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ABSTRACT

In the electrochemical process, Pt nanoparticles (NPs) in Pt-based catalysts usually 

agglomerate due to Oswald ripening or lack of restraint, ultimately resulting in 

reduction of the active sites and catalytic efficiency. How to uniformly disperse and 

firmly fix Pt NPs on carbon matrix with suitable particle size for catalysis is still a big 

challenge. Herein, to prevent the agglomeration and shedding of Pt NPs, Ni species is 

introduced and are evenly dispersed in the surface of carbon matrix in the form of 

Ni-N-C active sites (Ni ZIF-NC). The Ni sites can be used to anchor Pt NPs, and then 

effectively limit the further growth and agglomeration of Pt NPs during the reaction 

process. Compared with commercial Pt/C catalyst, Pt@Ni ZIF-NC, with ultralow Pt 

loading (7 wt.%) and ideal particle size (2.3 nm), not only increase the active center, 

but also promotes the catalysis kinetics, greatly improving the ORR and HER 

catalytic activity. Under acidic conditions, its half-wave potential (0.902 V) is 

superior to commercial Pt/C (0.861 V), and the mass activity (0.38 A per mg Pt) at 0.9 

V is 4.7 times that of Pt/C (0.08 A per mg Pt). Besides, it also shows outstanding 

HER performance. At 20 and 30mV, its mass activity is even 2 and 6 times that of 

Pt/C. Whether it is under ORR or HER conditions, it also shows excellent durability. 

These undoubtedly indicate the realization of dual-functional catalysts with low-Pt 

and high-efficiency properties.

Keywords: Oxygen reduction reaction; Hydrogen evolution reaction; Zeolitic 

Imidazolate Frameworks; Nickle site; Pt nanoparticles



1. Introduction

Nowadays, to achieve sustainable and green development, it is necessary to replacing 

the conventional fossil energy via the use of renewable energy. As an efficient energy 

conversion solution device, proton exchange membrane fuel cells (PEMFCs) has 

aroused new interest of researchers [1]. During the operation of PEMFCs, the reaction 

rate of the oxygen reduction reaction (ORR) at the cathode is very slow, which has to 

employ the expensive Pt catalyst to drive the ORR process. At the same time, to 

produce pure hydrogen as the main fuel of PEMFCs, Pt is also an efficient catalyst for 

the anode hydrogen evolution reaction (HER) in the process of electrolyzing water. 

However, the slow cathodic oxygen reduction kinetics and insufficient pure hydrogen 

product as anode fuel are the main factors limiting the development of PEMFCs [2–4]. 

Hence, developing effective catalysts for ORR and HER is imperative [5–9] 

Until now, Pt-based catalysts have been the most effective catalysts for ORR and 

HER. However, commercial Pt catalysts such as Pt/C for ORR and HER also has 

some shortcomings [10–14], such as high Pt loading, poor stability and easy 

agglomeration, which severely limits its large-scale use. In addition, in the future 

development of PEMFCs, reducing the dosage of Pt and improving the stability of 

catalysts are of great important [15–17]. Thus, recently some highly efficient low-Pt 

catalysts have been developed by means of changing the form of Pt (Pt nanowires, Pt 

nanoframes, Pt nanocages, etc.), alloying with non-noble metals, and replacing 

different carriers [18–23].

 Regardless of the aforementioned methods, the most important thing is to 

effectively control the amount of Pt and achieve high-efficiency catalysis. However, 

the preparation conditions for changing the fine structure of Pt and alloying Pt are 

severe, and the size of Pt particles is difficult to control. The method of selecting 



suitable support is much more convenient in comparison [24–26]. Metal organic 

frameworks (MOFs) as a material developed recently, have been widely developed 

and applied in the fields of catalysts. Zeolite imidazole frameworks (ZIFs), as a kind 

of MOFs, are very suitable as a precursor of catalytic material because of high 

designability, small volume, large specific surface area, rich carbon and nitrogen 

content, and pore of different sizes [27–32]. When doped with transition metals (Fe, 

Co, Zn, Ni, etc.) and annealed at high temperatures, it will produce a large number of 

active sites and excellent conductivity, which is promising in catalysis applications 

[33]. In addition, these characteristics make ZIFs-derived materials also suitable as 

supports for noble metals [34,35]. For example, Chen et al. synthesized a porous 

N-doped carbon-based catalyst with rich Fe single-atom sites derived from ZIF, which 

showed a high- oxygen reduction performance under alkaline conditions [3]. Yuan et 

al. chose Zn-Co ZIF to produce Co sites by pyrolysis, then impregnated the Ru source, 

the obtained material was further thermally reduced to get Ru@Co-SAs/N-C. 

Compared with commercial Pt/C, it has better activity and stability in HER [36].

In this work, we prepare a ZIF-derived high-efficiency bifunctional low-Pt 

catalyst (Pt@Ni ZIF-NC). It possesses ultra-small and uniformly dispersed Pt NPs by 

dispersing Ni sites on the porous N-doped carbon materials (ZIF-NC) to restrict the 

growth of Pt. Due to the existence and interaction of Pt and Ni dual active sites, 

Pt@Ni ZIF-NC shows high ORR and HER activity under acidic conditions. Since Pt 

NPs are fixed and uniformly dispersed by Ni sites, the catalyst also exhibits excellent 

stability.

2. Experimental

2.1. Synthesis of Ni NPs

257 mg Ni(acac)2 with 15 mL oleylamine and 0.32 mL oleic acid were mixed under a 



nitrogen atmosphere, mix, and then heat to 120 °C within 15 minutes to obtain the 

green solution. Then stir the solution at 120 °C for 90 min. After that, the solution was 

cooled to 90 °C, added 2 mL oleylamine in which 264 mg of BTB was dissolved. It 

can be observed that the solution has changed from green to brown. Then the solution 

was kept at 110 °C for 60 min and then cool down naturally. 30 mL of ethanol was 

added and the product was separated by centrifugation. The product was then 

dispersed in 10 mL of n-hexane for futher use.

2.2. Synthesis of ZIF-8

2-methylimidazole (3.08g) and Zn(NO3)2·6H2O (2.79g) was dissolved in 75 mL 

methanol respectively, and stir them for five minutes. Then, Add the former to the 

latter while stirring evenly, the mixture was stirred at 35 °C for 4 h. The resultant 

product was centrifuged and washed by methanol, and then dried in vacuum at 70 °C 

for 10 h to obtain ZIF-8 powder. 

2.3. Synthesis of ZIF-NC and Ni ZIF-NC

The as-prepared ZIF-8 was pyrolyzed at 900 °C for 3 h in the tube furnace with a rate 

of 5 °C min−1 (all subsequent heating rates are the same) to finally get ZIF-NC. 

50 mg ZIF-NC was dispersed in 25 mL hexane, sonicate for 5 minutes, then 60 μL 

Ni NPs solution was added to it and sonicate for 5 minutes, the mixture was under 

strong agitation for 12 hours at 25 °C. Finally, the product was centrifuged and dry 

under vacuum at 70 °C. The resulting product undergoes the above-mentioned 

ZIF-NC steps to obtain Ni ZIF-NC.

2.4. Synthesis of H2PtCl6@ZIF-NC and H2PtCl6@Ni ZIF-NC

ZIF-NC (50 mg) and Ni ZIF-NC (50 mg) were respectively dispersed in 5 mL 

H2PtCl6 solution (60 mg mL−1). After stirring at 70 °C for 10 h, the products were 

centrifuged and rinsed by ethanol, and finally dried in vacuum at 70 °C for 10 h.



2.5. Synthesis of Pt@ZIF-NC and Pt@Ni ZIF-NC

The as prepared H2PtCl6@ZIF-NC and H2PtCl6@Ni ZIF-NC were pyrolyzing under 

an 5% H2/Ar atmosphere at 250 °C for 1 h to finally obtain Pt@ZIF-NC and Pt@Ni 

ZIF-NC.

3. Results and discussion

3.1. Structural characterization

The synthesis process of Pt@Ni ZIF-NC is represented in Fig. 1. Ni NPs and ZIF-8 

were first synthesized. Subsequently Ni NPs were dissolved in n-hexane for further 

use, ZIF-8 was heated to 900 °C under nitrogen atmosphere, and naturally cooled to 

obtain N-doped carbon matrix (ZIF-NC). Then the prepared Ni NPs was added to the 

ZIF-NC, after uniform mix at room temperature to make it adhere to the ZIF-NC, and 

then annealing at high temperatures to disperse the Ni NPs into uniform and tiny Ni 

sites, Ni ZIF-NC was formed. After that, Ni ZIF-NC was reacted with H2PtCl6 

solutions at 70 °C to get H2PtCl6@Ni ZIF-NC. Finally, H2PtCl6@Ni ZIF-NC was 

reduced at 250 °C for 1 h under 5% H2/Ar atmosphere to obtain Pt NPs anchored by 

Nickle site (Pt@Ni ZIF-NC). The same experiment was performed on ZIF-8 without 

Ni NPs, and Pt loaded N-doped carbon matrix (Pt@ZIF-NC) were obtained, 

respectively.  



Fig. 1. Schematic diagram of the synthesis for Pt@Ni ZIF-NC.

The scanning electron microscope (SEM) (Fig. 2a, d) shows that both Pt@ZIF-NC 

and Pt@Ni ZIF-NC own a regular rhombic dodecahedron morphology and are uniform 

in size. And from the transmission electron microscope (TEM) images (Figs. 2b, e and 

S1 and S2), Pt NPs in Pt@Ni ZIF-NC have a uniform size distribution with smaller 

particles, while Pt NPs in Pt@ZIF-NC are scattered and partly agglomerated. Through 

further observation of the enlarged TEM and statistics of the particle size for Pt NPs, 

it can be found that the distribution of the Pt NPs in Pt@ZIF-NC is relatively wide, 

the average particle size is 3.7 nm (Fig. 2c). While the Pt NPs in Pt@Ni ZIF-NC are 

mainly concentrated at about 2 nm, with the average particle size of 2.3 nm (Fig. 2f). 

To further evidence the metal nanoparticle is the Pt in Pt@Ni ZIF-NC, the 

high-resolution TEM (HRTEM) was used for observation. As shown in Fig. 2(g, h), 

Pt NPs in Pt@Ni ZIF-NC are fixed in the carbon matrix, and the distance between the 

two crystal planes of Pt was measured to be 0.23 nm, which corresponds to the (111) 

plane of Pt. EDX element mappings (Fig. 2i–m) further prove the uniform distribution 

of each element in Pt@Ni ZIF-NC, especially for Pt, indicating that there is hardly no 

agglomeration of Pt NPs in Pt@Ni ZIF-NC. The ICP test shows 7 wt.% Pt loading in 

Pt@Ni ZIF-NC, indicating far below the 20% of commercial Pt/C (Table S1). 



Fig. 2. (a) SEM and (b) TEM and (c) Magnified TEM (inset: Pt NPs particle size 

statistics chart) images of Pt@ZIF-NC, (d) SEM and (e) TEM and (f) Magnified TEM 

images of Pt@Ni ZIF-NC (inset: Pt NPs particle size statistics chart). (g) HRTEM and 

(h) Magnified HRTEM of Pt@Ni ZIF-NC. (i–m) HAADF-STEM with EDX elemental 



mapping of Pt@Ni ZIF-NC. 

X-ray diffraction (XRD) pattern (Fig. 3a) reveals that Pt@Ni ZIF-NC and Ni 

ZIF-NC possess a broad peak at approximately 24.8°, which is attributed to the C 

(002) plane. The diffraction peaks located at 2θ = 39.8°, 46.5°, and 67.7° belong to 

(111), (200), and (220) planes of Pt, respectively, indicating the crystal structure of Pt 

NPs in Pt@Ni ZIF-NC is face-centered cubic (fcc). There is no obvious Ni peak, 

indicating that most of the Ni NPs are dispersed into tiny Ni sites. According to 

Raman spectra (Fig. 3b), the ID/IG of Pt@Ni ZIF-NC is 1.02, while that of 

Pt@ZIF-NC is 0.96, indicating that more defects were produced in the carbon matrix 

surface during the process of forming Ni sites from dispersed Ni NPs. 

Fig. 3. (a) XRD pattern of Pt@Ni ZIF-NC and Ni ZIF-NC. (b) Raman spectra of Pt@Ni 

ZIF-NC and Pt@ZIF-NC. (c) XPS survey scan of Pt@Ni ZIF-NC. (d) Pt 4f spectrum of 

Pt@Ni ZIF-NC and Pt/C. (e) Ni 2p spectrum of Pt@Ni ZIF-NC. (f) N 1s spectrum of 

Pt@Ni ZIF-NC.



The X-ray photoelectron spectroscopy (XPS) of Pt@Ni ZIF-NC proves the 

existence of Pt, Ni, C, N and O (Fig. 3c). Besides, the small Ni peak is caused by the 

lower total content of Ni elements, and it exists basically in the form of tiny Ni sites. 

Fig. 3(d) shows the Pt 4f spectra of Pt@Ni ZIF-NC and Pt/C. The binding energy of 

Pt@Ni ZIF-NC at the Pt 4f5/2 peak has a lower negative shift (0.15 eV) when 

compared with Pt/C, indicating that the electronic structure of Pt on the surface of 

Pt@Ni ZIF-NC was indeed modified by the diffused Ni sites. Compared to 

Pt@ZIF-NC, there is also a slight negative shift (Fig. S3), exhibiting that after loading 

Pt on Ni ZIF-NC, the obtained electronic structure can be changed, and the downward 

shift of the d-band center causes the reduction of the electron return of the Pt 5d 

orbital. So the ORR would be accelerated [38,39]. Compared with Pt/C, a negative 

shift (0.15 eV) of binding energy is adverted for the Pt 4f doublet on Pt@Ni ZIF-NC, 

because of the effect of Ni sites and porous N-doped carbon carrier on Pt NPs. In 

theory, Pt possesses higher electronegativity compared to Ni, hence the Pt in Pt@Ni 

ZIF-NC should be more metallic compared to individual Pt NPs, and the binding 

energy should exhibit a negative shift, which is accord with the XPS results, 

sustaining the structure of Pt@Ni ZIF-NC [37]. Fig. 3(e) shows that the 2p3/2 and Ni 

2p1/2 peaks of Ni are located at 855.4 and 873.4 eV, respectively, and the two satellite 

peaks are located at 861.7 and 880.2 eV, respectively [38]. There are three dividing 

peaks of the N 1s XPS spectra in Pt@Ni ZIF-NC, representing pyridinic N (398.7 eV), 

pyrrolic N (400.2 eV), and graphitic N (401.3 eV), respectively [27,40,41].This 

shows that N was successfully doped into the carbon matrix. Fig. 3(f) and Table S2 



show the presence of a large amount of pyridine N and graphite N, conducive to 

increase the active site and limiting current density of the catalyst, respectively.

3.2. Electrocatalytic performance towards ORR

The Pt loadings on the electrode of Pt@Ni ZIF-NC, Pt@ZIF-NC and Pt/C are 3.5, 4.7 

and 6 μg, respectively. Fig. 4(a) exhibits the cyclic voltammetry (CV) curves of all 

catalysts amid 0 and 1.2 V (vs. RHE) in 0.1 M HClO4 (N2-saturated). The adsorption 

and desorption peak of hydrogen can be observed in the region of 0 < E < 0.4 V, and 

electrochemical surface area (ECSA) of Pt@Ni ZIF-NC (74 m2 per g Pt) is almost the 

same as Pt/C (72 m2 per g Pt), while that of Pt@ZIF-NC (58 m2 per g Pt) is lower. 

Fig. 4(b) presents the linear sweep voltammetry (LSV) curves of the catalysts. The 

ORR catalytic performance can be obtained. Their onset potential is in order: Pt@Ni 

ZIF-NC (1.01 V) > Pt/C (0.94 V) > Pt@ZIF-NC (0.92 V). In terms of half-wave 

potential (E1/2), compared to Pt/C (E1/2 = 0.861 V) and Pt@ZIF-NC (E1/2 = 0.815 V), 

there is a significant improvement for Pt@Ni ZIF-NC (E1/2 = 0.902 V), which rivals 

most reported noble metal catalysts (Table S3). The Tafel slope of Pt@Ni ZIF-NC is 

69 mV dec−1, lower than that of Pt/C (74 mV dec−1) and Pt@ZIF-NC (98 mV dec−1), 

suggesting that Pt@Ni ZIF-NC has a faster ORR kinetics (Fig. 4c). To further explore 

the reaction mechanism of Pt@Ni ZIF-NC, LSV testing under different speeds of 625 

rpm to 2500 rpm were performed. As the speed increases, the onset potential remains 

constant and the current density gradually increases (Fig. S4a). Koutecky-Levich 

(K-L) diagram of Pt@Ni ZIF-NC shows a very good linear relationship at different 

potentials (Fig. S4b), indicating the electron transfer number of each oxygen molecule 



in the ORR is basically the same. The average electron transfer number of Pt@Ni 

ZIF-NC is 3.9, demonstrating that its ORR process is highly close to 4 electron 

transfer. Furthermore, under alkaline conditions (0.1 M KOH), Pt@Ni ZIF-NC also 

shows higher ORR activity than that of commercial Pt/C and other samples (Fig. S8). 

Fig. 4. (a) CV curves recorded in N2 saturated 0.1 M HClO4 solution. (b) ORR 

polarization curves and (c) Tafel slopes of Pt@Ni ZIF-NC, Pt@ZIF-NC and Pt/C. (d) 

Mass activity and (e) specific activity of Pt@Ni ZIF-NC and Pt/C at 0.85 and 0.9 V 

for ORR. (f) LSV curves of Pt@Ni ZIF-NC before and after 5000 cycles.

In addition, the kinetic current density (JK) of Pt@Ni ZIF-NC and Pt/C at voltages 

of 0.9 V and 0.85 V was calculated, the JK of Pt@Ni ZIF-NC is 6.78 and 27.14 mA 

cm−2, respectively, greater than that of Pt/C (2.54 and 8.65 mA cm−2). According to JK, 

the Pt mass activity of Pt@Ni ZIF-NC was further calculated to be 1.52 A mg−1
Pt at 

0.85 V (vs. RHE), 5.4 times higher than that of commercial Pt/C catalyst (0.28 A 

mg−1
Pt) (Fig. 4d). When the potential reaches 0.9 V (vs. RHE), its mass activity (0.38 



A mg−1
Pt) is still 4.7 times than that of Pt/C (0.08 A mg−1

Pt). According to Fig. 4(e), the 

specific activity of Pt@Ni ZIF-NC at 0.85 V (vs. RHE) and 0.9 V are calculated to be 

2.1 and 0.51 mA cm−2, which are 5.3 times and 4.6 times higher than that of Pt/C 

(0.39 mA cm−2 at 0.85 V, 0.11 mA cm−2 at 0.9 V), respectively. 

In addition to excellent activity, the stability test was then measured with 

accelerating cycling between 0.65 and 1.0 V in O2 saturated 0.1 M HClO4 solutions. 

After 5000 cycles, the half-wave potential of Pt@Ni ZIF-NC is only 2 mV less than 

before (Fig. 4f), whereas it is 23 mV of Pt/C (Fig. S5). After CV accelerated test, 

compared with the morphology and structure before and after ADT, they are basically 

stable for Pt@Ni ZIF-NC, and the particle size of Pt NPs keeps almost unchanged 

(Fig. S6). After 40000 s testing, the normalized current of Pt@Ni ZIF-NC only drops 

by 9 %, while the current of Pt/C is reduced by 21.6 % after 30000 s (Fig. S7).

3.3. Electrocatalytic performance towards HER

To assess the HER properties, LSV were detected at ambient temperature in 0.5 M 

H2SO4. The Pt loading on the electrode of Pt@Ni ZIF-NC, Pt@ZIF-NC and Pt/C was 

1.4, 1.34 and 3.99 μg, respectively. According to iR-compensated LSV curves in Fig. 

5(a) (The LSV curves without IR correction are given in Fig. S9), Pt@Ni ZIF-NC 

shows splendid HER catalytic activity, where the onset potential is only 15 mV. The 

current density requires merely 29 mV overpotential to achieve 10 mA cm−2, 

preceding Pt/C (34 mV), Pt@ZIF-NC (34 mV) and the most reported Pt-based 

catalysts (Fig. 5b, Table S4). Similarly, the current density barely needs a 37 mV 

overpotential to reach 50 mA cm−2, while Pt/C and Pt@ZIF-NC require 45 mV and 51 



mV overpotentials, respectively. As exhibited in Fig. 5(c), the Tafel slope of Pt@Ni 

ZIF-NC, Pt@ZIF-NC and Pt/C is 13, 17 and 15 mV dec−1, respectively, 

demonstrating the rapid HER kinetics of Pt@Ni ZIF-NC. Based on the classical 

theory, the Tafel mechanism shall be mainly responsible for their HER processes 

[35,42]. The Nyquist diagram shows that Pt@Ni ZIF-NC has lower charge transfer 

resistance when compared with Pt@ZIF-NC and Pt/C (Fig. 5d), indicating that the 

high intrinsic activity of Pt@Ni ZIF-NC. Furthermore, then the mass activity of 

Pt@Ni ZIF-NC and Pt/C normalized with Pt loading (Fig. 5e) was calculated by LSV 

curves. As shown in Fig. S10, when the potential is at 20 and 30mV, the mass activity 

of Pt@Ni ZIF-NC is 0.08 and 0.66 A mg−1
Pt, respectively, which is 2 and 6 times as 

much as that of Pt/C.

Fig. 5. (a) HER polarization curves of Pt@Ni ZIF-NC, Pt@ZIF-NC and Pt/C in 0.5 M 

H2SO4 electrolyte at a scan rate of 5 mV dec−1. (b) Corresponding overpotentials 

(j=10/50 mA cm−2). (c) Tafel plots. (d) EIS collected in the frequency range of 



0.01–105 Hz. (e) LSV curves normalized by loaded Pt on electrodes. (f) LSV curves 

of Pt@Ni ZIF-NC before and after 5000 CV cycles. 

Besides, the stability was further explored. After 5000 cycles, Pt@Ni ZIF-NC is 

almost overlapped with the original LSV curve (increased by 2 mV) (Fig. 5f), while 

Pt/C increases by 9 mV after 5000 cycles (Fig. S11). Then, after 50000 s i–t test, the 

normalized current loss of Pt@Ni ZIF-NC is only 6.95%, much smaller than 

commercial Pt/C (17.82%) after 20000 s (Fig. S12). The above results manifest that 

Pt@Ni ZIF-NC owns better activity and stability for HER. 

3.4. Discussion

For the limit of Ni active sites to Pt NPs, first of all, the structure of the porous carbon 

matrix provides a suitable place for the dispersion of Ni NPs on it, and finally forms 

uniformly dispersed Ni sites in the surface of carbon matrix. HRTEM images of 

Pt@Ni ZIF-NC and Pt@ZIF-NC without Ni species confirm that the Pt NPs in Pt@Ni 

ZIF-NC have a more uniform and ideal size with a more suitable particle distribution. 

Compared with Pt@ZIF-NC, the Ni sites of Pt@Ni ZIF-NC do play a role in isolating 

Pt NPs. Furthermore, the negative shift of Pt 4f peak in Pt@Ni ZIF-NC compared to 

commercial Pt/C proves the stronger interaction between Ni sites and Pt NPs in 

Pt@Ni ZIF-NC, which promotes the anchoring of Ni sites onto Pt. Also, the porous 

carbon can contribute to the confinement of the Pt growth, thus obtaining uniform and 

ultra-small (2.3 nm) Pt NPs, and thereby increasing the utilization of Pt.

The excellent ORR and HER electrocatalytic activity and stability of Pt@Ni 

ZIF-NC can be explained as follows: (1) Ultra-small Pt particle size and even 



dispersion of Pt NPs are beneficial to enhancing the electrocatalytic performance; (2) 

Ni ZIF-NC as the support also provides numerous active sites (such as Ni-Nx) for the 

catalyst, besides, plenty of pyridinic N and graphitic N also has a positive effect on 

electron transfer and catalytic activity; (3) The synergy between Pt NPs and Ni 

ZIF-NC in Pt@Ni ZIF-NC further promotes the electrocatalytic performance. 

Especially for ORR, compared with Pt/C, Pt@ZIF-NC and many other reported 

Pt-based catalysts, Pt@Ni ZIF-NC has higher half-wave potential, mass activity and 

stability, which fully demonstrate the synergistic effect.

4. Conclusions

In summary, using the separation effect of Ni sites, the interaction between Ni and Pt 

and the restriction of Pt NPs in porous carbon matrix, we successfully obtained the 

well dispersed Pt nanocatalysts with ideal ultra-small particle size. The prepared 

Pt@Ni ZIF-NC with more active center types and sites, significantly increasing the 

electrocatalysis efficiency of Pt catalysts. As a result, whether for ORR and HER, it 

always possesses superior activity and stability than the commercial Pt/C catalyst. In 

addition, its ORR and HER mass activity beyond Pt/C and most of the literature 

reports of Pt catalysts. Therefore, our work provides a promising method for 

designing and constructing highly active and stable next-generation Pt-based catalysts 

with multiple active centers, which significantly reduces the dosage of Pt. The results 

show that our Pt@Ni ZIF-NC catalyst has great application prospects in fuel cells and 

other fields.
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Graphical abstract

Using Ni sites in Ni ZIF-NC to isolate Pt, the obtained Pt@Ni ZIF-NC catalyst, with 

ultrasmall, uniform and highly dispersed Pt nanoparticles, presents highly efficient 

and stable dual-functional catalysis toward oxygen reduction and hydrogen evolution 

reactions.

 The Ni site can isolate Pt nanoparticles and own strong interaction 

with Pt in Pt@Ni ZIF-NC catalysts.

 There is a synergistic effect between Ni sites and Pt nanoparticles.

 Pt@Ni ZIF-NC, with uniform and highly dispersed Pt nanoparticles, 

exhibits greatly enhanced ORR performance in acidic media.

 High HER performance is also obtained for Pt@Ni ZIF-NC in acidic 

media.

 It provides a promising method for designing highly active, stable 

ultrasmall and ultralow Pt-loaded catalysts.


