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a b s t r a c t

Single metal atoms immobilized on a carbon substrate are of great potential for enhancing the catalytic

activities for oxygen reduction and methanol oxidation reactions (ORR/MOR) owing to the maximized

atom utilization. Herein, single copper atoms (SCAs) are loaded on macro-porous nitrogen-doped carbon

(Cu-NC) derived from zeolitic imidazolate framework-8 (ZIF-8), which are used as catalysts for ORR and

Pt-supports for MOR. For ORR, the catalyst marked as Cu-NC-3 exhibits a higher peak potential of 0.87 V

(vs. Reversible hydrogen electrode) than that of commercial Pt/C (0.83 V), mainly attributing to that the

3D macro-porous structure of Cu-NC-3 provides adequate space for uniform dispersion of SCAs as the

main active species, and smooth diffusion pathways for fast transport of substances (O2, H2O), therefore

reducing the overpotential and the intermediate (H2O2) generation to enhance ORR activity. For MOR, Pt-

Cu-NC-3 has a higher mass activity of 1217.4 mA/mgPt than that of Pt/C (752.4 mA/mgPt), and its activity

maintenance (decline of 27.6%) is also better than Pt/C (decline of 44.0%) after 5000 cyclic voltammetry

(CV) cycles. The interactions between SCAs and Pt nanoparticles should facilitate the generation of OH−

from water molecules, which can fast eliminate the adsorbed CO to recover the Pt active sites to improve

MOR performance. This synthesis strategy affords a new inspiration to prepare single metal atoms loaded

on ZIFs-derived macro-structure with diverse activities for ORR/MOR.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To solve global energy and environmental problems, great ef-

forts have been made to explore alternatives to fossil fuels [1–4].

Among the new energy sources, direct methanol fuel cell (DMFC)

is one of the candidates to well meet the energy demand because

of its advantages of clean fuel, simple cell structure, and fast start-

up [5,6]. Although significant advances have been made in recent

years, there are still obstacles to the commercialization of DMFC

technology, including slow kinetics of anodic methanol oxidation

reaction (MOR) and cathodic oxygen reduction reaction (ORR), high

platinum (Pt) loading, easy catalyst poisoning, and serious agglom-

eration and corrosion of active components during catalytic pro-

cess [7–9]. In general, Pt-based nanomaterials are considered as

the most advanced catalysts for MOR/ORR [10]. However, Pt-based
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catalysts are difficult to be applied and commercialized on a large

scale due to their exiguity, high price, low stability, and poor tol-

erance to carbon monoxide (CO)/methanol [11–13]. Therefore, it is

urgent to develop non-noble metal-based catalysts with high activ-

ity, stability and resistance to toxicity.

Metal carbides have been used as non-noble metal catalysts

in DMFCs by optimizing their geometric and electronic structures

to improve their intrinsic activity and stability. In recent years,

zeolite-imidazole frameworks (ZIFs) have become the hot raw ma-

terials to synthesize metal-nitrogen (N)-carbon catalysts [14–16].

Nevertheless, due to the limitation of such a fixed structure (poly-

hedron, sphere, etc.) of ZIFs-derived catalysts, the active sites on

metal species cannot be fully utilized. Therefore, the size, structure

and composition of these catalysts should be properly controlled to

accelerate the electron transfer to further improve the electrocatal-

ysis performance by allowing the barrier-free contact between ac-

tive sites and reactants [17–19]. As reported previously, by compar-

ing with the microporous electrocatalysts, the three-dimensional
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(3D) macro-porous carbon matrix can expose the active sites to

the maximum extent, thus significantly improving the diffusion of

reactants (mass transfer) to obtain a higher electrocatalytic perfor-

mance [20].

In addition to the improvement of mass transfer ability, it is

particularly important to improve the utilization rate of active sites

on the 3D macro-porous structure [21]. In particular, it is reported

that by adding a small amount of metal single-atom species to the

porous structure, higher catalytic selectivity and active-site avail-

ability can be obtained. There is no doubt that the single atoms-

based catalysts are the best choices for electrocatalysis. At present,

a series of monatomic metal catalysts, such as Pt, Co, Fe, etc., have

been studied in the field of electrochemistry [22–26]. As we all

know, Cu as a low-cost metal usually has a comparable electro-

catalytic activity to other transition metals (such as Fe, Co, Ni).

Cu has the second highest conductivity, which is only lower than

that of silver. This makes it possible to promote the charge trans-

fer between the active sites and the reactants, which thus has a

good effect on activity for electrocatalysis (oxygen evolution reac-

tion (OER), etc.) [27–29]. Based on the above analyses, establish-

ing a relationship between atomic (Cu) active sites and structural

functions through a comprehensive method is a promising option

for improving the catalytic activity for MOR/ORR.

This study reports the synthesis and application of single Cu

atoms (SCAs) anchored on macro-porous carbon (Cu-NC) as cata-

lysts for ORR and MOR (as Pt support). SiO2 nanospheres as the

template are added during the ZIF-8 synthesis process, which is

completely removed by acid (HF) washing after carbonization to

form a macro-porous carbon to facilitate the mass transfer. The

reaction of copper nitrate trihydrate and urea occurs in a macro-

porous medium to obtain the SCAs. As the temperature of the

reaction solution rises under the ultrasound condition, the de-

composition of urea in a high-energy environment can provide

a weak alkaline environment for the reduction of Cu atoms. The

well-dispersed SCAs can provide abundant active sites to enhance

the adsorption of oxygen on the catalyst surface to improve the

ORR performance. In addition, under the action of SCAs, Pt atom

should correspondingly improve the catalytic activity and anti-

toxicity (CO) in the MOR process. As expected, the as-prepared Cu-

NC catalysts may exhibit higher catalytic activities, long-term dura-

bility and CO/methanol resistance than those of commercial cata-

lysts for MOR and ORR.

The synthesis process of Cu-NC is schematically illustrated in

Fig. 1a (The detailed preparation procedure, material characteriza-

tions and electrochemical tests can be seen in Supporting infor-

mation). Fig. 1b shows that SiO2 nanoparticles (NPs) are spherical

shape with a narrow size range of 110 to 130 nm. Zn(NO3)2·6H2O

and 2-methylimidazole are coordinated to form to ZIF-8 to assem-

ble with SiO2 NPs. Abundant voids between SiO2 NPs facilitate the

deposition of ZIF-8 (Fig. 1c). ZIF-8 can interconnect the individual

SiO2 NPs through annealing for the formation of precursor ma-

terial with SiO2 NPs inside (Fig. 1d). As shown in Fig. S1 (Sup-

porting information), the carbonized ZIF-8 NPs (without SiO2, de-

noted as NC) still remain the original polyhedral morphology. NC-0

(without Cu source) is obtained by removing SiO2 template from

the carbon structure by using HF. The preparation processes of

NC, NC-0, Pt-NC and Pt-NC-0 are provided in Supporting informa-

tion. Macro-porous Cu-NC-3 catalyst with well-defined intercon-

nections is obtained by adding Cu sources (Fig. 1e). The diameter

of macropores is approximately 120 nm, which is similar to that

of SiO2 template, indicating that SiO2 NPs have been completely

washed away. The macro-porous structure with a high degree of

3D structural interconnection should facilitate the diffusion of the

reactants and expose more active sites to significantly improve the

stability of the catalysts (Fig. S2 in Supporting information). The

high-angle annular dark-field-scanning transmission electron mi-

Fig. 1. (a) Schematic synthesis process for Cu-NC and Pt-Cu-NC composites. SEM

images of silica (b), ZIF-8 -silica composite (c), ZIF-8-derived carbon-silica compos-

ite (d), and Cu-NC-3 (e). Atomic-resolution HAADF-STEM image of Cu-NC-3 material

(f, SCAs show bright contrast), and the inset is the corresponding SAED pattern; el-

emental mapping results of C (g), N (h) and Cu (i).

croscope (HAADF-STEM) image in Fig. 1f confirms that SCAs are

well-dispersed on the surface of NC material. As shown in the inset

of Fig. 1f (selected-area electron diffraction, SAED), the presence of

several rings indicates the poor crystallinity of the prepared cat-

alysts [30–32]. As shown in Figs. 1g-i (partially-enlarged mapping

images), the C, N and Cu elements are uniformly dispersed in the

NC skeleton. Notably, the uniform distribution of SCAs throughout

the framework of NC can establish a large number of active sites,

which will greatly promote the catalytic activity.

As shown in Figs. 2a and b, N2 adsorption-desorption isotherms

for NC and Cu-NC-3 belong to type IV with H-3 hysteresis loops.

There are a large number of mesopores and macropores in NC

and Cu-NC-3 (SBET of 315 m2/g) as calculated by the Hamilton-

Jacobi-Bellman (HJB) method. It confirms that macro-porous car-

bon (NC) with 3D structure is successfully prepared. The adsorp-

tion isotherms, specific surface area and pore size distributions of

the Cu-NC-y (y = 1, 2, 4 and 5) catalysts are shown in Fig. S3

and Table S1 (Supporting information). The surface areas (SBET)

of Cu-NC catalysts with different Cu loadings do not differ much

from each other. The larger SBET of Cu-NC-2 and Cu-NC-3 indicates

that more active sites (per unit mass) and mass transfer chan-

nels can be provided on the catalyst for reactants, thus promoting

the transport of substances and the catalytic activity of the cata-

lyst [33]. Moreover, the highly-porous structure can also provide

enough space to obtain the uniform dispersion of SCAs.

As shown in Fig. 2c, the binding energies of Cu 2p3/2 are 932.3

and 934.8 eV, indicating that there are two chemical states Cu

(Cu+, Cu2+) in Cu-NC-3 [34]. Two peaks at around 952.1 (Cu 2p1/2)

and 954.6 eV (Cu 2p1/2) are attributed to Cu+ and Cu2+, respec-
tively. The two peaks with relatively-weak intensities at around

943.7 and 963.0 eV correspond to the satellite peaks, which can be

ascribed to the shakeup excitation [35]. The intensities of the satel-

lite peaks are weak, indicating that Cu species is mainly existed

in the form of single-atom with metallic state [32,34,36]. High-

resolution X-ray photoelectron spectroscopy (XPS) spectra of Cu 2p

for Cu-NC-y (y = 1, 2, 4 and 5) are shown in Fig. S4 (Supporting in-

formation). Fig. 2d and Fig. S5 (Supporting information) shows that

the peaks at around 284.5, 285.4, 287.8, 288.9 and 291.7 eV corre-

spond to C–C sp2, C–O/C–N, C=O/C=N, O=C–OH and π-π ∗, respec-
tively. The largest peak areas of C–C sp2 belong to the graphic car-
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Fig. 2. N2 adsorption/desorption isotherms and pore size distributions (inset) for NC (a) and Cu-NC-3 (b) catalysts. High resolution XPS spectra of Cu 2p (c), C 1s (d), N 1s

(e), O 1s (f) for Cu-NC-3.

bon, indicating that the carbon skeleton is partially graphitized to

obtain the promising conductivity [37]. Moreover, the existence of

C–O/C–N and C=O/C=N shows that N atoms are successfully doped

into the carbon skeleton. Both NC-0 and Cu-NC-y (y = 1, 2, 3, 4 and

5) have the peak of C=O/C=N, while NC does not show this peak

(Fig. S5). The dipole moment of C=O/C=N is larger than that of

C–O/C–N, indicating that C=O/C=N has a higher polarity to obtain

a higher hydrophilicity [38,39]. The O=C–OH as an O-containing

functional group on catalyst surface can also promote the surface

hydrophilicity to facilitate the adsorption of H+/O2 to improve the

ORR electrocatalytic activity [40].

In high-resolution XPS spectra of N 1s (Fig. 2e and Fig. S6 (in

Supporting), there are five peaks at around 398.3, 399.1, 400.2,

401.5 and 406.2 eV correspond to pyridinic N, Cu-N, pyrrolic N,

graphitic N and oxidized N, respectively. Pyridinic N can improve

the O2 adsorption capacity on adjacent C atoms to accelerate ORR

electron transfer [41]. As reported previously, the coordination en-

vironment of Cu-N is the same as Cu phthalocyanine [34]. Pyri-

dinic N can provide the coordination sites for central Cu atom to

form Cu-N active sites implanted in carbon matrix [41]. π-π sys-

tem of carbon is broken by graphitic N, which attracts electrons

from adjacent carbon atoms to increase the adsorption capacity

of O2 [42]. As reported previously, oxidized N plays an important

role in the process of decreasing protonation and increasing uti-

lization of Pt via the charge-cloud interactions between Pt and ox-

idized N [43]. Because of the highest polarizability of oxidized N, it

has been considered as the co-catalytic active-center for MOR [44].

Fig. 2f and Fig. S7 (Supporting information) show that the peaks at

around 531.6, 532.7 and 533.5 eV correspond to O=C–OH, C=O and

C–OH, respectively. A large number of surface oxygen-containing

functional groups are generated on the carbon skeleton, which can

promote the adsorption of oxygen, thereby improving the ORR cat-

alytic activity.

In the X-ray diffraction (XRD) patterns (Fig. 3a), the peaks of

graphitic carbon are observed at 2θ = 24.5°, and no other peaks

appear because the Cu content is too small to be detected by XRD.

As shown in the Raman spectra (Fig. 3b), peaks at around 1352

and 1590 cm−1 correspond to the D bands generated by lattice de-

fects and the G bands generated by graphitic carbon, respectively.

Fig. 3. XRD patterns of NC-0 and Cu-NC-3 (a); Raman spectra of NC and Cu-NC-3

(b); contact angles of NC (c) and Cu-NC-3 (d).

Cu-NC-3 has a lower ID/IG (1.71) value than that of NC (1.87), indi-

cating that a higher degree of graphitization is obtained in Cu-NC-

3. The conductivity and electronic transport ability of catalysts are

enhanced with a high degree of graphitization. Stronger D band

means that there are a lot of defects and vacancies in the as-

prepared catalysts, which can provide more spaces for electrons

to transfer, and also maximize the deposition of SCAs [32,45]. The

contact angles of NC and Cu-NC-3 are 18.79° (Fig. 3c) and 12.88°
(Fig. 3d), respectively, indicating that the catalyst shows a higher

hydrophilicity. It is known that materials with polar groups have

a great affinity for water [46], which makes the Cu-NC-3 catalyst

more easily wetted by water. Therefore, the absorption time for

electrolyte is shortened on the Cu-NC-3 catalyst, and then the con-

tact between active sites and reactants is accelerated to improve

the electrocatalytic performance.

In the O2-saturated 0.1 mol/L KOH solution, the catalytic perfor-

mances of Cu-NC-y, NC and Pt/C for ORR are examined. As shown
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Fig. 4. CV curves for Pt/C, NC, NC-0 and Cu-NC-3 in an O2-saturated 0.1 mol/L KOH solution at a scan rate of 10 mV/s (a); LSV curves (5 mV/s and 1600 rpm) in an O2-

saturated 0.1 mol/L KOH solution (b); CV curves of Pt-Cu-NC-3 and Pt/C tested in 1 mol/L KOH (c); CV curves of Pt-NC, Pt-NC-0, Pt-Cu-NC-3 and Pt/C catalysts in 1 mol/L

KOH with 1 mol/L methanol at a scan rate of 50 mV/s (d).

in Fig. 4a and Fig. S8 (Supporting information), obvious oxygen

reduction peaks are exhibited in cyclic voltammetry (CV) curves.

Notably, Cu-NC-3 has the highest activity for ORR at peak poten-

tial of 0.87 V, which is much higher than those of commercial

Pt/C (0.81 V), NC (0.73 V) and NC-0 (0.77 V). It implies that the

proper loading of SCAs on the 3D macro-porous structure (Cu-NC-

3) can form the Cu-N-C structure to greatly improve the ORR activ-

ity. Macro-porous carbon with a high degree of 3D structural inter-

connection can provide adequate space and diffusion pathways for

transport of substances (O2, H2O, OH
−) and facilitate the uniform

dispersion of the crucial Cu-N active sites [45]. According to pre-

vious reports, the adsorption energy of Cu2+-N (bridge-connected)

for oxygen is extremely close to that of commercial Pt/C [32,34].

According to the Sabatier principle [47], it is believed that Cu2+-
N is the main active site of Cu-NC-3 for ORR. LSV tests are con-

ducted at a rotating speed of 1600 rpm to estimate ORR activ-

ity in O2-saturated 0.1 mol/L KOH electrolyte. In Fig. 4b and Fig.

S9 (Supporting information), Cu-NC-3 shows better onset potential

(E0 = 0.95 V), half-waves potential (E1/2 = 0.87 V) and limiting

current density (JL = 5.4 mA/cm2) than those of Pt/C (E0 = 0.92 V,

E1/2 = 0.84 V and JL = −5.7 mA/cm2). Table S2 (Supporting infor-

mation) shows the ORR activities of Cu-NC-3 and other recently-

reported transition metals-based catalysts. More ORR test results

are provided in Figs. S10–13 (Supporting information).

Fig. 4c shows the CV curves of Pt-Cu-NC-3 and Pt/C tested in

1 mol/L KOH solution. The electrochemical activity surface area

(ECSA) of Pt-Cu-NC-3 (150.1 m2/gPt) can be obtained by calculat-

ing the area of the hydrogen zone in the CV curve, which is much

greater than that of Pt/C (93.9 m2/gPt). The larger hydrogen ad-

sorption and desorption areas of the catalysts, the larger ECSA and

the higher MOR activity [46]. Pt-Cu-NC-3 has a larger hydrogen ad-

sorption and desorption area, mainly because the 3D macro-porous

structure can fully utilize the Pt active sites, thereby improving the

MOR performance [48]. As shown in Fig. 4d, Pt-Cu-NC-3 has a high

mass activity of 1217.4 mA/mgPt at 0.8 V (50 mV/s), which is much

higher than that of Pt/C (752.4 mA/mgPt). In addition, the mass ac-

tivity of Pt-NC-0 (501.8 mA/mgPt) is also higher than that of Pt-NC

(221.4 mA/mgPt). Fig. S14 (Supporting information) shows that the

mass activities of Pt-Cu-NC-y (y = 1, 2, 4 and 5) are 718, 919.2,

878.6, and 527 mA/mgPt, respectively. The macro-porous structure

of Cu-NC-y supports can improve the utilization of Pt to promote

the mass activity [45]. Table S3 (Supporting information) compares

the MOR activity of Pt-Cu-NC-3 with other similar catalysts that

have been recently reported. It shows that Pt-Cu-NC-3 exhibits the

highest mass activity. The SCAs that form the catalytically active

sites are usually combined with non-metallic N atoms [36]. When

there are other metals (such as Pt) around, it may cause the metal

atomic orbital to overlap and form a complicated effect [49]. The

interactions between two atoms (Pt and Cu) can cause the re-

distribution of electrons to catalyze the ∗OH generated by water

molecules in the electrolyte, which can fast react with the inter-

Fig. 5. Schematic illustration of possible mechanisms for ORR (Cu-NC-3) and MOR

(Pt-Cu-NC-3).

mediates such as CO to release the active sites to improve MOR

performance [36,50]. More MOR test results are provided in the

Supporting information (Figs. S15–18 in Supporting information).

The schematic illustration of possible mechanisms for ORR (Cu-NC-

3) and MOR (Pt-Cu-NC-3) is shown in Fig. 5, and more discussions

are provided in Supporting information.

In summary, we present a new approach for synthesis of Cu-

NC composites from ZIF-8 as highly active catalysts with a promis-

ing tolerance to methanol for ORR and as Pt-supports with a su-

perior CO tolerance for MOR. Cu-NC-3 has the highest ORR activ-

ity with a peak potential of 0.87 V, E0 = 0.95 V, E1/2 = 0.87 V

and JL = 5.4 mA/cm2. Cu-NC-3 shows better Tafel slopes and Rct

value than those of commercial Pt/C. Such an excellent ORR per-

formance of Cu-NC-3 is achieved by using the SCAs as the active

species loaded on the N-containing defective carbon matrix. More-

over, Pt-Cu-NC-3 has higher mass activity (1217.4 mA/mgPt), CO

tolerance, and stability than those of Pt/C, which is attributed to

that the strong interactions between SCAs and Pt NPs allow elec-

trons to be accumulated around Pt atom to improve catalytic activ-

ity and stability. In this study, we rationally design a highly-active

ORR/MOR catalyst/co-catalyst with a promising stability, and pro-
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vide a deeper understanding of the synergy between the single

atoms and the 3D structure of carbon matrix. In the future, sin-

gle atoms-based catalysts will continue to attract a great deal of

attention because of their maximal atom utilization and, more im-

portantly, promising activity and selectivity toward various reac-

tions.
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