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Abstract: Two-dimensional (2D) materials usually exhibit 

extraordinary performance in lots of applications. Although 

graphene nanomesh is quite attractive as a member of 2D carbon 

materials, general synthetic routes to produce functional 

graphene nanomesh in large-scale are complex and tedious. Here, 

we elaborately design a simple two-step dimensional reduction 

strategy for exploring nitrogen-doped graphene nanomesh by 

thermal exfoliation of crystal- and shape-modified metal–organic 

frameworks (MOFs). MOF nanoleaves with 2D rather than 3D 

crystal structure is used as the precursor, which are further 

thermally unraveled into nitrogen-doped graphene nanomesh by 

using metal chlorides as the exfoliators and etching agent. 

Surprisingly, the prepared nitrogen-doped graphene nanomesh 

shows a unique ultrathin two-dimensional morphology, high 

porosity, rich and accessible nitrogen-doped active sites, and 

defective graphene edges, contributing to an unprecedented 

catalytic activity for oxygen reduction reaction in acid electrolytes. 

This approach is suitable for scalable production and is probably 

universal for synthesis of thousands of novel low-dimensional 

functional carbon materials by breaking the dimensional limitation 

of traditional three-dimensional MOFs and further executing 

thermal exfoliation. 

Introduction 

Among series of two-dimensional (2D) materials [1], the widely 

identification of graphene nanomesh (GM), i.e., porous graphene, 

is a relatively new concept of two-dimensional single- or few-layer 

of carbon nanosheet with in plane nanopores [2]. In contrast to 

perfect graphene nanosheets which are prone to aggregate, GM 

have increased specific surface areas and accessible vertical 

pathway between the layers, which expand the application of GM 

in energy related systems [3]. For example, the numerous 

nanoholes endow GMs with lots of defective edges, which 

probably provide extra active sites for catalyzing oxygen reduction 

reaction (ORR) [4]. To date, the most convenient method to 

produce large-scale GM is pore engineering of reduced graphene 

oxide (GO) to create nanopores and defect in the basal planes, 

including chemical activation of graphite oxide [5]. Therefore, a 

general route to produce catalytic active GM in large-scale will 

include preparation of GO precursor (e.g., via chemical exfoliation 

of graphite), pore engineering of GO, and post-doping of 

heteroatoms, which is quite tedious and lack of novelty. 

Recently, one-step carbonization of metal-organic 

frameworks (MOFs) [6] have become the most convenient 

method for preparing functional heteroatoms- and/or metal-

doped carbon [7]. Is it possible to prepare functional GM in large 

scale via simply carbonization of easily obtained MOF precursor? 

Although it was considered as an advantage that MOF-derived 

carbon would inherent the shape and porous characteristic from 

MOF parent, we find it becomes a bottleneck to prepare MOF-

derived carbons with low dimensions. Because most of the existed 

MOFs that can be prepared under mild conditions via simple 

processes have three-dimensional (3D) crystal structure and shape. 

Recently, Xu’s group synthesized rod-shape MOF-74 instead of 

common microcrystalline MOF-74 by addition a modulator 

(salicylic acid). Then preparing one-dimensional carbon nanorods 

by thermal transform of rod-shaped MOF-74 [8]. It is inspiring that 

breaking the dimensional limitation of traditional 3D MOF 

probably pave the pathway to prepare novel low-dimensional 

MOF-derived carbon. 

As a representative example, we find that the horizon of 3D 

zeolite imidazolate framework (ZIF) nanoparticles can be 

expanded to ZIF nanoleaves with 2D crystal structures and 2D 

shape by simply replacing the methanolic solvent with water. In 

details, 2-methylimidazole served as a bidentate bridging ligand 

that uses two N atoms to coordinate with metal ions to form 

zigzag chain units (Scheme 1). Each chain is hydrogen bonded to 

form an overall 2D supramolecular frameworks [9a]. Inspired by 

the unique layered structure and N-containing organic links of ZIF 

nanoleaves, we attempt to unravel the impact layers for preparing 

N-doped graphene nanomesh (NGM).  

Herein, ultrathin NGM was fabricated successfully by an 

elaborately designed two-step dimensional reduction strategy. Zn-

containing ZIF nanoleaves (Zn-ZIF-L) with 2D crystal structure 

rather than regular ZIF with 3D structure was first selected as the 

precursor. Then Zn-ZIF-L was further exfoliated into ultrathin 2D 

NGM under inert atmosphere by using metal chlorides as the 
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exfoliators and etching agent. The best NGM shows a quite thin 

thickness (1.3 nm), a high specific surface area (1329.5 m
2
 g

-1
), 

nitrogen doping (4.68 at%) as well as abundant hierarchical 

porous structure. Thanks to the overall structural and 

compositional advantages, NGM exhibits an unprecedented 

catalytic activity for ORR in acid electrolyte, which make a great 

breakthrough in metal-free carbon-based catalyst for acidic ORR. 

 

 

Scheme 1. Illustration of thermal exfoliation of Zn-ZIF-L to produce 

NGM. 

 

Results and Discussion 

Zn-ZIF-L was first prepared by using zinc nitrite and 2-

methylimidazole precursors in aqueous solution. Zn-ZIF-L shows a 

leaf-like shape, a thickness of ~160 nm, and a lateral dimensional 

size of ~ 5 μm (Figure S1a). The layered crystal structure of Zn-ZIF-

L is simulated in Scheme 1 based on the experimental X-ray 

diffraction (XRD) pattern, which matches well with simulated XRD 

pattern of Zn-ZIF-L (Figure S1b) [9]. Direct carbonization of Zn-ZIF-

L at typical temperature of 800 °C produces a leaf-like nitrogen-

doped porous carbon (NC-L-800) with a bit distorted shape (Figure 

S2) compared with the original Zn-ZIF-L precursor (Figure S1a). In 

order to unravel the impact crystal layers of Zn-ZIF-L and produce 

Zn-ZIF-L derived 2D ultrathin porous carbon, exfoliator and 

etching agent of LiCl/KCl was used and mixed with Zn-ZIF-L 

precursors adequately (Scheme 1). Then, the mixture was heat 

treated under the protection of nitrogen atmosphere from room 

temperature to maximum 900 °C to produce nitrogen-doped 

graphene nanomesh (NGM). As monitored by the TGA-DSC 

analysis (Figure S3a), the mixture shows a pronounced 

endothermic process at 369 °C which corresponds to the melting 

of LiCl/KCl [10]. Another two endothermic process at 509 °C and 

684 °C might due to the slight compositional change of Zn-ZIF-L 

[11]. Although the weight of Zn-ZIF-L might change a bit, the 

molten metal chlorides are quite stable below 700 °C [12]. 

Therefore, the total weight seems constant below 700 °C 

considering that the content of Zn-ZIF-L is only ~2wt% in the 

mixture. After the temperature is increased to more than 700 °C, 

the mixture starts to lose weight accompanying with an obvious 

endothermic peak at 859 °C, which might due to the strong 

interaction between Zn-ZIF-L and LiCl/KCl accompanied with 

exfoliation, carbonization, and volatile of decomposed chemicals. 

In addition, vaporization of LiCl/KCl molten salts also happens 

when the temperature reaches to 800 °C [12] and contribute to 

the fast weight loss. In contrast, pyrolysis of individual Zn-ZIF-L 

shows a totally different TG/DSC curve that shows much simpler 

process (Figure S3b). Based on the TGA-DSC analysis and the 

morphology observation of Zn-ZIF-L before (Figure S1a) and after 

(Figure S4a,b) thermal treatment, we propose the following 

reaction process (Scheme 1). When the LiCl/KCl is molten (> 

369 °C), the small metal ions would insert into the crystal layers. 

Then, the exfoliation, carbonization, and evaporation would 

happen simultaneously at the higher temperatures (> 700 °C). 

After cooling down, the 2D ultrathin nitrogen-doped porous 

carbon nanosheets contain metal salts and other impurities 

(Figure S4a). These impurities are proved to be LixCy and LiKCO3 

according to the XRD patterns (Figure S4c), but they can be fully 

removed by washing with acid. Finally, the product of nitrogen-

doped graphene nanomesh (NGM) was obtained. Traditional Zn-

ZIF polyhedron with 3D crystal structure (Figure S5a-b) was also 

thermally treated by the same process. However, irregular 

carbons without sheet-like morphology were obtained (Figure 

S5c-d). Even though metal ions (Li
+
 and K

+
) inserted into the 

cavities of 3D Zn-ZIF, it is difficult to unraveling the interconnected 

3D crystal structure and converting into 2D layered carbons. 

 

 
Figure 1.  (a-c) SEM images, (d) TEM image, (e) AFM image, and (f) 

HRTEM image of NGM-800 (yellow cycle indicates the nanopore). 

 

As observed from the scanning electron microscopy (SEM) 

image, NGM prepared at 800 °C is composed of ultrathin 

nanosheets with lateral sizes reach up to a few micrometers 

(Figure 1a-b and Figure S6a). Massive nanopores can be observed 

clearly on the surface of NGM nanosheet (Figure 1c and Figure 

S6b,c). As shown in Figure 1d and Figure S7a, transmission 
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electron microscopy (TEM) images also prove a transparent 

nanosheet, indicating the quite thin NGM. The thickness of NGM 

was carefully estimated by atomic force microscope (AFM), which 

is approximately 1.3 nm (Figure 1e). Furthermore, high-resolution 

TEM image reveals that NGM mainly consists of a few layered 

graphene sheets (‘defective’ graphitic carbon) as well as 
nanoporous structure (Figure 1f and Figure S7b,c). Metal 

elements (e.g. K, Li, Zn) and other impurities (e.g. Cl) is hardly 

detected by EDX (Figure S8a). Elemental mappings of NGM clearly 

show the homogeneously distributed nitrogen, carbon, and 

oxygen (Figure S8b).  

 

 
Figure 2. (a) XRD patterns, (b) Raman spectra, (c) high-resolution 

N 1s XPS spectra, and (d) N2 adsorption-desorption isotherms of 

NGM-x (x=700, 800, 900). Pore-size distributions are inset in (d). 

 

For studying the influence of temperature on the structural 

properties of NGM, we conducted different thermal exfoliation at 

700 to 900 °C in case of excess weight loss. The corresponding 

samples was named as NGM-x (x=700, 800, 900). According to the 

XRD analysis (Figure 2a), all the samples present a wide peak 

centered at ~21°, which can be attributed to the diffraction of 

(002) plane of low-graphitic carbon materials. However, the 

common (002) diffraction peak of amorphous carbon is usually 

observed at 25°, similar to that of NC-L-800 in Figure S9a. The 

peak shift of NGM-x towards lower angles indicates an expanded 

interlayer distance in the direction of (002) [13].  

Raman spectra is useful to identify the disordered degree of 

carbon materials due to its sensitivity in the short-range ordered 

structure. The spectra (Figure 2b and Figure S9b) are fitted into 

five Raman bands (G, D1, D2, D3, D4) by using Gaussian–
Lorentzian numerical simulation for all the samples (Table S1) [14], 

which are adopted to provide quantitative evidence for the 

degree of structural disorder in the first-order spectral region 

(1000 ~ 2000 cm
-1

). Normally, G band located at ~1580 cm
-1

 is 

known to be features of perfect graphitic lattice, and D1 band 

corresponds to the vibration mode of carbon atoms at the 

graphene edges. Generally, the disordered degree of carbon can 

be estimated by the relativity of integrated areas of D1 to G band 

(ID1/IG). The calculated ratios of ID1/IG are 2.17 for NC-L-800, 2.35 

for NGM-700, 3.15 for NGM-800, and 3.19 for NGM-900. The 

results show that ID1/IG increased after the extensive exfoliation at 

higher temperatures, indicating a much higher percentage of 

carbon atoms at the edges of graphene layer (as observed in 

Figure 1f), which are regarded as probable active sites for catalysis. 

The element status of NGM-x (x=700, 800, 900) and NC-L-800 

was investigated by X-ray photoelectron spectroscopy (XPS). As 

shown Figure S10, Li and K are not detected by XPS, indicating 

that the metal-containing impurities can be fully removed from 

final NGM-x by acid washing. The nitrogen contents in NGM-x 

(x=700, 800, 900) are estimated to be 11.54, 4.68, and 2.82 at%, 

respectively. The decrease content of N is reasonable considering 

the more extensive thermal exfoliation and carbonization at 

higher temperatures. The high-resolution N1s spectra (Figure 2c 

and Figure S9c) can be deconvoluted into four different bands 

which correspond to pyridinic N (~398.4 eV), pyrrolic N (399.5 eV), 

graphitic N (400.7 eV), and N
+
-O species (402 ~ 405 eV) [15], 

respectively. The ratios of different kinds of N in NGM-x were 

summarized in Table S2. The graphitic N and pyridinic N species, 

which have been regarded as the active sites for ORR [16], 

account for more than 70 % in the total nitrogen in NGM-x. 

Although being treated at the same temperature, NGM-800 

possess less nitrogen contents of 4.68 at% compared with NC-L-

800 (14.88 at%). The strong thermal exfoliation process would 

severely etch the carbon frameworks, finally leading to a 

decreased nitrogen content and creating the nanopores and 

defects.  

N2 adsorption-desorption analysis was carried out to 

estimate the different porosities of NGM-x (x=700, 800, 900) and 

NC-L-800 samples. The parameters of pore structure are 

summarized in Table S3. The thermal exfoliation brings obvious 

changes on the pore structure and specific surface area of Zn-ZIF-L 

derived carbon materials. NGM-x (x=700, 800, 900) (Figure 2d) 

displayed a type-Ⅳ isotherms with more obvious hysteresis loop 

compared with NC-L-800 (Figure S9d), which reveals the 

characteristic of more distinct mesopores. The detail pore size 

distributions are shown in inset of Figure 2d and Figure S9d. 

NGM-x (Figure 2d) display higher N2 adsorption at low relative 

pressure (P/P0 < 0.1) than NC-L-800 (Figure S9d), which accounts 

for the larger amount of micropores in NGM-x [5]. The specific 

surface area greatly increased from 682.7 m
2
 g

-1
 for NC-L-800 to 

1329.5 m
2
 g

-1
 for NGM-800 after adopting the thermal exfoliation 

process instead of regular carbonization. It implies that the 

exfoliator of metal ions (K
+
, Li

+
) might insert into the layers of Zn-

ZIF-L to unravel the layers to create more specific surface area, 

and further interact with carbon atoms to produce more 

micropores and mesopore during thermal exfoliation process [17]. 

In addition, the higher thermal exfoliation temperature leads to a 

decreased specific surface area, microporous structure, and total 

pore volume (Table S3) due to the excess exfoliation at high 

temperatures [5] as revealed by TG results (Figure S3a),  

During the experiment, we find that the kinds of metal 

chlorides plays an important role during thermal exfoliation. As 

we discussed above, the metal ions (Li
+
 and K

+
) from molten metal 

chlorides probably inserted into the crystal layers of 2D Zn-ZIF-L 
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and unraveled the compact carbon layers during the thermal 

treatment. In this section, we would like to take a deep insight 

into the role of the exfoliators of KCl and LiCl. We tried to use the 

individual KCl or LiCl as the exfoliator, and the corresponding 

products obtained via thermal exfoliaiton at 800 °C was assigned 

as NGM-K and NGM-Li, respectively. We figure out that the K
+
 and 

Li
+
 ions play different roles during the thermal treatment. The 

mixed exfoliator consist of both KCl and LiCl is the key factor to 

produce NGM-800 (also labelled as NGM-mix in this section). As 

compared in Figure 3a-b, NGM-K is much thinner and smoother 

than NGM-Li. The NGM-Li nanosheets are thicker than NGM-K 

nanosheets, as roughly observed by SEM in Figure S11a,c, and 

there are richer pores on the surface of NGM-Li nanosheet (Figure 

S11b,d). 

 

Figure 3. SEM images of (a) NGM-K and (b) NGM-Li. (c) N2 

adsorption-desorption isotherms and (d) pore size distribution of 

NGM-K, NGM-Li, and NGM-mix (NGM-800) respectively. 

 

The different roughness are expected to bring a different 

porosity in NGM-Li and NGM-K. According to the N2 adsorption-

desorption isotherms (Figure 3c) and pore size distributions 

(Figure 3d), NGM-Li have a higher propotion of mesopores than 

NGM-K, which is in accordance with the rough and porous surface 

as observed by SEM images (Figure 3b). We suppose that although 

either K
+
 or Li

+
 is able to unravel the carbon layers, the K

+
 ions are 

likely more effective in intercalation and exfoliation through 

intercalation-expansion-microexplosion in Zn-ZIF-L derived carbon. 

Thus, we guess that Li
+
 ions might contribute more to etching the 

carbons to create larger mesopores (~4.0 nm). Therefore, after 

integrating the functionalities of KCl and LiCl, the mixed exfoliator 

produces the extraordinary NGM-mix (i.e. NGM-800) that consists 

of ultrathin nanosheets with a plenty of pores on the surface. The 

atomic scale defectives in NGM-mix will contribute to the 

formation of abundant active sites. 

For considering real practical applications to fuel cell systems, 

metal-free catalysts with superior acidic ORR performance 

comparable to Pt are much desired. Dissolution of metal species 

really happens in practical harsh conditions (e.g., high 

temperature, long term), causing serious reduction of ORR 

performance. Although the state of art metal-free carbon-based 

catalyst have comparable and even better performance for 

catalyzing ORR than commercial 20 wt% Pt/C in alkaline 

electrolyte (Table S4), they still show poor catalytic activity in 

acidic electrolyte. Thus, the ORR performances of NGM-x, NC-L-

800, and Pt/C catalysts in 0.1 M HClO4 solution were carefully 

studied. 

Similar to the trend tested in alkaline electrolyte (Figure S12-

Figure S14), NGM-800 showed the highest catalytic activity with 

the most positive ORR peak located at 0.68 V in acidic electrolyte 

(Figure 4a), which is much more positive than that of NGM-700 

(0.44 V) and NGM-900 (0.65 V). As a metal-free carbon-based 

electrocatalyst, it is surprised that NGM-800 displays an 

unprecedented ORR activity with an impressive Eonset of 0.860 V, 

E1/2 of 0.781 V, and Jd of 4.243 mA cm
-2

 (Figure 4b). Although the 

achieved performance is slightly inferior comparing to 20 wt% 

Pt/C which displays Eonset = 0.936 V, E1/2 = 0.831 V, Jd = 5.246 mA 

cm
-2

, it possesses the highest performance amongst metal-free 

carbon-based electrocatalysts reported to date (Table S5). In 

addition, kinetic current density (Jk) of NGM-800 calculated from 

Figure 4b is 38.12 mA cm
−2

 at 0.72 V, which is close to that of 20 

wt% Pt/C (46.34 mA cm
−2

 ) but is much higher than that of NGM-

700 (0.59 mA cm
−2

), NGM-900 (14.51 mA cm
−2

), and NC-L-800 (≈ 0 
mA cm

−2
). The results demonstrate that porous ultrathin 2D 

structure significantly promotes the ORR kinetic process.  

 

 
Figure 4. (a) CV curves of NGM-x (x=700, 800, 900) and NC-L-800 

in O2-saturated (solid line) or N2-saturated (dashed line) 0.1 M 

HClO4 at a scan rate of 50 mV s
-1

; (b) LSV curves of NGM-x (x=700, 

800, 900), NC-L-800, and 20 wt% Pt/C, (c) electron transfer 

number and peroxide yield of NGM-800 (red line) and 20 wt% 

Pt/C (black line) carried out in O2-saturated 0.1 M HClO4 at a scan 

rate of 5 mV s
-1

 under rotation speed of 1600 rpm; (d) LSV 

voltammograms of NGM-800 and 20 wt% Pt/C record in O2-

saturated 0.1 M HClO4 before and after 5000 cycles. 
 

The electron transfer number (n) for NGM-800 is calculated 

to be 3.85, and peroxide yield is below 7.6 % over potential range 

of 0.2 ~ 0.8 V (Figure 4c) based on the RRDE record in Figure S15. 

The results indicate that NGM-800 processed mainly a four-

electron transfer pathway for ORR in acidic electrolyte, which was 

further demonstrated by Koutecky-Levich (K-L) plot derived from 
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LSV curves (Figure S16). In addition, NGM-800 catalyst is also 

stable in the acidic electrolyte. After carrying out 5000 continuous 

CV cycles, NGM-800 shows a small negative shift of E1/2 = 23 mV 

with almost no decay of diffusion limiting current density (Figure 

4d). In contrast, Pt/C showed a negative shift of E1/2 = 36 mV and 

3.6 % decay of diffusion limiting current density. The great 

catalytic of NGM-800 for acidic ORR are probably due to the 

ultrathin 2D morphology with hierarchical pores as well as defect-

enriched structure. The unique low-dimensional and porous 

structure ensures the fast mass transport and sustainable 

exposure of active sites, and prevents the deactivation of active 

sites induced by the restacking of carbon nanosheets or the 

blocking of transfer pathways. 

 

Conclusion 

In summary, ultrathin nitrogen-doped graphene nanomesh (NGM) 

with outstanding electrocatalytic activity for ORR in acidic 

electrolyte was successfully prepared by simple and efficient 

thermal exfoliation of Zn-containing zeolite imidazolate 

framework nanoleaves (Zn-ZIF-L) under inert atmosphere by using 

the mixed KCl and LiCl as the exfoliators and etching agent. The 

effect of different metal chlorides on thermal exfoliaiton of Zn-ZIF-

L was carefully investigated. We suppose that potassium ions are 

more effective in intercalation and exfoliation of Zn-ZIF-L derived 

carbon, whereas lithium ions might contribute more to etching 

the carbons to create larger mesopores. The prepared NGM 

shows unprecedented catalytic activity for ORR not only in 

alkaline but also in acid electrolytes due to its two-dimensional 

morphology with a thickness of 1.3 nm, a high specific surface 

area of 1329.5 m
2
 g

-1
, abundant nanopores and defective active 

sites. It is inspiring that breaking the dimensional limitation of 

tradition 3D MOF probably pave the pathway to prepare 

thousands of novel low-dimensional MOF-derived functional 

carbon materials and improve the performance in various 

applications. 
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