 Synthesis of 5 nm PVP capped Pt NPs

According to literature [38], 133 mg PVP, 180 mL methanol and
15.5 mL aqueous solution of H,PtCls (77.23 mM) were mixed and
refluxed at 60 °C in a 500 mL flask for 3 h under air. After removing
methanol with rotary evaporator, Pt NPs were precipitated by acetone
and methanol (7:3) several times and centrifuged at 10,000 rpm for
8 min. Then, the sample was dispersed with methanol (5 mg/mL).

2.2 Synthesis of rhombic dodecahedral Pt@ZIF-8 with
different Pt contents

In the typical synthetic process, 40 mL 2-methylimidazole (2-Mim,
5.5 g) methanol solution, 3 mL Zn(NO:)»-6H,O (0.464 g) methanol
solution, and 7.16 mL PVP capped Pt NPs stock solution were
successively added in a 100 mL blue cover bottle. Then, the mixture
was stirred for 6 h at room temperature. The sample was precipitated
by ethanol three times and dried in a vacuum dryer at 60 °C for 24 h.
The theoretical Pt content in the Pt@ZIF-8 precursor was calculated
to be ca. 10 wt.% according to the raw ratio of Pt NPs relative to
ZIF-8. To obtain Pt@ZIF-8 with 1 wt.%, 2 wt.%, 5 wt.%, 15 wt.%,
and 20 wt.% Pt contents, the amounts of the PVP capped Pt NPs
stock solution added were changed to 0.715, 1.43, 3.58, 12.615, and
17.875 mL, respectively. For convenience, the resulting precursors
were denoted as W%-Pt@ZIF-8 (W = 1, 2, 5, 10, 15, 20) according
to the theoretical Pt contents.

2.3 Synthesis of intermetallic PtZn@NC hybrid catalysts

In a typical synthesis process, 50 mg 10%-Pt@ZIF-8 precursors were
moved into a quartz boat and placed in a tube furnace. The pyrolysis
was heated at 200 °C for 1 h to remove guest molecules in MOF
cavities and then calcined at given higher temperature (600, 700,
800, 1,000 °C) under a 600 mL/min flow of 5% H,/Ar for 5 h and
with a ramping rate of 5 °C/min. For convenience, the resulting
final products were denoted as 10%-PtZn@NC-X (X = 600, 700, 800,
1,000) according to the pyrolysis temperatures.

2.4 Characterization of samples

The morphology and crystal structure of samples were observed by
a scanning electron microscope (SEM, Hitachi S4800) equipped
with energy dispersive X-ray (EDX) spectroscopy and transmission
electron microscope (TEM, JEOL2100) with an accelerating voltage
of 200 kV. The composition of samples was determined by power
X-ray diffraction (XRD) on Rigaku Ultima IV diffractometer (Cu K«
radiation, 40 kV, 30 mA). The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and EDX spec-
troscopy were performed with an FEI TECNAI F30 microscope
operated at 300 kV. Inductively coupled plasma mass spectrometry
(ICP-MS) and Varioel EL III elemental analyzer were applied to
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determine the actual metal content. Before the ICP-MS analysis, the
samples were digested with mixture of HCl and HNO; (3:1, volume
ratio). X-ray photoelectron spectroscopy (XPS) measurements were
performed on an ESCALab 250 X-ray photoelectron spectrometer,
using non-monochromatic Al Ka X-ray as the excitation source. The
XPS data were calibrated according to impurity carbon 1s line
(284.6 eV). Raman spectra were recorded at room temperature with
microscopic confocal microscope (XploRA INV HORIBA) using
a 532 nm laser beam. The contents of Pt in the precursors were
determined by inductively coupled plasma atomic emission
spectrometry mass spectrometry (ICP-AES, ICP-MS7700x).

2.5 Electrochemical measurements

The electrochemical measurements were conducted at room tem-
perature (25 °C) by using the electrochemical station (CHI 760E,
Shanghai Chenhua Co., China) with a three electrode system. A
glassy carbon rotating disk electrode (RDE, diameter 5 mm, Pine
Research Instrumentation) loaded with catalysts was served as
working electrode and platinum net was used as counter electrode.
A saturated calomel electrode (SCE) was used as reference electrode.
All the given potentials were converted in terms of the reversible
hydrogen electrode (RHE) potential. All samples were dissolved in
a mixture of water, ethanol and nafion (400:400:1). The prepared
catalyst slurry was dropped in the glassy carbon electrode and then
was swab off by pump. The total Pt loading for each experiment
were the same (6 pg). Before the electrocatalytic experiments were
performed, cyclic voltammetry (CV) was conducted in N»-saturated
0.1 M HCIOs solutions in the potential region between 0.05 and
1.05 V vs. RHE at a sweep rate of 100 mV/s. The ORR performance
was measured by the linear sweep voltammetry (LSV) method in
O»-saturated 0.1 M HCIOjs solution in the potential region between
0.05-1.05 V vs. RHE at a sweep rate of 10 mV/s. The rotation rate
of RDE was 1,600 rpm in order to make the O, more uniform in the
solution and all the polarization curves were 90% iR corrected. The
current was normalized according to the electrode area (0.196 cm?).
The electrochemical surface area was determined from the hydrogen
adsorption area subtracted by the double layer in the CV curve
with Pt capacity of 210 uC/cm?..

For formic acid oxidation, a three-electrode cell was also used. A
glassy carbon RDE (diameter 5 mm, Pine Research Instrumentation)
loaded with catalysts was served as working electrode and platinum
net was used as counter electrode. A SCE was used as reference
electrode. All the given potentials were converted in terms of the
RHE potential. The formic acid oxidation was tested in the solution
of 0.5 M HxSO4 + 0.25 M HCOOH at a scan rate of 100 mV/s at room
temperature (25 °C). The total Pt loading for each experiment were
the same (2 pg).

For methanol oxidation, a three-electrode cell was also used. A
SCE was used as reference electrode. All the given potentials were
converted in terms of the RHE potential. A glassy carbon RDE
(diameter 5 mm, Pine Research Instrumentation) loaded with catalysts
was served as working electrode and platinum net was used as counter
electrode. The formic acid oxidation was tested in the solution of
0.5 M H,SO4 + 0.5 M CH;OH at a scan rate of 100 mV/s at room
temperature (25 °C ). The total Pt loading for each experiment were
the same (2 pg).

3 Results and discussion

Our proposed synthetic strategy is illustrated in Scheme 1. First, 5 nm
Pt NPs capped with polyvinylpyrrolidone (PVP) were encapsulated
in ZIF-8 to form rhombic dodecahedral hybrid structures (Pt@ZIF-8)
(Figs. S1(a) and S1(b) in the Electronic Supplementary Material
(ESM)) [38]. In the typical synthetic process, the real Pt content in
the Pt@ZIF-8 precursor was ca. 10 wt.% according to ICP-MS analysis,
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Scheme 1 Conversion of N-doped carbon shell encapsulated intermetallic PtZn NPs derived from Pt@ZIF-8 precursor via pyrolysis at high temperature.

which is in line with the raw ratio of Pt NPs relative to ZIF-8 (Table S1
in the ESM). Then, the resulting Pt@ZIF-8 precursors were heated
at 200 °C for 1 h to remove guest molecules in MOF cavities and
then calcined at given higher temperature (typically 800 °C) in a
mix gas of H, and Ar (1:20) for 5 h to get intermetallic PtZn NPs
supported on N-doped C matrices. For convenience, the resulting
final products were denoted as 10%-PtZn@NC-X (X = 600, 700,
800, 1,000) according to the pyrolysis temperatures.

Figure 1(a) depicts the powder XRD pattern of the representative
product obtained at 800 °C (i.e., 10%-PtZn@NC-800), which agrees
well with the standard pattern of tetragonal intermetallic PtZn
(P4/mmm, PDF#06-0604), without any peaks assigned to impurities.
This indicates that all Pt NPs encapsulated within ZIF-8 have been
alloyed with Zn atoms derived from ZIF-8 to form a ordered alloy
structure via the calcination process at 800 °C. The detailed structure
information of the sample 10%-PtZn@NC-800 was further provided
by TEM. As shown in Fig. 1(b), the 10%-PtZn@NC-800 has lost
the original rhombic dodecahedral shape of Pt@ZIF-8 precursors,
indicating the pyrolysis process brought great destruction to the
structure of samples. The whole particles appeared plum puddings
where small metal NPs with dark contrast were separately embedded
in amorphous carbon matrices. Compared to the original PVP capped
Pt NPs, the average size (7 nm) of metal NPs slightly increased after
calcination, which should be attributed to the lattice expansion when
the evaporated Zn atoms enter the Pt NP lattices [39]. In high-
resolution TEM (HRTEM) image (Fig. 1(c)), lattice fringes with
0.23 nm interplanar spacing were clearly observed on the metal NPs,
which is corresponding to the {111} planes of intermetallic PtZn
[39]. On the surface of PtZn NPs was covered with a thin layer of
carbon, which was around 1 nm in thickness. According to previous
studies [40-43], the carbon shell of 1 nm would not affect the electron
transport and O: diffusion during ORR. Particularly, besides Pt, Zn,
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Figure 1 (a) Powder XRD pattern, (b) low magnification TEM and (c
of 10%-PtZn@NC-800.

and C elements, N element was also detected in 10%-PtZn@NC-800
from EDX spectroscopy analysis (Fig. S2 in the ESM). What’s more,
the relative atomic ratio of Zn to Pt in the sample was higher than
1:1 in intermetallic PtZn (Table S2 in the ESM).

To further confirm the composition of 10%-PtZn@NC-800 and
corresponding element dispersion status, HAADF-STEM image and
EDS elemental mapping were conducted (Fig. 1(d)). It was found
that both N and C were homogeneously dispersed in the whole
plum pudding-like particles, revealing the element N originating from
the organic linker (methyl imidazole) of ZIF-8 was uniformly
doped into the carbon support. The signals from the element Zn
were mainly distributed in the distribution zone of Pt, but some
signals were also present in the carbon support. This indicates that
a small quantity of Zn atoms fell on the carbon support surface
after being evaporated, which explained well the extra Zn content
in the EDX analysis with regard to the sample.

Based on the above results, it can be concluded that intermetallic
PtZn NPs encapsulated in N-doped carbon were successfully
synthesized via our proposed method. In this synthetic process, the
Pt content in Pt@ZIF-8 precursors and the pyrolysis temperature
are considered two key parameters that would significantly influence
the structure of the resulting PtZn@NC catalysts and their
electrocatalytic performances. Given that, we conducted two series
of control experiments where the Pt content in the Pt@ZIF-8
precursors or the calcination temperature were solely changed.
Figure S3 in the ESM show the structure and composition of the
products obtained at 800 °C by using Pt@ZIF-8 precursors of
different Pt contents. It was found that metal NPs of all the samples
existed in the form of intermetallic PtZn. Of note, the average sizes
of as-formed intermetallic PtZn NPs were little changed at low Pt
loading contents in the Pt@ZIF-8 precursors (1%, 2%, 5%, and 10%)
due to the confinement effect of carbon shell. When the content of

) HRTEM images of 10%-PtZn@NC-800. (d) HAADF-STEM image and EDX element mapping
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Pt encapsulated in ZIF-8 exceeded 10%, the average size (8.1 nm for
15% and 10.5 nm for 20%) and distribution range of PtZn NPs
increased significantly. Thus it can be seen that the effect of carbon
shell for inhibiting the agglomeration of metal NPs nearly failed at
high Pt contents.

Next, we selected 10%-Pt@ZIF-8 as a typical precursor to study
the influence of pyrolysis temperature on the structure of products.
As shown in SEM images of the products obtained at different tem-
peratures (Fig. S4 in the ESM), the shape of rhombic dodecahedron
was retained for the products obtained at relatively low temperature
(e.g., 600 and 700 °C), while the morphology began to be destroyed
at 800 °C and completely lost at 1,000 °C. It was also found that the
size distribution of metal NPs encapsulated in carbon were basically
kept constant for the products obtained at 600, 700, and 800 °C, but
a considerable number of larger-size metal NPs (20-45 nm) were
formed when the pyrolysis temperature increased to 1,000 °C in
Figs. 2(a1)-2(d.). This sudden change of metal NPs in size is intuitively
displayed in Fig.2(e). These results above further indicated the
inhibition effect of the carbon support to the agglomeration of metal
NPs. It is worth noting that the thickness of carbon shell wrapping
around metal NPs gradually decreased as the pyrolysis temperature
increased (Figs. 2(a2)-2(d)). For example, the thickness of carbon
shell was ca. 2.7 nm for the sample at 600 °C, but it decreased to ca.
1.0 nm for the sample at 800 °C. Clearly, different thicknesses of
carbon shell wrapping on metal NPs would greatly affect electrocatalytic
performances of the resulting PtZn@NC hybrids [40, 41].

The pyrolysis temperature also made a significant influence on
the composition of metal NPs. According to the XRD analysis
results in Fig. 2(f), the metal NPs in the products obtained at 600,
700, and 800 °C existed in the form of intermetallic PtZn, and the
metal NPs turned into Pt rich solid solution alloy (PtimZn) of a
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face-centered cubic (fcc) structure when the pyrolysis temperature
increased to 1,000 °C. This result indicates that the fcc structured
solid solution with a disorder alloy feature is thermodynamically
prone to form at higher temperature. It was also found that the
Zn/Pt atomic ratios in the product significantly decreased as the
temperature increased (see Table S2 in the ESM for detailed data).
At relatively low temperatures (such as 600 °C), the Zn atoms reduced
from ZIF-8 were hardly evaporated and thus a considerable number
of Zn atoms dropped on the surface of carbon support (the atomic
ratio of Zn/Pt = 4.3). The higher the temperature was; the more Zn
atoms would be evaporated. The atomic ratio of Zn/Pt was close to
1:1 for the product obtained at 800 °C, and it further decreased to
0.15 for the product obtained at 1,000 °C. The XPS valence states
analysis of Zn also proved such a composition change that the content
of metallic Zn was relatively higher at 600 °C and decreased as the
temperature increased (Fig. S5 in the ESM). In fact, it was speculated
that the evaporation of more Zn atoms at high temperature facilitated
the transformation from the intermetallic PtZn to the fcc structured
PtiaZn alloy.

Previous studies have demonstrated that the doping of N with
high electro-negativity on C can effectively modify the electronic
structure and promote the activity of ORR reaction [31-33]. In fact,
the pyrolysis temperature significantly influenced the doping status
of N in the carbon support. First, the N content in the products
decreased as the pyrolysis temperature increased (Table S2 in the
ESM). The N content was still high at 800 °C (1.37 wt.%), but it
reduced severely at 1,000 °C (0.2 wt.%). As previously reported, the
doping form of N in carbon is more important when the N content
is sufficient [44, 45]. To confirm the existence status of N in the
carbon support, high resolution XPS spectra of N 1s was conducted.
As revealed in Figs. 3(a)-3(d), the N 1s spectra of the products

o
S 10%-PtZn@NC-1000|
s
> 10%-PtZn@NC-800
i 10%-PtZn@NC-700
q:) A 10%-PtZn@NC-600
g | , Pt-PDF#87-0640
. - Qth:gquos-o!ﬁo-t J
20 40 60 80
260(°)

Figure 2 (ai)-(d1) Low magnification TEM image of PtZn@NC hybrid structure obtained at 600, 700, 800, and 1,000 °C. Insets correspond size distribution histograms
of metal NPs. (a2)—(dz) Corresponding high magnification image of partial zones to show the covering status of carbon shell. (¢) The change trend of size distributions
of metal NPs in the 10%-PtZn@NC-X as a function of pyrolysis temperatures. Hollow circles represent average diameters. (f) XRD patterns of the PtZn@NC hybrid

structures obtained at different temperatures.
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obtained at different temperatures exhibited distinct profiles,
indicating different doping status of N in the carbon support. For
the 10%-PtZn@NC-600, a slightly asymmetric XPS peak of N 1s
centered at 398.8 eV, which can be deconvoluted to two main kinds
of N species, pyridinic N (398.3 £ 0.3 eV) and pyrrolic N (399.2 +
0.1 eV) [46]. In the XPS spectra of N 1s for the 10%-PtZn@NC-700
and 10%-PtZn@NC-800, a shoulder peak with different intensity
appeared at higher binding energy of the pyridinic N peak, which
can be dominantly assigned to graphitic N (400.7 + 0.1 eV). For the
10%-PtZn@NC-1000, the N 1s XPS peak was very weak and centered
at 400.7 eV. According to the fitting with regard to XPS N 1s peaks
of these samples (Fig. 3(e)), the pyrrolic and pyridinic N were
dominant species in the samples obtained at low temperatures,
whereas the proportion of graphitic N species gradually increased
with increasing temperatures. At 1,000 °C, the element N doped in
carbon support completely existed as graphitic N. Raman spectroscopy
was used to examine the carbon structure in detail. As shown in
Fig. 3(f), the spectrum displays intense peaks at 1,350 and 1,580 cm™,
corresponding to the disordered carbon structures (D band) and
the graphitized carbon (G band), respectively. The relative ratio of
D to G bands (In/Ic) for the 10%-PtZn@NC-800 was 0.95, indicating
there were a lot of defects in carbon [47]. This defect structure is
usually present in N-doped graphene materials and it can produce a
large number of active sites for electrocatalysis [48].

Considering the unique N-doped carbon encapsulation structure,
the as-synthesized PtZn@NC hybrids are expected to exhibit
excellent performances when they are applied as catalysts for fuel
cells. First, the ORR activities of samples were tested using a RDE
in 0.1 M HCIO; solution saturated with O at room temperature. To
reveal the influence of carbon shell thickness and the metal NP
size on the catalytic activities, the samples obtained at different
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(f) Raman spectra of the product obtained at 800 °C.
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temperatures and the commercial Pt/C catalyst (20 wt.%) were
measured under the same conditions. Figure 4(a) shows the ORR
polarization curves on these samples. The sample 10%-PtZn@NC-600
was completely inactive for ORR in the acidic medium, and the
sample 10%-PtZn@NC-1000 presented very limited activity. Clearly,
the bad electrocatalytic performances of the two samples are closely
related to their structures. As for the sample 10%-PtZn@NC-600,
the carbon shell wrapping on the PtZn intermetallic NPs was a bit
thick so that the PtZn intermetallic NPs were forfeited the catalytic
activity. And for the sample 10%-PtZn@NC-1000, PtZn intermetallic
NPs encapsulated in carbon grew and aggregated obviously, which
severely reduced the catalyst activity. Expectedly, the two PtZn@NC
samples with relatively thin carbon shells (10%-PtZn@NC-800 and
10%-PtZn@NC-700) exhibited superior activities to the commercial
Pt/C. The half wave potential (Ei.) of 10%-PtZn@NC-800 was
0.912 V, which shifted by 19 and 26 mV positively compared to the
10%-PtZn@NC-700 (0.893 V) and the commercial Pt/C catalyst
(0.886 V), respectively (Table S3 in the ESM). Of note, the Tafel
slope of 10%-PtZn@NC-800 (45 mV/decade) was much lower than
that of commercial Pt/C (55 mV/decade), indicating more favorable
catalytic kinetics on 10%-PtZn@NC-800 (Fig. S6 in the ESM).
In addition, 10%-PtZn@NC-800 exhibited higher onset potential
compared to commercial Pt/C (0.984 V for 10%-PtZn@NC-800,
and 0.962 V for commercial Pt/C), which indicates higher intrinsic
activity of 10%-PtZn@NC-800. The above results demonstrated that
the thickness of the carbon layer wrapping on metal NPs is most
essential for keeping catalytic activities of metal NPs [24-26]. In
addition, the significantly enhanced activity for 10%-PtZn@NC-
800 may result from an increase in graphitic N in carbon support.
And previous studies have demonstrated that doping of graphitic N
would lead to a non-uniform electron distribution, which may
facilitate the adsorption of O, around Pt atoms [45, 49, 50].

The CV curves in Fig. 4(b) proved this statement. It was found that
the double electric layer of 10%-PtZn@NC-800 was the smallest
among all the samples, followed by the 10%-PtZn@NC-700. From
the CV of 10%-PtZn@NC-600 (Fig. S7(a) in the ESM), the double
electric layer of 10%-PtZn@NC-600 was very large and the current
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Figure 4 (a) Polarization curves of the catalysts for ORR in O; saturated 0.1 M
HCIOj solution; scan rate, 10 mV/s; rotation rate, 1,600 rpm. Catalyst loading in
terms of Pt mass: 6 pg. (b) CV curves of the products obtained at different
temperatures and the commercial Pt/C in N; saturated 0.1 M HClO4 solution.
(c) ORR polarization curves after 5,000 CV cycles between 0.6 and 1.0 V versus
RHE. Scan rate, 10 mV/s. The scan rate for the accelerated durability test (ADT)
is 100 mV/s. (d) Mass activities and specific activities at 0.9 V vs. RHE.
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density was very small. In addition, there was no steady-state ORR
current for 10%-PtZn@NC-600, indicating no active sites exist [47].
Furthermore, it was found that almost no bare Pt existed in the
10%-PtZn@NC-600 because no hydrogen zone in CV. These results
are associated with the fact the carbon layer wrapping on PtZn NPs
was too thick at 600 °C. By contrast, CV of 10%-PtZn@NC-1000
revealed that there was a hydrogen zone although the current
density was very small (Fig. S7(b) in the ESM).

The accelerated stress tests (ASTs) were conducted to study the
catalyst stability of the best catalyst 10%-PtZn@NC-800 by cycling
the potential in 0.6-1.0 V (100 mV/s) window in 0.1 M HClOs by
using RDE. As shown in Fig. 4(c), the Ei2 loss of 10%-PtZn@NC-800
was only 1 mV after 5,000 cycles. By contrast, the Ei2 of the
commercial Pt/C negatively shifted by 7mV after 5,000 cycles,
indicating its inferior stability (Fig. S8 in the ESM). TEM observation
of the catalysts after ASTs indicated the PtZn nanoparticles did not
increase significantly in size, and the carbon layer did not show
significant corrosion. This result fully confirmed the good structure
stability of as-prepared PtZn@NC hybrid catalysts (Fig. S9 in the
ESM). We also compared our catalyst with other Pt-based elec-
trocatalysts previously reported, indicating that our catalyst also has
excellent stability (Table S4 in the ESM). Several key activity parameters
calculated from the kinetic current density (I) at 0.9 V are com-
pared in Fig. 4(d). The 10%-PtZn@NC-800 catalysts exhibited the
highest mass and specific activities among the measured catalysts.
The mass activity and specific activity of 10%-PtZn@NC-800
were 0.283 A/mgp and 1.03 mA/cme at 0.9 V versus RHE in acid
electrolytes, which are nearly 3 and 5 times greater that of commercial
Pt/C, respectively (see Table S5 in the ESM for details).

To examine the influence of the Pt content on the activity of
catalysts in ORR, we tested the samples obtained at 800 °C by using
Pt@ZIF-8 precursors of different Pt contents (Fig. S10 in the ESM).
It was found that the ORR activities of the catalysts as a function
of their Pt contents presented a volcano shaped trend and the
10%-PtZn@NC-800 still had the highest activity among the
measured samples (Table S3 in the ESM). The decreased activity of
the samples with higher Pt contents (15% and 20%) should be
attributed to the significant increase in sizes of PtZn intermetallic
NPs. Based on the above results, it can be concluded that the
catalytic activities of as-synthesized PtZn intermetallic catalyst with
a N-doped carbon encapsulation structure were determined by
the shell thickness and the metal NP size. To achieve optimal
performances, both factors should be taken into account when
designedly constructing the hybrid catalysts.

In addition to the cathodic ORR, the 10%-PtZn@NC-800 sample
was applied for the anodic oxidation reaction of formic acid
and methanol. Typical CVs of formic acid oxidation on the
10%-PtZn@NC-800 and commercial Pt/C were measured in a
0.5 M H,SOs + 0.25 M HCOOH solution. As shown in Fig. 5(a), the
10%-PtZn@NC-800 showed a higher current density than the
commercial Pt/C, with peak current density reaching 800.5 mA/mg
at 0.914 V versus RHE, which is about 1.6 times as high as that of
the Pt/C (see the blank columns in Fig. 5(b)). Figure 5(c) showed
the CV curves for the electrocatalytic oxidation of methanol on the
two catalysts in 0.5 M H.SO4 aqueous solution containing 0.5 M
methanol. Similarly, the 10%-PtZn@NC-800 showed higher mass
activity, with peak current intensity reaching 1,021 mA/mg, about
1.5 times that of the commercial Pt/C (681 mA/mg) (see the blank
columns in Fig. 5(d)). The specific area activity calculated by CV
(Fig. S11 in the ESM) is listed in Table S6 in the ESM. In fact, even
with normalized by their electrochemically active surface area
(ECSA), the catalytic activity of the 10%-PtZn@NC-800 was still
higher than that of Pt/C (Fig. 5(d)). The specific activity of 10%-
PtZn@NC-800 was 3 and 3.5 times that of the commercial Pt/C in
the electrocatalytic oxidation of methanol and formic acid. In
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Figure 5 (a) Formic acid oxidation in an 0.5 M H>SOx4 + 0.25 M HCOOH solution
(scan rate, 100 mV/s). (b) Mass activity and specific area activity for formic acid
oxidation. (c) Methanol oxidation in an 0.5 M H,SO4+ 0.5 M CH3OH solution
(scan rate, 100 mV/s). (d) Mass activity and specific area activity for methanol
oxidation.

Pt/IC 10%-PtZn@NC-800

addition, chronoamperometric curves showed that the current
density on 10%-PtZn@NC-800 was still much higher than that on
commercial Pt/C after 1,000 s in both tests, which indicates the
better stability of 10%-PtZn@NC-800 (Fig. S12 in the ESM). As we
know, conventional Pt catalysts are readily self-poisoned by the CO
that is produced as a byproduct in the electrocatalytic oxidation
of formic acid and methanol. Clearly, the as-prepared 10%-
PtZn@NC-800 is less susceptible to CO poisoning due to the
formation of intermetallic PtZn and the carbon shell encapsulation
structure [7, 14, 21, 51]. To confirm this, CO-stripping experiments
were further conducted. It was found that the CO oxidation potential
of 10%-PtZn@NC-800 was 36 mV forward compared to the
commercial Pt-C, indicating that it has excellent resistance to CO
oxidation (Fig. S13 in the ESM).

4 Conclusion

In summary, we successfully fabricated a highly active multifunctional
ordered PtZn intermetallic NPs embedded inside N-doped carbon
by one step pyrolysis of Pt-incorporated ZIF-8. N-doped carbon
encapsulated PtZn intermetallic NPs achieved significantly enhanced
activity for the ORR in acidic media compared to the commercial
Pt/C. The best sample 10%-PtZn@NC-800 exhibited a half wave
potential (Ei») of 0.912 V, which positively shifted by 26 mV compared
to the commercial Pt/C catalyst (0.886 V). Furthermore, the sample
showed significantly enhanced electro-catalytic performances towards
methanol oxidation and formic acid oxidation. The outstanding
performance of the sample is attributed to the synergistic effects of
a high degree of graphitic N species, the carbon shell encapsulation
structure, and the unique geometric and electronic structure of
intermetallic PtZn NPs. Specifically, we found that the thickness of
carbon shell in this encapsulated catalyst is very crucial for the full
exertion of the above synergistic effects. Therefore this work well
demonstrated that ideal hybrid catalysts with desirable activity and
stability could be produced by rationally engineering the interface
structure between active metal NPs and carbon supports.
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