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Abstract 

Construction of single-atom catalysts (SACs) with maximally exposed active sites remains a 

challenging task mainly because of the lack of suitable host matrices. In this study, hierarchical 

N-doped carbon nanoboxes composed of ultrathin nanosheets with dispersed atomic Mo 

(denoted as hierarchical SA-Mo-C nanoboxes) were fabricated via a template-engaged 

multistep synthesis process. Comprehensive characterizations, including X-ray absorption fine 

structure analysis, reveal the formation of Mo-N4 atomic sites uniformly anchored on the 

hierarchical carbon nanoboxes. The prepared catalysts offer structural and morphological 

advantages, including ultrathin nanosheet units, unique hollow structures and abundant active 

Mo-N4 species, that result in excellent activity with a half-wave potential of 0.86 V vs. RHE 
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and superb stability for the oxygen reduction reaction in 0.1 M KOH; thus, the catalysts are 

promising air-cathode catalysts for Zn-air batteries with a high peak power density of 157.6 

mW cm-2. 

Keywords: single-atom catalysts (SACs), Mo-N4, hollow structures, nanosheets, oxygen 

reduction reaction 

1. Introduction 

The high catalytic activity and ultimate atom utilization of single atomic catalysts 

(SACs) have facilitated enormous progress in both synthesis methodologies and 

applications in the past few years.[1-5] The oxygen reduction reaction (ORR) is an 

important application of SACs that has attracted considerable attention because of its 

crucial role in fuel cells and Zn-air batteries (ZABs).[6-9] Pt-based materials are generally 

considered to be the most efficient ORR electrocatalysts.[10] However, the high cost and 

scarcity of the noble metal Pt severely restricts practical applications of these materials. 

Consequently identifying and designing efficient, low-cost and stable SACs for ORRs 

has become a pressing objective. To date, considerable effort has been devoted to 

developing carbon catalysts codoped with transition metals and nitrogen (denoted as M-

N-C, where M represents Co, Fe, Cu or/and Mn, etc.) that exhibit promising ORR 

performance.[11-16] Both theoretical calculations and experimental observations have 

shown that the unprecedented ORR activity of these novel carbon-supported catalysts, 

principally originates from atomically dispersed nitrogen-coordinated metal sites.[17-24] 

Although considerable progress has been made in research on M-N-C-based ORR 

catalysts using nonprecious 3d transition metals (including Co, Fe, Cu and Mn, 

expanding the group of M-N-C-based ORR catalysts to include other nonprecious 

transition metals, such as the 4d metal Mo, remains an urgent task. 
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Similar to most carbon-supported SACs (e.g., those based on Co, Ni and Fe), isolated 

Mo atoms can also be anchored on a conductive carbon matrix with the assistance of 

nitrogen atoms, and the resultant materials have been utilized as diverse 

electrocatalysts.[25-28] For example, SiO2 nanospheres were employed as a hard template 

to disperse atomic Mo on N-doped carbon nanowalls, and the resulting material 

exhibited excellent electrocatalytic performance for the hydrogen evolution reaction in 

alkaline solution.[26] Wang and coworkers successfully fabricated a unique Mo single-

atom catalyst consisting of oxygen and nitrogen co-coordinated Mo species anchored on 

porous carbon, which exhibited efficient ORR performance in alkaline media.[28] 

However, the lack of adequate diffusion channels in most atomic-metal-supported 

carbon matrices results in the blockage of a considerable portion of the active sites (e.g., 

metal-Nx moieties), creating “dead zones” during surface catalytic reactions and 

deteriorating the electrocatalytic performance.[29-31] Alternatively, hierarchical hollow 

structures created using ultrathin two-dimensional nanosheet units offer intrinsic 

advantages for supporting metal single atoms, such as open three-dimensional 

architectures and robust structural stability.[32-34] More importantly, the presence of 

ultrathin nanosheet subunits considerably shortens the transport routes and exposes an 

abundance of single-atom active sites.[35] Currently, a library of hierarchical structures 

with two-dimensional (2D) nanosheet subunits, including Mo2C nanotubes[36], Fe3O4 

hollow spheres[37], NiCo2O4 tetragonal microtubes[38], In2S3-CdIn2S4 nanotubes[39], etc., 

have been successfully designed and synthesized for diverse electrochemical 

applications. However, the synthesis of hierarchical carbon hollow structures with 2D 

nanosheet subunits remains difficult, mainly because of the lack of a suitable carbon 

precursor.[40] Therefore, it is highly desirable, yet very challenging, to develop metal-

single-atom-supported carbon with 3D open architectures that can fully expose 

catalytically active sites. 



4 
 

In this study, novel hierarchical N-doped carbon nanoboxes composed of ultrathin 

nanosheets with dispersed atomic Mo (denoted hierarchical SA-Mo-C nanoboxes) were 

fabricated through a unique template-engaged multistep synthesis process. The 

catalytically active single-metal Mo-Nx moieties were identified by scanning 

transmission electron microscopy (STEM) and extended X-ray absorption fine structure 

(EXAFS) analysis. The unique structural merits and highly dispersed Mo-N4 active sites 

enabled the resultant hierarchical SA-Mo-C carbon nanoboxes to exhibit superior ORR 

performance in 0.1 M KOH, in terms of both activity and durability, to that of 

commercial Pt/C catalysts, such that the prepared SA-Mo-C nanoboxes can be applied 

as air-cathode catalysts for ZABs. 

2. Experimental section 

2.1 Materials 

FeCl3·6H2O, NaOH, (NH4)6Mo7O24·4H2O, dicyandiamide and NH3·H2O were 

purchased from Sinopharm Chemical Reagent Co., Ltd. Dopamine hydrochloride was 

purchased from J&K Scientific Ltd. All the chemicals used were received without any 

purification. 

2.2 Synthesis of Fe2O3 nanocubes 

Highly uniform Fe2O3 nanocubes with average size of 630 nm were synthesized based 

on the previous literature with minor modification.[41] 50 mL of 5.4 M NaOH solution 

was added to 50 mL of 2.0 M FeCl3 solution within 5 min under vigorous stirring at 75 

°C. The light red Fe(OH)3 gel was further stirred for 5 min, and was then aged at 102 °C 

in a preheated oven for 4 days. For the synthesis of Fe2O3 nanocubes with 500 nm and 

800 nm, the reaction temperature was set at 100 oC and 105 oC, respectively. 

2.3 Synthesis of Mo-polydopamine hybrid nanosheets on Fe2O3 nanocubes 



5 
 

In a typical synthesis of Mo-polydopamine hybrid nanosheets coated on Fe2O3 

nanocubes, 400 mg of the as-prepared Fe2O3 nanocubes with a size of 650 nm were 

added into 40 ml of deionized H2O in a 250 ml glass bottle. After ultrasonic dispersion 

for 15 min to disperse Fe2O3 nanocubes homogeneously, 100 mg of 

(NH4)6Mo7O24·4H2O and 100 mg of dopamine hydrochloride was dissolved into the 

above solution completely to form Mo-dopamine complex. Then 80 ml of ethanol was 

poured into the above solution. After stirring for another 5 min, 0.6 ml of 28~30 % 

NH3·H2O was fast added into the above reaction solution and the mixed solution reacted 

for 60 min at ambient condition with gently stirring. Finally, the red precipitate was 

harvested by centrifugation, washed with several times with ethanol and dried in vacuum 

at room temperature for further treatment. 

2.4 Synthesis of SA-Mo-C nanoboxes 

The as-prepared Mo-polydopamine hybrid nanosheets on Fe2O3 nanocubes were first 

annealed at 500 oC in Ar gas flow for 2 h with a fast ramping rate of 10 oC/min. The 

annealed product was then dispersed in 6 M HCl for 24 h to completely remove the 

Fe2O3 cores. And partly Mo content in carbon nanosheets was also removed because of 

the high concentration of HCl solution. Finally, the black precipitate was harvested by 

centrifugation, washed with water and ethanol for four times, respectively. To obtain 

hierarchical SA-Mo-C nanoboxes, 800 mg of dicyandiamide was placed in a boat in a 

tube upstream of the gas flow, 40 mg of as-obtained carbon nanoboxes was placed in 

another boat, and the tube furnace was annealed at 900 oC in Ar gas flow for 2 h with a 

moderate heating rate of 5 oC/min. 

2.5 Characterizations 

Scanning electron microscope (SEM) images were observed by using a Philips XL-30 

FESEM. The morphology and element distribution of the samples was characterized by a 

transmission electron microscopy (TEM, JEOL-2100F, 200 kV) equipped with an EDX detector. 
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X-ray diffraction (XRD) patterns were collected on an X-ray diffractometer (Rigaku) with Cu 

Kα radiation. The surface chemistry of the samples was analyzed using an X-ray photoelectron 

spectroscopy (XPS, VG ESCALAB 220i-XL). Raman spectra were measured on a Renishaw 

2000 Raman microscope at a laser wavelength of 633 nm. N2 sorption analysis of the sample 

were investigated by a Quantachrome Nova 1200e analyzer. The X-ray adsorption fine structure 

spectra (Mo K-edge) were performed at the 1W1B beamline in the Beijing Synchrotron 

Radiation Facility (BSRF), China. 

2.6 Electrochemical measurements 

All the electrochemical measurements were carried out in a three-electrode system at an 

electrochemical workstation (Pine WD20 Basic) using saturated calomel electrode (SCE) 

electrode as the reference electrode, carbon rod as the counter electrode and glassy carbon (GC) 

electrode as the working electrode. For the preparation of well-dispersed catalyst ink, 5 mg of 

catalyst and 20 μL of Nafion solution (5 wt.%) was first ultrasonically dispersed in 980 uL 9:1 

v/v ethanol/water to form a homogeneous solution, then 20 uL of well-dispersed ink was 

uniformly dropped onto a GC electrode to give a loading mass of 0.50 mg cm-2 for all samples 

including the commercial Pt/C (20%, Sigma). All the measured potentials were referred to 

reversible hydrogen electrode (RHE) by using the equation: ERHE = ESCE + 1.009 V in 0.1 M 

KOH. 

Before electrochemical testing, the fresh 0.1 M KOH solution was saturated with O2 

by bubbling oxygen for 30 min. For the cyclic voltammetry (CV) test, the working 

electrode was cycled between −1.0 V and 0.2 V vs RHE at 20 mV s-1. Rotating ring-disk 

electrode (RRDE) and rotating disk electrode (RDE) measurements were carried out on 

an electrode rotator equipment (Pine Instrument) and the WD20 Basic potentiostation. 

The transferred electron number (n) was determined by the following Koutechy-Levich 

(K-L) equation: 
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where J represents the measured current density, JK and JL are the kinetic and diffusion limiting 

current densities, respectively, ω is the electrode rotating rate, F is Faraday constant (96485 C 

mol-1), C0 is the bulk concentration of O2 (1.2×10-3 mol cm-3), ν is the kinematic viscosity (0.01 

cm2 s-1), and D0 is the diffusion coefficient of O2 (1.9×10-5 cm2 s-1). 

The n and HO2- yield were calculated based on the equation (4) and (5): 
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where Idisk is disk electrode current, Iring is ring electrode current, and N is collection efficiency 

at the ring electrode and determined to be 0.37. 

The long-term durability of SA-Mo-C nanoboxes and the commercial Pt/C catalyst was 

investigated by accelerated durability test (ADTs) with 5000 cycles between 0.6 and 1.0 

V vs. RHE. To evaluate the tolerance towards methanol, chronoamperometric 

measurements at 0.7 V vs. RHE were performed in a O2-saturated mixed solution 

containing 3 M methanol in 0.1 M KOH along. 

3. Results and discussion 

3.1 Synthesis and characterization of SA-Mo-C nanoboxes 
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In this study, a unique template-engaged multistep synthesis process was adopted to 

prepare novel hierarchical SA-Mo-C nanoboxes from ultrathin nanosheets. The overall 

synthetic process of the hierarchical SA-Mo-C nanoboxes is schematized in Fig. 1. First, 

Mo-polydopamine complex nanosheets that can strongly adhere to various substrates are 

uniformly coated on pre-synthesized Fe2O3 nanocubes to form a unique core-shell 

architecture. Second, amorphous hierarchical carbon nanoboxes with groups containing 

trace Mo are formed through low-temperature pyrolysis (~500 °C) and subsequent acid 

washing. Finally, the isolated Mo atoms are uniformly and firmly packaged in carbon 

nanosheet subunits through nitrogen trapping after high-temperature calcination in a 

CNx-rich atmosphere yielded by cyanamide pyrolysis, resulting in the formation of 

hierarchical SA-Mo-C carbon nanoboxes. 

In a typical experiment, highly uniform Fe2O3 nanocubes with an average size of 630 

nm (Figs. 2a-c and Fig. S1) were first prepared using a hydrothermal reaction and 

employed as a hard template.[41] Subsequently, self-polymerized Mo-conjugated 

dopamine nanosheets, with a thickness of 5 nm determined from an AFM image (Fig. 

S2), were evenly coated on the surface of pre-synthesized Fe2O3 nanocubes (Figs. S3 

and S4) through a facile liquid-phase reaction process at room temperature. Note that in 

the absence of an Fe2O3 template, uniform flower-like Mo-polydopamine nanospheres 

with sizes of ca. 200 nm were generated (Fig. S5), indicating the strong adhesion ability 

of the Mo-polydopamine nanosheets. The Mo-polydopamine-coated Fe2O3 precursor 

was then annealed under an inert atmosphere to obtain Fe3O4/C-MoOx core-shell 

structures (Fig. 2d-f and Fig. S6). The in situ and confined pyrolysis produced ultrasmall 

MoOx nanocrystals embedded in the carbon nanosheet matrix.[36, 42] Pickling the 

resultant nanosheets in 6 M HCl solution removed the Fe3O4 core and most of the MoOx 

confined in the carbon nanosheet shells to produce hierarchical carbon nanoboxes with 

a trace number of residual Mo groups (Figs. S7 and S8). Finally, high-temperature 
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calcination was performed in a CNx-rich atmosphere to yield the target product, 

hierarchical SA-Mo-C nanoboxes with abundant Mo-Nx atomic sites dispersed on the 

nanosheet subunits. Without the addition of an MoO42- source, uniform carbon 

nanoboxes with smooth surfaces (Fig. S9) were generated. 

 

Fig. 1. Schematic depiction of the fabrication process of hierarchical SA-Mo-C nanoboxes. (I) fabricating 

Fe2O3@Mo-polydopamine through a solution reaction, (II) obtaining carbon nanoboxes with a trace of 

residual Mo groups through subsequent annealing and acid washing, (III) generating SA-Mo-C nanoboxes 

after high-temperature calcination. 

The low-magnification FE-SEM image in Fig. 2g shows highly dispersed nanoboxes 

without any adhesion and perfectly inherited cubic shapes with an average size of 

approximately 800 nm (Fig. S10). High-magnification FE-SEM images (Fig. 2h) clearly 

show that the SA-Mo-C nanoboxes are composed of abundant carbon nanosheets that 

create a rough and open 3D architecture. The hollow interior and geometrical structure 

of the as-obtained hierarchical SA-Mo-C nanoboxes were further elucidated by 

transition electron microscopy (TEM). In agreement with the abovementioned FE-SEM 

findings, inner cavities can be clearly observed by the sharp contrast between the carbon 

nanosheet shell and hollow interior. The shells of these nanoboxes are uniform and 

highly porous, with a wall thickness of approximately 80 nm (Fig. 2i). A magnified TEM 

image of one corner of a single nanobox (Fig. S11a) shows that the shell is constructed 

of ultrathin nanosheets with a thickness of approximately 4 nm. 
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Fig. 2. SEM and TEM images of (a-c) Fe2O3 nanocubes, (d-f) Fe2O3@MoOx/C core-shell nanocubes and (g-

i) hierarchical SA-Mo-C nanoboxes. The insets in panels a, d and g were the corresponding schematic image. 

A high-angle annular dark-field scanning transmission electron microscope (HAADF-

STEM) image (Fig. 3a) shows a highly porous structure with an open three-dimensional 

architecture and uniform contrast. A high-magnification TEM image (Fig. 3b) shows 

that the nanosheet subunits are highly porous with pore sizes of several nanometers. 

Such tiny pores would have been created by the removal of the MoOx nanoparticles from 

the pristine MoOx/C nanosheets. The high-resolution TEM (HRTEM) image in Fig. 3c 

shows that the lattice spacing of the carbon nanosheets is approximately 0.38 nm (inset 

of Fig. 3c), which is slightly higher than that of the interfacial layer of graphitized carbon. 
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The aberration-corrected HAADF-STEM image (Fig. 3d) reveals a considerable number 

of bright dots on a single nanosheet subunit, indicating a dense and even distribution of 

isolated Mo atoms. EDS elemental maps (Fig. 3e) confirm that elemental N, C and Mo 

are uniformly distributed throughout the entire nanobox. The ICP–OES results show an 

Mo content in the hierarchical SA-Mo-C nanoboxes of approximately 4.5 wt.%, which 

is considerably higher than that of most previously reported carbon-substrate-supported 

SACs. The ring-like selected-area electron diffraction (SAED) patterns shown in Fig. 

S11b imply low crystallinity for the SA-Mo-C nanoboxes. Notably, Fe2O3 nanocubes of 

different sizes (500 and 850 nm) can be used as removable templates to tune the particle 

size of the hierarchical SA-Mo-C nanoboxes from 650 nm to 1 μm (Figs. S12 and S13). 

The as-prepared hierarchical SA-Mo-C nanoboxes exhibit a high surface area of 241.2 

m2 g-1 (Fig. 3f). A plot of the Barrett–Joyner–Halenda (BJH) pore-diameter distribution 

(inset of Fig. 3f) reveals that the hierarchical SA-Mo-C nanoboxes possess a bimodal 

pore size distribution centered at ~4 and ~13 nm, where both sizes indicate a mesoporous 

structure. 
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Fig. 3. Morphology and atomic structure of hierarchical SA-Mo-C nanoboxes. (a) Representative 

STEM image of a single nanobox; (b, c) HRTEM images of the nanosheet subunits. Inset in (c) was 

the contrast intensity profile of the lattice fringes; (d) atomic-resolution HAADF-STEM image, 
yellow circles in (d) denote isolated Mo atoms; (e) elemental mapping images of Mo, N and C 

elements; (f) N2 adsorption-desorption isotherms. Inset in (f) is BJH method-based pore size 

distribution. 

The valence state and coordination condition of the Mo species in the SA-Mo-C 

nanoboxes were investigated by Mo K-edge XANES and EXAFS spectroscopy using 

Mo, MoO2 and MoO3 as reference samples. The absorption edge of SA-Mo-C is located 

between that of Mo and MoO2 (Fig. 4a), demonstrating that the valence of the Mo 

species in the SA-Mo-C nanoboxes is below +4. This low oxidation valence of Mo 

should be ascribed to carbon thermal reduction at high temperature. The Fourier-

transformed (FT) EXAFS spectra of the SA-Mo-C nanoboxes and the relevant reference 

samples are shown in Fig. 4b. The predominant FT peak at ~1.13 Å in the spectrum of 

the SA-Mo-C nanoboxes can be assigned to the Mo-N/O scattering path. Moreover, WT 

contour plots of Mo, MoO2 and MoO3 show Mo-Mo paths at ~2.3, ~3.24 and ~3.37 Å, 

respectively, whereas no appreciable Mo-Mo path is observed for SA-Mo-C. Combining 

the STEM observation with the FT EXAFS results reveal that the Mo atoms in SA-Mo-

C nanoboxes are apparently isolated from each other.[25, 27] To further determine the 

coordination conditions of the Mo species in the SA-Mo-C nanoboxes, wavelet 

transform (WT) analysis was used to supplement EXAFS in energy space (Fig. 4c). The 

WT contour plots for the SA-Mo-C sample exhibit one dispersed maximum in the 

intensity in k-space at ~7.1 Å-1, which is assigned to the Mo-N path. Unlike the WT 

paths for Mo, MoO2 and MoO3 (Fig. S14), no WT signals related to Mo-Mo coordination 

were detected, further demonstrating the presence of Mo single atoms in the hierarchical 

carbon nanoboxes. An EXAFS fitting analysis (Fig. 4d) provided the coordination 

number and bonding distance of the central Mo atoms with respect to the neighboring 

scattering atoms in SA-Mo-C, providing a first-shell Mo-N coordination number and 
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bonding distance of ~4.2 and ~1.13 Å, respectively. These results confirmed that the 

single Mo atom in SA-Mo-C was configured as Mo-N4, that is, the central Mo atom was 

coordinated with four nitrogen atoms (inset in Fig. 4d). The XRD pattern of the 

hierarchical SA-Mo-C nanoboxes (Fig. S15a) shows that there are only two typical 

diffraction peaks located at approximately 24° and 44°, corresponding to the (002) and 

(100) crystallographic planes of graphite, respectively.[43] This result is highly consistent 

with the abovementioned SAED result. The electronic structure of the sample was 

further investigated by Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS). The Raman spectra in Fig. S15b display characteristic D and G bands at 1336 

and 1584 cm-1, respectively, which can be assigned to disordered and graphitic carbon 

atoms, respectively.[44, 45] The high ID/IG ratio (up to 1.12) can be ascribed to the 

distortion of the carbon structure and defects induced by Mo and N codoping. In general, 

the structural defects can significantly enhance chemical adsorption of oxygen on the 

catalyst surface and endow carbons with more catalytic active sites for the ORR.[46, 47] 

The XPS survey curve in Fig. S16 shows the presence of elemental Mo, N and C in the 

SA-Mo-C nanoboxes. The high-resolution XPS spectra of Mo 3d (Fig. 4e) can be 

perfectly fitted by two peaks, where the binding energies at 235.0 and 231.9 eV 

correspond to Mo 3d3/2 and Mo 3d5/2, respectively. These energy values are slightly low 

compared to previously reported values for Mo4+, which strongly suggests that the 

valence of Mo in SA-Mo-C nanoboxes is < +4, consistent with the XANES results.[28, 48] 

In the XPS spectrum for N 1s, the peaks at 398.9, 400.3, and 401.2 eV reveal the presence 

of pyridinic, pyrrolic, and graphitic N, respectively, whereas the intense peak at 307.7 

eV can be ascribed to the Mo-N bonds (Fig. 4f). Based on the comprehensive analysis 

presented above, the atomically dispersed Mo atoms most likely form Mo-N4 speciation 

in the N-doped carbon matrix, similar to other M-N-C catalysts. 
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Fig. 4. XAS and XPS characterization of SA-Mo-C nanoboxes. (a) Mo K-edge XANES spectra and 

(b) k3-weighted FT EXAFS spectra of the SA-Mo-C and references samples (MoO2, MoO3 and Mo 
foil). (c) k3-weighted WT EXAFS spectra and (d) EXAFS fitting curve of SA-Mo-C. High-resolution 

XPS spectra for (e) Mo 3d and (f) N 1s. The inset in (d) was the atomic structure model of SA-Mo-

C). 

 

 

3.2 Electrochemical performance 

The results of electrochemical experiments demonstrated that the ORR performance 

of hierarchical SA-Mo-C nanoboxes surpasses that of commercial Pt/C in terms of both 

activity and durability. To quantify the ORR activity, polarization curves were measured 

by RDE technology. The hierarchical SA-Mo-C nanoboxes were optimized for use as 

ORR catalysts at different calcination temperatures, and polarization curves showed that 

the sample prepared at 900 °C (denoted as SA-Mo-C900) exhibited the highest ORR 

activity. CV measurements (Fig. 5a) show that the cathodic peak for oxygen reduction 

by the SA-Mo-C nanoboxes occurs at 0.82 V vs. RHE. The results of LSV tests presented 

in Fig. 5b show that the SA-Mo-C900 sample has the highest half-wave potential (E1/2) 

of 0.86 V vs. RHE, which is as much as 30 mV more positive than that of commercial 

Pt/C. The mass activity of the SA-Mo-C nanoboxes at 0.85 V vs. RHE is 5.6 times higher 
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than that of Pt/C (Fig. S17), illustrating the high Mo utilization of the nanoboxes. In 

addition, the E1/2 values of SA-Mo-C800 and SA-Mo-C1000 are 0.82 V and 0.79 V vs. 

RHE, respectively, indicating that the calcination temperature affects the ORR 

properties. Furthermore, the inferior ORR performance of the carbon nanoboxes without 

the addition of the MoO42- source and SA-Mo-C nanoflowers (Fig. S18) confirms that 

both the Mo-N4 moieties and hierarchical hollow structures make critical contributions 

to the excellent ORR activity of the SA-Mo-C nanoboxes. The ICP–OES results show 

that the Fe content of the hierarchical SA-Mo-C nanoboxes is negligible (< 0.01 wt.%), 

verifying that the remarkable catalytic activity originates from the dense Mo-N4 active 

sites rather than the very dilute Fe-Nx moieties. Compared to the other three samples, 

SA-Mo-C900 delivers a higher diffusion-limited current density of ca. 6.0 mA cm-2, 

indicating that the hierarchical nanoboxes possess abundant accessible active sites that 

boost the ORR. Tafel plots (Fig. 5c) were used to examine the specific activity-potential 

relationship. The Tafael slope of SA-Mo-C900 of 47 mV dec-1 is considerably lower 

than those of SA-Mo-C800 (72.3 mV dec-1), SA-Mo-C1000 (70.2 mV dec-1) and even 

Pt/C (60 mV dec-1). This result indicates faster dynamics for SA-Mo-C900 in the ORR 

compared to the other samples. The ORR activity of SA-Mo-C900, reflected by both the 

E1/2 and Tafel slopes, is further highlighted in Fig. 5d. RDE measurements were carried 

out at different rotations to elucidate the ORR pathway of SA-Mo-C900, which is shown 

in Fig. 5e. The K–L equation was used to calculate a number of electron transfers (n) in 

the range of 3.88–3.96 over the potential range of 0.3–0.6 V (inset of Fig. 5e), which 

approaches the theoretical value of 4.00 for a four-electron ORR process. The RDE 

measurements (Fig. 5f) demonstrate that the SA-Mo-C900 catalyst exhibits a low H2O2 

yield of below 5% with a large electron-transfer number of 3.9 over the potential range 

of 0.2–0.9 V, further confirming that the ORR process occurs via a four-electron 

pathway. Therefore, the ORR catalyzed by SA-Mo-C900 follows a 4-electron pathway, 
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similar to that of commercial Pt/C-based catalysts. As the durability of catalysts is 

another significant criterion for practical applications, the hierarchical SA-Mo-C 

nanoboxes were further subjected to accelerated durability tests (ADTs) and 

chronoamperometry measurements for stability evaluation. The LSV curve of the SA-

Mo-C nanoboxes after 5000 cycles of ADTs shows only a 1-mV decline in E1/2 (Fig. 

5g), which is considerably smaller than that of Pt/C (which shows an 18-mV decline, as 

presented in Fig. S19). Setting the electrode potential at 0.7 V vs. RHE results in a 

current loss after 20 h of chronoamperometric testing of < 3% for the SA-Mo-C 

nanoboxes, whereas the decay is > 30% for Pt/C (Fig. 5h). The SA-Mo-C nanoboxes 

show significantly better long-term durability in alkaline media than Pt/C. Furthermore, 

the SA-Mo-C nanoboxes possess a superior tolerance toward methanol, with a negligible 

current loss after the injection of 3 mL of methanol compared to a current loss of up to 

19% for Pt/C (Fig. 5i). 

The outstanding ORR performance of the hierarchical SA-Mo-C nanoboxes in 

alkaline media can be ascribed to unique structural and compositional advantages. These 

advantages are as follows: (1) the unique hierarchical nanoboxes with a 3D open 

framework facilitate fast mass transport of reactants and electron transfer. (2) The 

ultrathin nanosheet subunits enable complete exposure of the active components, 

typically including unique Mo-N4 active sites. (3) The abundant exposed atomic Mo-N4 

sites may improve the adsorption strength for O2 and decrease the formation energy of 

oxygen-containing intermediates, thereby boosting the ORR activity of the SA-Mo-C 

nanoboxes. (4) The high fraction of doped graphitic-N and pyridinic-N in the 

carbonaceous matrix induce alternation of the C electronic structure, which could 

facilitate oxygen adsorption and thereby significantly accelerate the reaction step in the 

ORR process. 
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Fig. 5. ORR catalysis properties of hierarchical SA-Mo-C nanoboxes in 0.1 M KOH solution. (a) CV curves 

at a scan rate of 20 mV s-1 in O2 and Ar saturated solution, (b) LSV curves of samples obtained at different 

calcination temperatures and commercial 20% Pt/C (1600 rpm, 5 mV s-1), (c) Tafel plots obtained at different 

calcination temperatures and commercial 20% Pt/C, (d) E1/2 and Tafel slopes obtained at different calcination 

temperatures and commercial 20% Pt/C, (e) The LSV curves at different rotating rates (inset: K-L plots and 

electron transfer number), (f) H2O2 yield and electron transfer number (n) vs. potential, (g) Polarization 

curves before (solid curves) and after (dashed curves) the accelerated durability tests, (h) 

chronoamperometric responses by setting the electrode potential at 0.7 V vs RHE and (i) tolerance towards 

methanol during the chronoamperometric test. 

3.3 Electrochemical performance of assembled ZABs 

Considering the impressive ORR performance of the SA-Mo-C nanoboxes, the 

application potential of the nanoboxes to real energy devices was evaluated by 

assembling ZABs using SA-Mo-C nanoboxes as cathode catalysts (Fig. 6). The open-

circuit voltage (OCP) of the as-fabricated ZAB can be stabilized at approximately 1.5 V, 

indicating good practicability for the SA-Mo-C nanoboxes (Fig. 6a). The discharge 

polarization curve and corresponding peak power density presented in Fig. 6b 

demonstrate that the peak power density can reach 157.6 mW cm-2 at a current density 
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of 260 mA cm-2, which are comparable to those of ZABs assembled using advanced 

Fe/Co-N-C catalysts (Table S1).[49-57] The galvanostatic discharge curves at different 

current densities (2-50 mA cm-2) presented in Fig. 6c demonstrate good rate performance 

for the ZAB catalyzed by the SA-Mo-C nanoboxes. When discharged at a current density 

of 20 mA cm-2, the assembled ZAB displays a robust long-term capability without 

noticeable voltage decay (the loss is only 30 mV after 13 h, Fig. 6d). In summary, all the 

above-mentioned results demonstrate that the SA-Mo-C nanoboxes not only exhibit a 

high ORR performance but can also be applied as potential air-cathode catalysts for 

ZABs. 

 
Fig. 6. Performance of ZABs using SA-Mo-C nanoboxes as air cathode catalysts. (a) OCP curve, (b) 

discharge polarization and power density curves, (c) rating performance at different current density 
and (d) discharge curve at a current density of 20 mA cm-2. 

4. Conclusions 
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In summary, a unique template-engaged multistep synthesis process was adopted to 

fabricate hierarchical SA-Mo-C nanoboxes from ultrathin nanosheets with a three-

dimensional open architecture to maximally utilize active electrocatalytic sites. Ultrathin 

nanosheet subunits with dispersed atomic Mo were prepared using a Mo-polydopamine 

nanosheet precursor. Due to unique hierarchical hollow structures with 3D open 

architectures, large exposed surface areas, and highly active Mo-N4 atomic sites, the 

hierarchical SA-Mo-C nanoboxes demonstrate superior ORR properties to commercial 

Pt/C under alkaline conditions and are therefore promising air-cathode catalysts for 

ZABs. The results of this study show that a rational morphology design of SAC-

supported carbon substrates can completely expose active sites and ensure sufficient 

mass transport. 
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