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Abstract 
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(HER) catalysts with high activity, stability and low platinum loading has always 
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been the focus of research. The single-atom platinum supported catalyst greatly 

improves the utilization of platinum, but the catalytic activity and selectivity are 

greatly affected by the platinum coordination environment, and the preparation of the 

material is difficult. Doping base metals to adjust the electronic structure of platinum 

is an effective strategy to improve catalyst performance. In this work, 

copper-platinum alloy nanoparticles were loaded on N-doped porous carbon via a 

targeted route guided by highly dispersed Cu atoms derived from MOF. The product 

C-ZIF-CuPt has high activity and high stability ORR, HER bifunctional catalytic 

performance, which is better than commercial Pt/C (20 wt %). The Pt activity in 

C-ZIF-CuPt is 4.4 times (ORR) and 6.7 times (HER) than Pt/C. Spectromicroscopic 

determinations unveiled that strong interactions between carbon carrier and the CuPt 

alloys contribute to the overall stabilities. DFT calculations show that Cu doping can 

increase the d-band center of Pt, reduce the ORR overpotential, and the activation 

energy barrier to water molecules, which is beneficial to ORR and HER catalysis. 

Under the same carrier conditions, the performance of sub-nano (single atoms, 

clusters) platinum-supported catalysts (C-ZIF-Cu-Pt) is inferior to C-ZIF-CuPt. This 

further shows that platinum alloying can effectively improve the performance of the 

catalyst. 

 

Keywords: Highly dispersed atoms; Targeting strategy; Platinum-based catalyst; 

Oxygen reduction reaction; Hydrogen evolution reaction. 
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1. Introduction 

Oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) are 

important components of fuel cells and water splitting [1, 2]. At present, 

platinum-based catalysts are still the best commercial catalysts for these two reactions. 

However, platinum is expensive, scarce, and poorly stable limiting its large-scale 

application [3, 4]. In recent years, sub-nano (single atom, cluster) platinum-supported 

catalysts have been developed to improve the utilization of platinum [5-7]. However, 

the catalytic activity of the single-atom active site is greatly affected by the 

coordination environment of the carrier [8]. Taking ORR catalysis as an example, Li 

et al. reported a single-atom platinum-supported N-doped carbon catalyst with 

excellent four-electron selectivity [6]. Song et al. loaded platinum single atoms on 

another N-doped carbon surface and also showed high four-electron selectivity [9]. 

While, Kim et al. loaded monoatomic platinum on N-doped carbon, the material 

exhibited two-electron selectivity and a high hydrogen peroxide yield [10]. Shen et al. 

loaded platinum single atoms on CuSx also showed high hydrogen peroxide yield [11]. 

In summary, single-atom platinum-supported catalysts have not yet established a clear 

structure-performance relationship, and the ORR four-electron catalytic selectivity 

required by fuel cells cannot be obtained controllably. In addition, the oxidation state 

of platinum also plays an important role in the catalytic performance [12]. Because 

single atoms have higher surface energy and activity, they are easy to agglomerate 

and oxidize [13, 14], which affects the activity and stability of the catalyst. Therefore, 

improving the dispersibility of platinum to the atomic level cannot obtain the ideal 
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catalyst with high activity and high stability, and the difficulty of mass production is 

another important challenge that restricts its application. 

In addition to improve the dispersion of platinum atoms on the carrier, introducing 

cheap transition metal atoms into the platinum lattice to form alloys is another 

effective strategy to increase the utilization of platinum and reduce the platinum 

content of the catalyst [15-19]. When platinum is alloyed with transition metals, 

lattice strain and electronic coordination effects will occur, and the center of the Pt d 

band will shift, thereby optimizing the bonding strength between platinum and the 

reactants and improving the performance of the catalyst [20-22]. However, the 

structural damage caused by the leaching of transition metal elements during use of 

the platinum alloy catalyst is one of the main problems affecting its stability [23, 24]. 

In addition, platinum alloy catalysts generally need to be dispersed and supported on a 

carbon carrier during use. Due to the weak van der Waals force between the alloy 

particles and the carbon carrier, the nanoparticles are easy to fall off during use and 

the stability is poor [25]. Therefore, improving the bonding force of platinum alloy 

and carbon support has research value. 

Herein, we used the MOF derivatization strategy to prepare nitrogen-doped porous 

carbon containing highly dispersed copper atoms. Copper atoms are used as targets 

loaded by platinum atoms to obtain N-doped porous carbon materials loaded by 

copper-platinum alloy nanoparticles in one step, which simplifies the loading process 

of alloy materials. Theoretical calculations show that platinum atoms are more likely 

to deposit and grow into clusters at copper-containing sites than carbon-nitrogen 
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structure sites. X-ray photoemission electron microscopy tests show that there is a 

strong interaction between the carbon support and the CuPt alloy, which improves the 

stability of the catalyst. The prepared catalyst C-ZIF-CuPt has high activity and high 

stability to ORR and HER. The platinum mass activity is 4.4 times (ORR) and 6.7 

times (HER) of the commercial Pt/C (20 wt%), and its platinum content is only 4.4 

wt%. DFT calculations show that copper doping can increase the d-band center of 

platinum, reduce the ORR overpotential and the activation energy barrier to water 

molecules, which is beneficial to ORR and HER catalysis. Under the same support 

conditions, the performance of the sub-nano (single atom, cluster) platinum-supported 

catalyst (C-ZIF-Cu-Pt) is lower than that of C-ZIF-CuPt. This further shows that 

platinum alloying can effectively improve the performance of the catalyst.  

 

2. Experimental section 

2.1. Materials 

Zn(NO3)2·6H2O (AR, Sinopharm Chemical Reagent Co.), Cu(NO3)2·3H2O (99％, 

Aladdin), 2-methylimidazole (98%, Aladdin), Pt/C (20 wt %, Shanghai Chuxi 

industrial Co.), chloroplatinic acid (99.9%, Shanghai Boka chem Technology Co.), 

Al2O3 (fineness: 0.05 μm, Gaoss Union.), KOH (99.99%, Aladdin), N, 

N-dimethylformamide (DMF) (99.5%, Aladdin), methanol (AR, Sinopharm Chemical 

Reagent Co.), deionized water (18.25 MΩ·cm resistivity, PSDK water purification 

system). All materials were directly purchased and used without further processing. 

2.2. Sample preparation 
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Synthesis of ZIF-8-Cu. Dissolved 5 mmol Zn(NO3)2·6H2O and 0.2 mmol 

Cu(NO3)2·3H2O in 40 mL methanol, and then dissolved 20 mmol 2-methylimidazole 

in another 40 mL methanol solution. The two solutions were mixed and stirred for 30 

min and then aged at room temperature for 24 h. The product was collected by 

centrifugation and washed with methanol, and dried under vacuum at 60 °C for 12 h. 

Synthesis of C-ZIF-Cu. ZIF-8-Cu was placed in a corundum boat and calcined in a 

tube furnace under a mixed atmosphere of argon (95 v %) and hydrogen (5 v %). The 

temperature was raised to 950 °C at a rate of 3 °C min−1 and kept for 2 hours, then 

naturally cooled to room temperature. The product is labeled C-ZIF-Cu. 

Synthesis of C-ZIF-CuPt. 8 mg of C-ZIF-Cu was ultrasonically dispersed in 32 mL 

of deionized water. Under ultrasound, 1200 μL of chloroplatinic acid aqueous solution 

(3.68 mM) was added, and then the same volume of ascorbic acid aqueous solution 

(0.1 M) was added. Stop the ultrasound, put the mixed solution in a 65 °C water bath, 

and keep 4 h. The product was collected by centrifugation and washed three times 

with water and ethanol, respectively, and dried in vacuum at 60 °C for 12 h. 

Synthesis of C-ZIF-Cu-Pt. Similar to the preparation method of C-ZIF-CuPt, after 

adding 1200 μL of chloroplatinic acid aqueous solution, without adding ascorbic acid. 

The mixed solution was placed in a 65 °C water bath, and keep 4 h. The product was 

collected by centrifugation and washed three times with water and ethanol, 

respectively, and dried in vacuum at 60 °C for 12 h. 

Synthesis of C-ZIF-Pt. Similar to the preparation method of C-ZIF-CuPt, except 

that it does not contain copper. Dissolve 5 mmol Zn(NO3)2·6H2O in 40 mL of 
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methanol and 20 mmol 2-methylimidazole in another 40 mL of methanol solution. 

The two solutions were mixed and stirred for 30 min and then aged at room 

temperature for 24 h. The product was collected by centrifugation and washed with 

methanol, and dried under vacuum at 60 °C for 12 h. The subsequent calcination and 

platinum loading step is completely consistent with the preparation of C-ZIF-CuPt. 

2.3. Characterizations 

The crystal phase of the samples was measured by X-ray powder diffraction (XRD, 

Bruker AXS, D8 Advance using Cu Kα radiation). Tested the morphology, element 

content and distribution of the samples by scanning electron microscopy (SEM, 

Hitachi, S-8100), transmission electron microscopy (TEM, Hitachi, HT-7700), high 

resolution transmission electron microscopy (HR-TEM, FEI, Tecnai G220), 

aberration corrected-high angle annular dark field-scanning transmission electron 

microscopy (AC-HAADF-STEM, JEOL, JEM-ARM200F), high resolution field 

emission scanning/transmission electron microscope (HR-STEM, FEI, Talos-F200X). 

The content of platinum and copper in C-ZIF-CuPt was tested by inductively coupled 

plasma emission spectrometry (ICP-OES, PerkinElmer, Optima 8000). The Raman 

spectrum of C-ZIF-Cu was detected using a RENISHAW Raman Microscope 

equipped with a laser with an excitation wavelength of 532 nm. The surface chemical 

analysis of the samples was performed by X-ray photoelectron spectroscopy (XPS, 

Thermo ESCALAB 250XI). The specific surface area and pore size distribution of 

C-ZIF-Cu was tested by N2 adsorption/desorption (Micromeritics ASAP 2020). The 

catalytic performance of the sample was by electrochemical workstation (CHI 760E, 
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China) and Pine Modulated Speed Rotator (MSR Pine, USA). X-ray photoemission 

electron microscopy (X-PEEM) based on synchrotron radiation to analyze C k edge of 

C-ZIF-CuPt. The X-PEEM measurement on this model system was carried out at the 

PEEM endstation of Beamline MAXPEEM at MAX IV laboratory (Lund, Sweden). 

For detailed X-PEEM test content, see supporting information.  

2.4. Electrochemical measurement 

In this electrochemical test, graphite rod is used as the counter electrode, saturated 

Ag/AgCl electrode is used as the reference electrode, and the working electrode is a 

glassy-carbon rotating disk electrode (RDE, diameter 5 mm). The glass carbon 

electrode was polished by Al2O3. The catalyst ink was obtained by uniformly 

dispersing 2 mg samples or Pt/C and 1 mg carbon (Vulcan XC-72) in 665 μL water, 

335 μL DMF and 10 μL 5% Nafion. Then 20 μL catalyst ink was dropped on the 

polished glass carbon electrode and dried naturally. The polarization curves of ORR 

activities were performed in O2-saturated 0.1 M KOH with a scan rate of 10 mV s−1, 

the rotation rate of 1600 rpm, and the background current value of the test under 

nitrogen saturation conditions was deducted. The cyclic voltammetry curve (CV) of 

the catalyst was tested under the conditions of 0.1 M KOH O2 saturation and N2 

saturation at a scanning speed of 20 mV s−1, respectively. Accelerated durability test 

(ADT) catalyst ORR stability was carried out by performing 10000 cycles in the 

potential range of 0.6 to 1.0 V vs RHE in 0.1 M KOH saturated with O2 at 25 °C. The 

HER performance of the catalyst was tested using the same RDE electrode as the 

ORR test. The polarization curves of HER activities were performed in N2-saturated 



 9 

0.1 M KOH with a scan rate of 5 mV s−1 and 1600 rpm. The measured data is 

compensated for iR. Accelerated durability test (ADT) catalyst HER stability was 

carried out by performing 1000 cycles in the potential range of −0.1 to 0.3 V vs RHE 

in 0.1 M KOH saturated with N2 at 25 °C. Convert the potential reference to a 

reversible hydrogen electrode (RHE) by the following formula: 

E (vs RHE) = E (vs Ag/AgCl) + 0.197 + 0.059 × pH (0.1 M KOH, pH ≈ 12.8). (1) 

Rotating ring-disk electrode (RRDE) measurement is similar with RDE 

measurement except that increases the ring current test. Calculate the peroxide yield 

and electron transfer number of the catalyst by the following equations (2) and (3), in 

which Ir, Id, n are individually the ring current, the disk current, the electron transfer 

number. N is the collection efficiency of the platinum ring, the value is 0.37. 

%HO2
− = 

200Ir/N

Id+Ir /N
                               (2) 

n = 
4Id

Id+Ir /N
                                               (3) 

Use the following Koutecky-Levich (K-L) equation to calculate the kinetic current 

of ORR:  

1

𝑗
=

1

𝑗K
+

1

𝑗L
=

1

𝑗K
+

1

Bω1/2
                         (4) 

Where j is the measured current, jK is the kinetic current, and jL is the diffusion 

limiting current. 
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3. Results and Discussion 

 

Scheme 1. C-ZIF-CuPt catalyst preparation process. 

The preparation process of C-ZIF-CuPt catalyst is depicted in Scheme 1. The 

Cu-doped ZIF-8 (ZIF-8-Cu) was first prepared. It owns similar morphology and 

microstructures as the ZIF-8 as shown in scanning electron microscopic (SEM) 

images and X-ray diffraction (XRD) patterns in Figure S1. ZIF-8-Cu was calcined at 

950 °C in a mixed atmosphere of argon and hydrogen (5 v %). Zinc evaporated (bp: 

907 °C) while copper occupied the defects left by zinc volatilization and coordinated 

with the nitrogen in the material [26]. The N-doped porous carbon material C-ZIF-Cu 

was obtained. Figure S2 shows its SEM and transmission electron microscope (TEM) 

images. Elemental mapping (Figure S3b-d) test shows that C, N and Cu are evenly 

distributed in the material. Spherical aberration correction-high angle circular dark 

field-scanning transmission electron microscopy (AC-HAADF-STEM) test (Figure 

S3e, f) denotes a large amount of single atomic Cu dispersions on the sample. As 

shown in Figure S4, the XRD test showed that during the preparation of the precursor, 

when the amount of copper nitrate increased from 0.1 mmol to 0.4 mmol, the copper 
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diffraction peak of the calcined product gradually appeared. This indicates that 

excessive copper doping will cause copper aggregation during the precursor 

calcination process, which is not conducive to the dispersion of copper atoms. In 

order to ensure high dispersion and enough content of copper atoms in the material for 

the subsequent preparation of copper-platinum alloys, 0.2 mmol copper nitrate is used 

to prepare the precursor in this work. The nitrogen adsorption and desorption test 

(Figure S5) shows that C-ZIF-Cu has a large specific surface area and contains a lot 

of micropores. The Raman spectrum shows that C-ZIF-Cu has a higher degree of 

graphitization in Figure S6 [27, 28]. 
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Figure 1. (a−d) HR-TEM images of C-ZIF-CuPt. (e−i) HAADF-STEM image of 

C-ZIF-CuPt and the corresponding C, N, Cu, Pt element mappings, respectively. (j) 

HAADF-STEM images of C-ZIF-CuPt for CuPt particle accumulation areas, EDS 

line scan, and Cu, Pt element mappings. (k) HAADF-STEM images of C-ZIF-CuPt 

for CuPt small nanoparticles areas, EDS line scan, and Cu, Pt element mappings. 

The C-ZIF-CuPt alloy materials was obtained by the reduction of chloroplatinic 

acid with ascorbic acid on C-ZIF-Cu in aqueous solution at 65 °C for 4 hours. As 

shown in Figure S7, the XRD patterns showed that after the reaction, the peak of 
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elemental copper disappeared and a wide peak emerged between elemental copper 

and platinum, indicating that copper atoms were successfully incorporated into the 

platinum lattice to form a copper-platinum alloy. As shown in Figure 1a-d, the 

high-resolution transmission electron microscope (HR-TEM) shows that there are a 

large number of small size nanoparticles and a small number of particle accumulation 

areas on the surface of the material. The interplanar spacing of the small-sized 

nanoparticles is 2.24 Å, which is slightly smaller than the (111) crystal plane (2.26 Å) 

of platinum, illustrating that copper atoms are doped into the platinum lattice, and the 

radius of copper atoms is smaller than that of platinum, resulting in lattice shrinkage 

strain and the interplanar spacing decreases [29]. The interplanar spacing of the 

particle accumulation areas is 2.17 Å, the degree of lattice compression is higher, 

indicating that the copper content in the accumulation areas is higher. The formation 

of alloy nanoparticles may be due to the reduction of chloroplatinic acid by ascorbic 

acid to platinum atoms and deposited on the highly dispersed copper atomic sites on 

the surface of C-ZIF-Cu, forming copper-platinum alloy. DFT calculations show that 

compared to carbon and nitrogen sites, platinum atoms are more likely to be 

supported on copper sites in the carrier to form clusters, which provides a basis for the 

formation of copper-platinum alloys (See supporting information and Figure S8-9 for 

calculation details). Since the standard reduction potential PtCl6
2+/Pt0 (0.74 V) is 

higher than Cu2+/Cu0 (0.34 V) [30], chloroplatinic acid can undergo a substitution 

reaction with the elemental copper in C-ZIF-Cu. Since C-ZIF-Cu has some copper 

atom aggregation area, the chloroplatinic acid near this area is reduced by ascorbic 
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acid on the one hand, and at the same time, the chloroplatinic acid undergoes a 

substitution reaction with the copper in the matrix, resulting in platinum enrichment in 

this area. Finally, a unique loose accumulation structure of particles is formed on the 

surface of the material. The high-angle circular dark-field scanning transmission 

electron microscope (HAADF-STEM) and element mappings test of a single 

C-ZIF-CuPt (Figure 1e−i) show that the positional correspondence between copper 

and platinum is clear, which further proves the formation of the alloy. At the same 

time, carbon and nitrogen are evenly distributed. In order to further analyze the 

element distribution in copper-platinum alloy nanoparticles, we selected two sets of 

particle accumulation areas and small nanoparticles for EDS line scan analysis. As 

shown in Figure 1j, k, the particle accumulation area and single nanoparticle are both 

copper-platinum alloys. The sharp fluctuation of the spectrum in the particle 

accumulation area indicates that the particle structure in the area is rough and the 

exposed area is large, which is beneficial to catalysis. 

Since chloroplatinic acid can undergo a substitution reaction with the elemental 

copper in C-ZIF-Cu, in addition, [PtCl6]
2− can be captured by nitrogen-doped 

microporous carbon and spontaneously dechlorinated [31]. We do not add the 

reducing agent ascorbic acid, let chloroplatinic acid react directly with C-ZIF-Cu, and 

the product is labeled C-ZIF-Cu-Pt. As shown in Figure S10, the surface of 

C-ZIF-Cu-Pt supports a large number of platinum single atoms and a small number of 

clusters. The XRD pattern (Figure S7) of C-ZIF-Cu-Pt has no peaks of elemental 

copper and platinum, which proves the existence of the above reaction process. In 
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addition, in order to compare with the copper-platinum alloy, we prepared a 

single-metal platinum supported catalyst by not adding copper ions during the 

preparation process, and the product was labeled C-ZIF-Pt. The XRD pattern (Figure 

S7) of C-ZIF-Pt only has a broad elemental platinum peak. The TEM images (Figure 

S11) shown that the surface of the material is uniformly loaded with platinum 

nanoparticles with a diameter of about 5 nm, and there is no particle accumulation 

area. Analyze element composition by energy dispersive spectroscopy (EDS). As 

shown in Figure S12 and Table S2, the copper content in C-ZIF-Cu-Pt is significantly 

lower than that in C-ZIF-CuPt, indicating that chloroplatinic acid does indeed undergo 

a substitution reaction with copper in the substrate. The platinum loadings in 

C-ZIF-CuPt, C-ZIF-Cu-Pt, and C-ZIF-Pt are similar, which are 3.13 wt %, 3.33 wt %, 

and 3.24 wt %, respectively. 

  

Figure 2. (a) XPS spectra of samples. (b) N1s XPS spectra of samples. (c) Cu2p XPS 

spectra of Cu sheet, C-ZIF-Cu, C-ZIF-CuPt, C-ZIF-Cu-Pt. (d) Pt4f XPS spectra of 

C-ZIF-Pt, C-ZIF-Cu-Pt, C-ZIF-CuPt, Pt/C (Pt 20 wt %). 
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In order to study the composition and valence of the elements in the sample, we 

performed X-ray photoelectron spectroscopy (XPS) test. All spectra are calibrated to 

284.8 eV for the C 1s peak. The XPS total spectrum is shown in Figure 2a, and the 

corresponding element content is shown in Table S3. According to XPS data, the 

atomic ratio of platinum to copper on the surface of C-ZIF-CuPt is 3:1. According to 

the ICP-OES test, the platinum and copper contents in C-ZIF-CuPt are 4.41 wt% and 

0.48 wt%, respectively. The converted molar ratio is 2.99:1, which is basically 

consistent with the XPS test result. As shown in Figure 2b, compared with C-ZIF-Cu, 

the N1s binding energy of the sample is slightly positively shifted after loading 

platinum, which shows that N interacts with platinum during the platinum loading 

process and provides electrons to platinum [27, 31]. Figure 2c shows the Cu2p XPS 

spectrum of the sample, and the fitting results are shown in Table S4. The peaks of 

C-ZIF-Cu at 932.6 eV and 952.4 eV are Cu02p3/2 and 2p1/2, and there is also a weaker 

Cu2+ signal (935.4 eV, 955.3 eV). The Cu2p peak in C-ZIF-CuPt is significantly 

negatively shifted, and the binding energy of Cu02p3/2 (931.7 eV) is reduced by 0.9 eV 

compared with C-ZIF-Cu. This indicates that there is an interaction between copper 

and platinum. Since the electronegativity of platinum is higher than that of copper, the 

electrons of copper are transferred to platinum [32-34], resulting in the lack of 

electrons of copper. This promotes the nitrogen atoms connected to copper to provide 

electrons to the copper, which in turn leads to the electron enrichment of copper and 

the reduction of binding energy. At the same time, the Cu signal in C-ZIF-CuPt is 

significantly stronger than C-ZIF-Cu, and element content analysis shows that the Cu 
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content on the surface of C-ZIF-CuPt is higher than that of C-ZIF-Cu. This may be 

due to the substitution reaction between chloroplatinic acid and copper, leading to the 

leaching of copper in the matrix, which is then reduced by the reducing agent and 

finally enriched on the surface of the material. Since no reducing agent was added 

during the preparation of C-ZIF-Cu-Pt, the copper in the matrix reacted with 

chloroplatinic acid and then was directly lost, resulting in a decrease in surface copper 

content and disappearance of spectral peaks. In the Pt4f XPS spectrum (Figure 2d), Pt 

with different chemical valences can be identified, namely Pt0, Pt2+ and Pt4+ [35]. The 

binding energy and relative peak intensity are shown in Table S5. Compared with 

Pt/C, the Pt4f peak in C-ZIF-CuPt is negatively shifted by 0.2 eV. This further proves 

the existence of copper-platinum alloy. The analysis of the Pt4f spectrum in 

C-ZIF-Cu-Pt shows that the platinum in the material mainly exists in the form of 

high-valent platinum, which is mainly due to the lack of reducing agent during the 

preparation process, and zero-valent platinum cannot be effectively generated. In 

addition, the highly dispersed platinum atoms have higher activity and are easily 

oxidized to higher chemical states. Since C-ZIF-Pt does not contain copper, 

chloroplatinic acid is directly reduced by ascorbic acid to form nanoparticles and 

loaded on the surface of the material. The binding energy of Pt4f is basically the same 

as that of Pt/C, and the content of platinum oxide is higher than that of Pt/C. 
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Figure 3. (a) ORR polarization curves for catalysts in 0.1 M KOH at 25 °C and 1600 

rpm at a scan rate of 10 mV/s. (b) The CV curves of C-ZIF-CuPt and Pt/C are 

respectively saturated with oxygen (solid line) and saturated with nitrogen (dashed 

line) at 0.1 M KOH at 25 °C at a scan rate of 20 mV/s. (c) Tafel curve of C-ZIF-CuPt 

and Pt/C. (d) Calculated H2O2 yield and transferred electron numbers for C-ZIF-CuPt, 

C-ZIF-Cu-Pt and Pt/C (20 wt%). (e) The mass activity and specific activity of 

C-ZIF-CuPt and Pt/C. (f) The ORR polarization curves of C-ZIF-CuPt and Pt/C 

before and after the ADT test by 10,000 cycles. 

As shown in Figure 3a, The ORR catalytic activity of samples ware measured by 

recording the linear sweep voltammetry (LSV) curves on a rotating disk electrode 

(RDE). The results show that C-ZIF-Cu has a certain ORR catalytic activity, but its 

performance is poor. After the copper-platinum alloy is formed, the performance of 

the material is significantly improved. The polarization curve of C-ZIF-CuPt almost 

overlaps with commercial Pt/C, the half-wave potential is 0.874 V (vs. RHE), and the 

limiting current density reaches 5.5 mA cm−2, which is very close to the performance 

of Pt/C (E1/2= 0.873 V, JL=5.8 mA cm−2). In contrast, the half-wave potential and 
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limiting current density of C-ZIF-Cu-Pt which dispersedly loaded with sub-nano 

platinum are significantly worse than C-ZIF-CuPt. The highly dispersed platinum 

atoms on its surface do not exhibit excellent ORR catalytic performance. When the 

material does not contain copper, the limiting current density of C-ZIF-Pt loaded with 

platinum nanoparticles is consistent with Pt/C, but the half-wave potential is only 

0.835 V, which shows poor catalytic performance. As shown in Figure 3b, the peak 

potentials in the CV curves of C-ZIF-CuPt and Pt/C are both 0.863 V. Figure 3c, the 

Tafel slope of C-ZIF-CuPt is less than Pt/C, which indicates that C-ZIF-CuPt has a 

higher electron transfer rate than Pt/C. 

The rotating ring-disk electrode (RRDE) was employed to further explore the 

catalytic selectivity of materials. According to the RRDE voltammograms shown in 

Figure S13, the ring current and disc current are substituted into formulas (2) and (3) 

for calculation to obtain the electron transfer number of catalysts and the hydrogen 

peroxide yield. As shown in Figure 3b, the electron transfer number of C-ZIF-CuPt is 

higher than 3.9, the hydrogen peroxide yield is lower than 4%, and the performance is 

very close to that of Pt/C, indicating that the ORR catalytic selectivity of C-ZIF-CuPt 

is high. The electron transfer number of C-ZIF-Cu-Pt is less than 3.7, and the 

hydrogen peroxide yield is above 14%. This shows that the highly dispersed platinum 

atoms on the surface of C-ZIF-Cu-Pt do not have excellent ORR catalytic selectivity. 

This is probably related to the high degree of oxidation of platinum atoms on the 

surface of C-ZIF-Cu-Pt.  
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The electrochemical active surface area (ECSA) is an important indicator for 

evaluating catalysts. By testing the CV curve in 0.5 M H2SO4 (Figure S14), the area 

of the hydrogen desorption zone was calculated and normalized to the platinum 

loading, and the ECSA of C-ZIF-CuPt and Pt/C were 80.6 m2/gPt and 24.1 m2/gPt, 

respectively. The results show that the active area per unit mass of platinum of 

C-ZIF-CuPt is much higher than that of Pt/C, and the efficiency of platinum is high. 

The mass activity and specific activity of the catalyst were calculated based on the 

kinetic current of the ORR at 0.9 V. As shown in Figure 3e, the mass activity of 

C-ZIF-CuPt is 240.1 mA/mgPt, and the specific activity is 2.98 A/m2, which are 4.4 

times and 1.3 times that of Pt/C (54.5 mA/mgPt, 2.26 A/m2), respectively. Accelerated 

durability test (ADT) was performed by testing the ORR polarization curve before 

and after 10,000 cycles of CV. As shown in Figure 3f, the catalytic activity of Pt/C is 

significantly reduced while the activity of C-ZIF-CuPt is almost unchanged. This 

indicates that the stability of C-ZIF-CuPt is better than that of Pt/C. As shown in 

Figure S15, the TEM images of Pt/C before and after the ADT test show that the 

platinum nanoparticles loaded on carbon are obviously shedding, while the TEM 

image of C-ZIF-CuPt shows that the copper-platinum alloy particles are stably loaded 

on the substrate after the ADT test. This shows that the stability of C-ZIF-CuPt is 

better.  
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Figure 4. (a) HER polarization curves for samples in N2-saturated 0.1 M KOH at 

25 °C and 1600 rpm at a scan rate of 5 mV/s. (b) Overpotential at 10 mA/cm2 of 

samples. (c) Capacitive current at 0.14 V (vs RHE) plotted versus scan rate to 

estimate the 2Cdl of Pt/C, C-ZIF-CuPt and C-ZIF-Cu-Pt. (d) The corresponding Tafel 

curve of Pt/C and C-ZIF-CuPt obtained from the HER polarization curves in Figure 

4a. (e) EIS of Pt/C and C-ZIF-CuPt. (f) The HER polarization curves of C-ZIF-CuPt 

and Pt/C before and after the ADT test by 1000 cycles. 

Under nitrogen saturated conditions, in a 0.1 M KOH solution, the same RDE as 

ORR was used to test the HER performance of the catalyst. As shown in Figure 4a 

and b, C-ZIF-Cu has no HER performance. After loading platinum on its surface to 

form a copper-platinum alloy, its performance has a qualitative leap. C-ZIF-CuPt only 

needs 46 mV to drive 10 mA/cm2, which is significantly better than Pt/C (64 mV). 

The catalytic performance of C-ZIF-Cu-Pt and C-ZIF-Pt are both inferior to that of 

C-ZIF-CuPt. This shows that in HER catalysis, copper-platinum alloys have 

advantages over sub-nano-dispersed platinum and single-metal platinum nanoparticles. 

The electrochemical active area of the catalyst can be approximated by comparing the 
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electric double layer capacitance (Cdl) [36]. Figure S16 shows the CV curves of Pt/C, 

C-ZIF-CuPt and C-ZIF-Cu-Pt at different scanning speeds. Based on the difference 

between the anode and cathode current density at a potential of 0.14 V and the 

scanning speed, the slope is twice that of Cdl. As shown in Figure 4c, the 2Cdl value 

of C-ZIF-CuPt is greater than that of Pt/C and C-ZIF-Cu-Pt. This indicates that 

C-ZIF-CuPt has a higher electrochemically active area. In Figure 4d, the Tafel slope 

of C-ZIF-CuPt is lower than Pt/C, indicating that the electron transfer rate of 

C-ZIF-CuPt is faster. Electrochemical impedance (EIS) is another important 

parameter to measure catalyst activity. The diameter of the semicircle in the high 

frequency region in the Nyquist diagram reflects the charge transfer resistance [37]. 

As shown in Figure 4e, the diameter of the semicircle in the high frequency region of 

C-ZIF-CuPt is slightly smaller than that of Pt/C, indicating that the electron transfer 

rate of the material is faster. As shown in Figure 4f, the accelerated durability test is 

performed through 1000 cycles of CV. The results show that the stability of 

C-ZIF-CuPt is significantly better than that of Pt/C. In addition, as shown in Figure 

S17, C-ZIF-CuPt showed a mass activity of 541.4 mA/mgPt in HER catalysis at an 

overpotential of 0.3 mV, which was 6.7 times that of Pt/C (80.9 mA/mgPt). This 

shows that the platinum utilization rate in C-ZIF-CuPt is significantly higher than that 

of Pt/C. 

In order to optimize platinum loading in C-ZIF-CuPt on the catalytic performance 

of the material, we controlled the chloroplatinic acid content in the preparation 

process of C-ZIF-CuPt to be between 200 μL and 1400 μL. As shown in Figure S18, 
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when the amount of chloroplatinic acid is 1200 μL, the material has the best ORR and 

HER dual-functional catalytic performance. In addition, we also compared the effects 

of substrates with different copper content on the structure and performance of the 

material. As shown in Figure S19a-d, when the Cu(NO3)2•3H2O used in the 

preparation of the precursor is 0.1 mmol, the copper atoms in the calcined product are 

highly dispersed, and the XRD spectrum (Figure S4) does not have the peak of 

elemental copper. After platinum is loaded, fine nanoparticles are formed on the 

surface of the material. When the amount of Cu(NO3)2•3H2O is 0.4 mmol, the copper 

atoms in the calcined product aggregate, and the XRD spectrum shows obvious 

elemental copper peaks in Figure S4. After platinum is loaded, a large number of 

particle accumulation areas are formed on the surface of the material. This 

phenomenon further proves that the morphology of the copper-platinum alloy on the 

surface of the material is related to the dispersed state of copper atoms in the material. 

As shown in Figure S19e and f, higher or lower copper content of the substrate shows 

poor ORR and HER catalytic performance. When the amount of Cu(NO3)2•3H2O is 

0.2 mmol, the material has the best catalytic performance. 
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Figure 5. (a) Original X-PEEM view of C-ZIF-CuPt. (b, c) are the SEM images of 

areas C2 and C1 in Figure 5a. (d) C K-edge x-ray absorption spectra of selected sites 

at C1 as shown in different color circles as red for bare carrier carbon, orange for 

smaller CuPt clusters and green circle corresponds larger CuPt particles on carrier, 

respectively.  

The bonding conditions between the copper-platinum alloy and the carrier were 

investigated through the microregional C k-edge x-ray absorption spectra (XAS) of 

C-ZIF-CuPt recorded on an X-ray photoemission electron microscope (X-PEEM). 

Figure 5a depicts an actual X-PEEM image of the probed local sites of C-ZIF-CuPt 

dispersed on a Si wafer with its parts zoomed in SEM images labelled as C2, C1 in 

Figure 5b, c. The same SEM images were amplified in Figure S20 for clarifications of 

particle sizes. In each area, three different local sites with the same area have been 
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chosen for the analysis. Red circle indicates the bare carrier carbon, orange and green 

ones correspond to smaller and larger CuPt clusters or particles on carrier carbon 

surfaces, respectively. Figure 5d shows the comparative plot of corresponding spectra 

at area C1 for red, orange and green circles as from bare carrier carbon, smaller CuPt 

and larger CuPt sites, respectively. As shown in Figure 5d, the feature in the energy 

range 285 to 290 eV typically refers to C 1s →π* transition while the latter feature up 

to 300 eV to be due to C 1s →σ* transition. On comparing the spectra, one can 

clearly observe the spectroscopic differences, which is significant near σ* states. The 

differences are visible in other areas such as C2 as given in Figure S21 for the similar 

regions of interests.  By comparing the first three spectra, at the position indicated by 

the purple arrow, the shoulder peak feature shapes more into peak like from no CuPt 

to larger CuPt clusters. Such change in XAS spectra suggest the presence of new 

electronic states in the conduction band derived from hybridization of C-π/σ network 

with Cu and Pt d-orbitals [38-40]. In the Figure 5d, suppressed intensity of 

unoccupied σ* states of C happens, possibly due to electron transfer between metallic 

orbitals and C-2p. The PEEM-XAS data indicate that the C carrier exhibits a strong 

orbital interaction with the CuPt particles. Such an interaction is weaker with smaller 

ones which are mostly due to Pt’s oxidizations therein as given in the XPS analysis. 

The interaction is constructive to the firm loading of CuPt on the surface of the carbon 

matrix, retain chemical activities of the CuPt, and improving the stability of the 

composites. 
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Figure 6. Models of (a) Pt(111) and (b) CuPt3(111). The blue ball represents Pt, and 

the brick red ball represents Cu. (c) PDOS of d orbitals of Pt(111) and CuPt3(111). 

The calculated d-band centers are marked with dotted lines. (d-f) The free energy path 

of ORR on the surface of Pt(111), Cu and Pt sites of CuPt3(111), respectively. (g) The 

activation energy barriers of H2O molecules in the HER of three model structures. 

The influence of copper-platinum alloy structure on catalytic performance was 

studied by using DFT calculation. A model of CuPt3(111) was constructed according 

to the XPS determination on element abundance and compared with Pt(111) as shown 

in Figure 6a and 6b. The d-band centers of the systems are also given in Figure 6c 

with its computational method in SI. Results show that the d band center of copper in 

CuPt3 is closest to the Fermi level, followed by the platinum site of CuPt3(111), and 

the platinum site of Pt(111), which are −2.320, −2.407 and −2.593 eV, respectively. 

Figure 6d-f present the free energy paths of the ORR at different potentials at three 

different configuration sites. The intermediates adsorption configuration is depicted in 

Figure S22. The results show that the overpotential of ORR at the platinum site of 

Pt(111) is 0.478 V. After the copper-platinum alloy is formed, the overpotential of 
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platinum in the copper-platinum alloy is 0.237 V, and the overpotential of copper is 

0.326 V. The doping of copper significantly reduces the ORR overpotential of the Pt 

active site, and promotes the ORR catalytic performance of the material. Under 

alkaline conditions, the key to the reaction rate of HER is the activation energy of 

water molecules (the energy barrier for the decomposition of H2O into OH+H) [41, 

42]. As shown in Figure 6g, the water decomposition energy barrier of the platinum 

site of the copper-platinum alloy is 0.958 eV, which is significantly lower than pure 

platinum (1.326 eV). The corresponding intermediate adsorption configuration is 

shown in Figure S23. Copper doping effectively reduces the activation energy barrier 

of platinum to water molecules, which enables excellent HER performance on 

C-ZIF-CuPt. 

 

4. Conclusion 

In summary, we disperse and support copper atoms on the carrier in advance, then 

use them as platinum-supported targets, and finally directionally support platinum 

atoms to obtain a copper-platinum alloy-supported nitrogen-doped porous carbon 

material. The method simplifies the preparation and loading process of platinum alloy 

materials. In addition, because copper atoms are embedded on the nitrogen-doped 

carbon support, it is beneficial for the copper-platinum alloy nanoparticles to be 

firmly anchored on the support, and the stability of the catalyst is improved. The 

X-PEEM test results confirmed the strong orbital interaction between the carrier 

carbon and the copper-platinum alloy. The ORR performance of the obtained catalyst 
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C-ZIF-CuPt is equivalent to that of Pt/C, and the HER performance is better than that 

of Pt/C. Its platinum mass activity is 4.4 times (ORR) and 6.7 times (HER) of 

commercial Pt/C (20 wt%), and its platinum content is only 4.4 wt%. The accelerated 

durability test shows that the stability of the catalyst is significantly better than that of 

Pt/C. DFT calculations show that Cu doping can increase the d-band center of Pt, 

reduce the ORR overpotential and the activation energy barrier to water molecules, 

thereby improving the ORR and HER catalytic performance of the material. In 

addition, under the same loading conditions, the sub-nanoscale (single atom, cluster) 

dispersed platinum supported catalyst C-ZIF-Cu-Pt showed poor ORR selectivity and 

HER catalytic performance. This further shows that platinum alloying can effectively 

improve the performance of the catalyst. 
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