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Abstract: Metal-organic frameworks (MOFs) are known for
their versatile combination of inorganic building units and
organic linkers, which offers immense opportunities in a wide
range of applications. However, many MOFs are typically
synthesized as multiphasic polycrystalline powders, which are
challenging for studies by X-ray diffraction. Therefore, devel-
oping new structural characterization techniques is highly
desired in order to accelerate discoveries of new materials.
Here, we report a high-throughput approach for structural
analysis of MOF nano- and sub-microcrystals by three-dimen-
sional electron diffraction (3DED). A new zeolitic-imidazolate
framework (ZIF), denoted ZIF-EC1, was first discovered in
a trace amount during the study of a known ZIF-CO3-
1 material by 3DED. The structures of both ZIFs were solved
and refined using 3DED data. ZIF-EC1 has a dense 3D
framework structure, which is built by linking mono- and bi-
nuclear Zn clusters and 2-methylimidazolates (mIm@). With
a composition of Zn3(mIm)5(OH), ZIF-EC1 exhibits high N
and Zn densities. We show that the N-doped carbon material
derived from ZIF-EC1 is a promising electrocatalyst for
oxygen reduction reaction (ORR). The discovery of this new
MOF and its conversion to an efficient electrocatalyst high-
lights the power of 3DED in developing new materials and
their applications.

Introduction

Metal-organic frameworks (MOFs), or porous coordina-
tion polymers (PCPs), are a class of highly crystalline and
porous hybrid materials constructed by linking metal clusters
(or ions) and organic ligands via coordination bonds.[1, 2] In
addition, their tunable structure metrics and topologies give
rise to versatile properties,[3] and vast opportunities for
applications in gas storage,[4, 5] separation,[6–9] catalysis,[10–12]

energy conversion and storage,[13–19] and bio-medical sci-
ence.[20,21] With the access to almost unlimited combinations
of inorganic building units and organic linkers, more than
80000 different MOFs have been reported over the past two
decades.[22] Interestingly, through the control of reaction
kinetics or thermodynamics, different structures with distinct
properties can be obtained even using the same building
units.[23–26] A relevant example is the large sub-class of MOFs
termed zeolitic imidazolate frameworks (ZIFs),[27] which are
synthesized by connecting tetrahedrally-coordinated metal
ions and linkers. These components can lead to a variety of
topologies such as sod,[28–30] crb,[29] dia,[30] poz,[31] etc. Con-
sequently, ZIFs with different topologies can commonly
coexist in the bulk polycrystalline product. Accompanied by
the tiny crystal sizes which are inaccessible to single crystal X-
ray diffraction (SCXRD), structural characterization of these
materials poses a major challenge, particularly when in search
for new materials.

Powder X-ray diffraction (PXRD) is the most widely used
technique for characterization of polycrystalline materials.

[*] M. Ge,[+] X. Zou, Z. Huang
Department of Materials and Environmental Chemistry, Stockholm
University, 10691 Stockholm (Sweden)
E-mail: zhehao.huang@mmk.su.se

Y. Wang,[+] H. Zheng
Key Laboratory of Applied Surface and Colloid Chemistry, Ministry of
Education, School of Chemistry and Chemical Engineering, Shaanxi
Normal University, Xi’an 710119 (China)
E-mail: zhenghaoquan@snnu.edu.cn

F. Carraro, P. Falcaro
Institute of Physical and Theoretical Chemistry, Graz University of
Technology, Stremayrgasse 9, 8010 Graz (Austria)

W. Liang, C. Doonan
Department of Chemistry and the Centre for Advanced Nanomate-
rials, The University of Adelaide
Adelaide, 5005 South Australia (Australia)

M. Roostaeinia, S. Siahrostami
Department of Chemistry, University of Calgary
2500 University Drive NW, Calgary, Alberta T2N1N4 (Canada)

D. M. Proserpio
Dipartimento di Chimica, Universit/ degli Studi di Milano
20133 Milano (Italy)
and
Samara Center for Theoretical Materials Science (SCTMS), Samara
State Technical University, Samara 443100 (Russia)

[++] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under https://doi.org/10.
1002/anie.202016882.

T 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angewandte
ChemieResearch Articles

How to cite: Angew. Chem. Int. Ed. 2021, 60, 11391–11397
International Edition: doi.org/10.1002/anie.202016882
German Edition: doi.org/10.1002/ange.202016882

11391Angew. Chem. Int. Ed. 2021, 60, 11391 – 11397 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-9296-2423
http://orcid.org/0000-0001-9296-2423
http://orcid.org/0000-0001-9296-2423
http://orcid.org/0000-0001-9296-2423
http://orcid.org/0000-0001-8485-4676
http://orcid.org/0000-0001-8485-4676
http://orcid.org/0000-0002-3032-436X
http://orcid.org/0000-0002-3032-436X
http://orcid.org/0000-0001-6597-9406
http://orcid.org/0000-0001-6597-9406
http://orcid.org/0000-0001-6597-9406
http://orcid.org/0000-0003-2822-0956
http://orcid.org/0000-0003-2822-0956
http://orcid.org/0000-0001-5935-0409
http://orcid.org/0000-0001-5935-0409
http://orcid.org/0000-0003-3869-4055
http://orcid.org/0000-0001-6748-6656
http://orcid.org/0000-0001-6748-6656
http://orcid.org/0000-0002-4575-7870
https://doi.org/10.1002/anie.202016882
https://doi.org/10.1002/anie.202016882
http://dx.doi.org/10.1002/anie.202016882
http://dx.doi.org/10.1002/ange.202016882
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202016882&domain=pdf&date_stamp=2021-04-07


However, PXRD has a major drawback of peak overlapping,
hindering accurate peak indexing and intensity extraction.
This becomes more severe for samples containing several
phases, which leads to either wrong phase assignments or no
solution at all. Phase mixtures or polymorphs are often
produced during the development of new materials. The
aforementioned drawback of PXRD makes it especially
challenging to study multiphasic materials containing new
phases, which are likely to be overlooked, therefore prevent-
ing the discovery of new materials. Furthermore, the peak
overlapping makes ab initio structure determination difficult
and, in many cases, impossible. For MOFs, structural studies
are even more difficult due to their relatively large unit cells
that intensify the drawback of peak overlapping in PXRD
patterns. These challenges are well tackled with the recent
development of three-dimensional electron diffraction
(3DED).[32–34] Benefited from the strong interaction between
electrons and matter, 3DED allows single crystal structural
analysis even when the crystal sizes are down to the range of
nanometers.[35–39] This turns a polycrystalline powder into
millions of analytes of single crystals. With a short data
collection time of 3–5 minutes per crystal, it is therefore
possible to analyze individual crystals in a high throughput
manner and determine the structure of each tiny crystal in
a phase mixture. More importantly, new materials in trace
amounts can be discovered and their structures imparting
unique properties can be revealed by 3DED.

Here, we report the first use of a 3DED technique,
continuous rotation electron diffraction (cRED), in discovery
of a new MOF among a phase mixture. The new MOF,
denoted as ZIF-EC1 (EC: structure solved by Electron
Crystallography), is constructed by linking ZnII cations and
deprotonated 2-methylimidazole (mIm@) linkers. It was
discovered by cRED with a trace amount in a ZIF-CO3-
1 material. The atomic structures of both MOFs were
successfully determined by cRED. Interestingly, the structure
of ZIF-EC1 is rather dense, which is built by mono- and

binuclear Zn clusters. This offers a high density of N and Zn,
which are active sites for electrocatalysis.[40, 41] Density func-
tional theory (DFT) calculations show ZIF-EC1 has a higher
stability than ZIF-CO3-1. This provided insights for success-
fully obtaining a phase pure ZIF-EC1 material, which is
important for catalysis. We subsequently converted pure ZIF-
EC1 to N-doped carbon material as an electrocatalyst for
oxygen reduction reaction (ORR). Due to the highly dense
structure of ZIF-EC1, it leads to high contents of N and Zn in
the derived carbon material. In addition, the oxygen atoms in
the framework of ZIF-EC1 assist to generate a porous
structure with high surface area, which is favorable for mass
transfer. Owing to these advantages, the carbon material
derived from ZIF-EC1 exhibits the best performance com-
pared to those derived from other ZIFs including ZIF-1, ZIF-
8, and ZIF-95. Our strategy by using cRED as a high
throughput analytical tool would benefit communities beyond
the MOF field to accelerate research in developing new
materials.

Results and Discussion

PXRD is widely used to analyze polycrystalline products.
Typically, structural analysis is done by matching peak
positions in the experimental PXRD pattern with those
calculated from possible structures in a crystallographic data-
base, for example, the Cambridge Structure Database, which
includes more than one million reported crystal structures.[22]

Nevertheless, this is often very challenging as shown in the
case of the new ZIF-EC1 discovery. Using ZnII cations and
mIm@ as the organic linker, we obtained a polycrystalline
product, which shows a variation of particle sizes (0.2–5 mm)
and morphologies (Figure S1). The PXRD pattern presents
strong and sharp peaks, which indicates the sample has a good
crystallinity (Figure 1a). However, it was difficult to index the
PXRD pattern, and the material was initially regarded as

Figure 1. a) Comparison of observed PXRD pattern (l = 1.5406 b) with simulated pattern from the structural model of ZIF-CO3-1. Many strong
peaks (marked by asterisks) remain unidentified. b) TEM image showing individual nanocrystals (marked by red dots) in an area of 35 W 35 mm2

studied by cRED.
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a pure new phase (denoted as U14).[42] Only after our
investigations of ZIF-CO3-1 by cRED,[34] we could identify
ZIF-CO3-1 as the major phase in the sample (Figure 1a). Yet,
there are many peaks in the PXRD pattern that cannot be
identified. As in most phase mixtures, the number of
unindexed peaks belonging to a minor phase is too few that
prevents phase identification and new structure determina-
tion.

3DED was applied to uniquely tackle these challenges on
structural analysis of the new phase. It allows to identify and
collect data from single nano- and sub-microcrystals. Re-
markably, with the recent evolution of 3DED methods,[43]

data collection time has been reduced to a few minutes per
crystal, providing a new strategy for high throughput phase
analysis and crystal structure determination. As shown in the
TEM image in Figure 1b, more than 30 particles can be found
and analyzed in an area of 35 X 35 mm2. cRED data were
collected from 11 individual nano- and sub-microcrystals with
the rotation angles ranging from 39.26 to 117.4588, and the
total data collection time of 1.5 to 4.3 min (Table S1, see
Supporting Information for more details). By analyzing 3D
reciprocal lattices reconstructed from the 11 cRED datasets,
two distinct crystal systems and unit cells are revealed
(Figure 2 and Figure S2). Nine crystals have an orthorhombic
unit cell, with a = 10.50 c, b = 12.51 c, and c = 4.69 c and the
remaining two exhibit a monoclinic unit cell, with a = 13.58 c,
b = 14.55 c, c = 14.31 c, and b = 118.088. The space group was
deduced from the reflection conditions observed from the
reconstructed reciprocal lattice, which is Pba2 (No. 32) or
Pbam (No. 55) for the former nine crystals and P21/c (No. 14)
for the latter two. The unit cell parameters and space group of
the orthorhombic crystals agree to those of the ZIF-CO3-
1 phase as previously determined from pure samples.[34,44]

Meanwhile, no reported ZIFs match the unit cell and space
group for the second phase, indicating it is a new MOF, which
we denoted as ZIF-EC1.

Using the SHELX software package,[45] ab initio structure
determination was applied on each of the cRED datasets. The
positions of all non-hydrogen atoms were found directly from
the structure solution by direct methods. For the ZIF-CO3-
1 phase, the obtained structure is consistent with that
determined by SCXRD (Figure S3). For the trace amount

of the new ZIF-EC1 in the phase mixture, all three ZnII

cations and five mIm@ linkers in the asymmetric unit were
located and the non-hydrogen atoms were refined anisotropi-
cally (see Table S2 for more details). ZIF-EC1 has a general
formula of Zn3(mIm)5(OH). Each mIm@ linker connects to
two Zn atoms. One of the three Zn cations is connected to
four mIm@ linkers to form a ZnN4 mononuclear cluster while
the other two are coordinated to three mIm@ linkers and one
bridging OH@ group to form a binuclear Zn2N6(OH) cluster
(Figure 3a). ZIF-EC1 is nonporous as shown in Figures 3b

Figure 2. Reciprocal lattices reconstructed from cRED data. a,b) 2D
slice showing the hk0 plane (a) cut from the 3D reciprocal lattice (b)
of a ZIF-CO3-1 crystal shown as the inset in (b). c,d) 2D slice showing
the 0kl plane (c) cut from the 3D reciprocal lattice (d) of a ZIF-EC1
crystal shown as the inset in (d). Apart from the Bragg reflections,
weak spots are attributed to the background noise. In addition, the
amorphous carbon from the TEM grid and the bovine serum albumin
(BSA) molecules used in the synthesis could also generate weak spots.

Figure 3. Structural model of ZIF-EC1. a) The coordination geometry of Zn. b,c) The framework structure viewing along b- and c-axis, respectively.
Cyan spheres: Zn atoms; red spheres: O atoms; blue spheres: N atoms; grey spheres: C atoms. H atoms are not shown.
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and c and S4. Topological analy-
sis (Figure S5) of the ZIF-EC1
framework using ToposPro[46]

shows a rarely reported yqt1 top-
ology[47–49] as found in the Samara
Topological Data Center.[50]

PXRD patterns simulated from
the structural models of ZIF-
CO3-1 and ZIF-EC1 are com-
pared to the experimental PXRD
pattern (Figure S6). All the peaks
in the experimental PXRD pat-
tern can finally be indexed by
these two phases.

Despite the absence of poros-
ity, ZIF-EC1 based on Zn mono-
and binuclear clusters provides
a higher density of metal and N
sites as compared to ZIFs with
only mononuclear Zn clusters (Table 1). The high density is
favorable for catalysis. However, in order to study the
properties and catalytic performance, a pure ZIF-EC1
material is highly desired. We therefore applied density
functional theory (DFT) calculation to obtain the formation
energy per atom and thus the stability of ZIF-CO3-1 and ZIF-
EC1. We used ZIF-8 as the reference since it has the lowest
energy per atom (Figure 4b). These results indicate that ZIF-
EC1 is thermodynamically more stable than ZIF-CO3-1.

Nucleation rate plays an important role in MOF synthe-
ses. Typically, the introduction of a competing reagent or
modulator during the synthesis can inhibit and slow down the
nucleation, which facilitates the formation of metastable
crystalline products.[53] Given that Zn(OAc)2·2 H2O could
react rapidly with HmIm to generate crystals at room
temperature, the nucleation kinetics is crucial. To inhibit the
formation of the metastable phase ZIF-CO3-1 and promote
the formation of the thermodynamically stable phase of ZIF-
EC1, we used a synthetic condition that favors the nuclea-

tion.[54] Besides using an excess amount of HmIm (molar ratio
HmIm/Zn = 16), the reaction of Zn(OAc)2·2 (H2O) and
HmIm was conducted under vigorous stirring to enhance
the nucleation rate. Under this condition, a pure ZIF-EC1
sample was obtained. SEM images show that crystals of pure
ZIF-EC1 have plate-like morphology (Figure 4a). Pawley
fitting was applied to confirm the purity of the sample, which
shows a good agreement between the observed and calculated
patterns (Figure S7 and Table S3). In addition, ab initio
structure determination was performed on the pure ZIF-EC1
phase, and the same crystal structure was obtained as that in
the phase mixture (Figures S8, S9 and Table S2).

3DED provides a new strategy in searching for novel
materials. Meanwhile, the structural insights obtained by
3DED reveal that the binuclear-based ZIF-EC1 could
enhance catalytical performance through its high density of
N and Zn. We therefore demonstrate ZIF-EC1 and its N-
doped carbon derivative as electrocatalysts for ORR (Fig-
ures 5 and S10). SEM image shows that the morphology of

nitrogen-doped carbon (NC) de-
rived from ZIF-EC1 (denoted as
NC-ZIF-EC1) after pyrolysis at
900 88C in Ar atmosphere remained
the same as that of the pristine
ZIF-EC1 (Figure S11). Applied as
an electrocatalyst, NC-ZIF-EC1
exhibits an obvious oxygen reduc-
tion peak appearing at near 0.85 V
in the cyclic voltammetry (CV)
curve, confirming its electrocata-
lytic oxygen reduction activity
(Figure 5a). The linear sweep vol-
tammetry (LSV) shows that NC-
ZIF-EC1 achieved promising onset
potential (Eonset = 0.930 V) and
half-wave potential (E1/2 =

0.860 V), which is comparable to
that of Pt/C (E1/2 = 0.867, Fig-
ure 5b). Due to the Zn binuclear
cluster, ZIF-EC1 has a high density

Table 1: Comparison of metal and nitrogen density of ZIF-EC1 to most reported ZIFs.

Name Net Composition Density
(Zn atoms nm@3)[a]

Density
(N atoms nm@3)[a]

Reference

ZIF-EC1 yqt1 Zn3(mIm)5(OH) 4.77 15.90 This work
ZIF-1 crb Zn(Im)2 3.64 14.56 [29]
ZIF-2 crb Zn(Im)2 2.80 11.20 [29]
ZIF-3 dft Zn(Im)2 2.66 10.64 [29]
ZIF-4 cag Zn(Im)2 3.68 14.72 [29]
ZIF-6 gls Zn(Im)2 2.31 9.24 [29]
ZIF-8 sod Zn(mIm)2 2.47 9.88 [28,29]
ZIF-10 mer Zn(Im)2 2.25 9.00 [30]
ZIF-14 ana Zn(eIm)2 2.57 10.28 [30,51]
ZIF-22 lta Zn(5abIm)2 2.02 8.08 [52]
ZIF-23 dia Zn(4abIm)2 3.32 13.28 [52]
ZIF-71 rho Zn(dcIm)2 2.06 8.24 [30]
ZIF-77 frl Zn(nIm) 3.22 12.88 [30]
ZIF-95 poz Zn(cbIm)2 1.51 6.04 [31]
ZIF-100 moz Zn20(mIm)39(OH) 1.29 5.03 [31]

[a] See the Supporting Information for more details on calculating the density. Im = imidazolate;
eIm = 2-ethylimidazolate; 5abIm= 5-azabenzimidazolate; 4abIm= 4-azabenzimidazolate; dcIm= 4,5-
dicnoroimidazolate; nIm= 2-nitroimidazolate; cbIm = 5-chlorobenzimidazolate.

Figure 4. a) SEM image of pure ZIF-EC1 nanocrystals. b) Calculated relative formation energies using
DFT calculations. The formation energies are calculated per atom for each ZIF structure. The formation
energy of ZIF-8 is set to zero and the formation energy of ZIF-EC1 and ZIF-CO3-1 are calculated relative
to ZIF-8.
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of N and Zn, which is 1.3–3.2 times higher than those in most
reported low density ZIFs, such as ZIF-1, ZIF-8, and ZIF-95.
Consequently, the weight percentages of N and Zn atoms,
which serve as the active sites, are 2.1–4.3 times higher in NC-
ZIF-EC1 than those in the nitrogen-doped carbons derived
from ZIF-1, ZIF-8, and ZIF-95 (denoted as NC-ZIF-1, NC-
ZIF-8, and NC-ZIF-95, respectively, Figures S12, S13, and
Table S4). As a result, NC-ZIF-EC1 exhibits a better ORR
activity than do the NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95
(Figures 5 b, S14–S17 and Table S5). In addition, ZIF-EC1
contains O atoms in the framework structure, which partially
removes C atoms by evolution of CO/CO2 during the
pyrolysis.[55, 56] This not only reduces the carbon proportion
in the NC-ZIF-EC1, but also facilitate the generation of large
pores and high surface area (Figure S18), which contribute to
the ORR activity by creating favorable mass transfer path-
ways. PXRD patterns of NCs show that all materials have
partially graphitized structures (Figure S19a), while Raman
spectra exhibit a similar amount of defective structure,
indicating a similar graphitized structure among the NC
materials (Figure S19b). By taking these advantages, in
addition, NC-ZIF-EC1 outperforms most of the other state-
of-the-art electrocatalysts, including MOFs,[57, 58] COFs,[59,60]

MOF derived carbon materials,[61–64] carbon materials,[41,65–67]

and metal oxides,[68, 69] etc. (Table S6).
The electron transfer number (n) of NC-ZIF-EC1 was

calculated to be & 4.0 based on K–L plots, and & 3.6 based on
rotating ring disk electrode (RRDE) measurement (Figur-
es 5d, e, and S20, see Supporting Information for more
details). This indicates an outstanding 4e@ selectivity, which is
a favorable reaction pathway to provide high reaction kinetics
and prolong the durability of the cell. Combined with a higher
density, which favors charge transfer during the electro-

catalysis, NC-ZIF-EC1 shows a better reaction kinetics as
indicated by the lower Tafel slope compared to than those in
NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95 (Figure 5c). The long-
term durability of NC-ZIF-EC1 was evaluated using j–
t chronoamperometric responses (Figure 5 f). After 10 h, the
current density of NC-ZIF-EC1 only dropped by 7.4%, which
suggests a better stability compared to that of Pt/C. In
addition, post-catalysis characterization shows that the mor-
phology of NC-ZIF-EC1 remains intact after the ORR
reactions (Figure S21).

Conclusion

By applying high throughput structural analysis on single
nanocrystals of a phase mixture, we discovered a new MOF,
ZIF-EC1. By controlling the reaction kinetics, pure ZIF-EC1
was synthesized. We present a proof-of-concept study that
highlights the advantage of the 3DED technique in the
development of MOF materials. Thanks to the new strategy,
phases in trace amount and tiny crystals can be studied, which
could accelerate the search for new MOFs. Revealing the
structure uncovers the key property of ZIF-EC1, as it contains
high density of metal sites and N atoms. As a result, the
carbon material derived from ZIF-EC1 shows excellent
electroactivity as compared to those of other ZnII cation
based ZIFs. We foresee that the application of 3DED
technique will have a broad impact not only in the develop-
ment of MOFs, but also in a wide range of materials and
chemical compounds, such as metal oxides, polyoxometalates,
and pharmaceutical compounds, where pure phases and large
single crystals are difficult to obtain.

Figure 5. a) CV curves of NC-ZIF-EC1 in 0.1 M KOH solution saturated by N2 and O2, respectively. b) LSV curves and c) Tafel plots of NC-ZIF-EC1,
NC-ZIF-1, NC-ZIF-8, NC-ZIF-95, and Pt/C. d) LSV curves of NC-ZIF-EC1 at different rotating speeds. e) K–L plots at different potentials derived
from data in (d). f) j–t chronoamperometric responses at 0.664 V (vs. RHE).
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Deposition Number 2046826 contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access
Structures service www.ccdc.cam.ac.uk/structures.
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Section 1. Materials and instrumentation 

Materials. 

Zn(NO3)2·6H2O (99.9%), Zn(OAc)2·2H2O (99.9%), 2-methylimidazole (HmIm) (99%), Imidazole 

(HIm) (99%), 5-chlorobenzimidazole (HcbIm) (97%) were purchased from the Energy Chemical. 

Ethanol (AR, 99.5%), Methanol (AR, 99.5%), N,N-Dimethylformamide (AR, 99.5%), 

Dichloromethane (AR, 99.5%) were purchased from Sinopharm Chemical Reagent Co. All the 

reagents were used without further purification unless otherwise mentioned. Deionized water was 

used throughout the experimental processes. 

Methods. 

Scanning electron microscopy (SEM). SEM images were performed on a JEOL JSM-7000F 

scanning electron microscope with a field emission gun capable of generating and collecting high-

resolution and low-vacuum images. The field emission gun assembles with a Schottky emitter 

source. The images were obtained at an accelerating voltage of 15.0 kV, with beam current of 200 

μA. 

Powder X-ray diffraction (PXRD). PXRD patterns were recorded on a PANalytical X’Pert Pro 

diffractometer equipped with a Pixel detector and a monochromator, using Cu Kα1 radiation (λ = 

1.5406 Å). Data was recorded using a current of 40 mA, accelerating voltage of 40 V and source 

silt 15 mm. 

Electrochemical evaluation. All electrochemical tests were carried out on CHI 660E 

electrochemical workstation at 30 °C. Oxygen reduction reaction (ORR) performances were 

evaluated by a three-electrode system. The working electrode was a rotating disk electrode (RDE) 

with a diameter of 5 mm (0.196 cm2). The counter electrode was a graphite rod and the reference 

electrode was a saturated Ag/AgCl electrode. The cyclic voltammetry (CV) test was carried out in 

0.1 M KOH saturated with O2 (scan rate is 50 mV s−1). The linear sweep voltammetry (LSV) test 

was carried out in 0.1 M KOH saturated with O2, and the speed range was 400 to 2025 rpm (scan 

rate was 5 mV s−1). Current-time chronoamperometric responses were measured at 0.66 V (relative 

to RHE). The catalyst ink for ORR tests was prepared as the following: 4 mg catalyst was dispersed 

in a mixed solution containing 660 μL isopropanol, 330 μL deionized water and 10 μL Nafion 

aqueous solution (5 wt%). The mixed solution was treated by ultrasound for 1 h to form a 

homogeneous suspension. Then 20 µL catalyst solution was taken from the pipette and uniformly 

dripped onto the rotating disc electrode (RDE) (catalyst loading was about 0.4 mg cm−2). After 

natural drying, a homogeneous film was formed. 

 

Section 2. Synthesis of ZIF-EC1 

Synthesis of ZIF-EC1 and ZIF-CO3-1 mixture. In a typical synthesis, 300 μL of a 440 mM 

aqueous solution of HmIM, 60 μL of a 36 mg mL-1 aqueous solution of bovine serum albumin 

(BSA) and 1140 μL of deionized water were mixed in a 2 ml plastic centrifuge tube for 1 minute. 

Then, the solution was added to 500 μL of an 80 mM aqueous solution of Zn(OAc)2∙2(H2O). The 
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mixture was left under static conditions at RT for 24 h. White powder was then harvested by 

centrifugation followed by washing by deionized water for at least six times. 

Synthesis of pure ZIF-EC1. In a typical synthesis of pure ZIF-EC1, 0.125 mL of a 3.84 M 

aqueous solution of HmIM was mixed with 1.875 mL of deionized water. 1 mL of 0.24 M aqueous 

solution of Zn(OAc)2∙2(H2O) was added into the above solution under vigorous stirring condition. 

The mixture was kept under stirring at RT for at least 4 h. White powder was then harvested by 

centrifugation followed by washing by deionized water for at least six times. 

Synthesis of ZIF-8. In a typical synthesis of pure ZIF-8, 100 mg HmIm was dissolved in 10 mL 

of methanol to form solution A. 140 mg Zn(NO3)2·6H2O was dissolved in another 10 mL methanol 

to form solution B. Then, solution B was poured into solution A under magnetic stirring for 10 

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

washed with methanol. It was then dried overnight in a freeze dryer for characterization. 

Synthesis of ZIF-1. In a typical synthesis of pure ZIF-1, 100 mg Zn(NO3)2·6H2O and 150 mg 

HIm are dissolved in a glass bottle containing 18 mL DMF. After vigorous stirring, the vial was 

capped and heated in a thermostat at 85°C for 24 h. After the reaction is completed, it is naturally 

cooled to room temperature. The product was collected by centrifugation and washed with 

dichloromethane. It was then dried overnight in a freeze dryer for characterization. 

Synthesis of ZIF-95. In a typical synthesis of pure ZIF-95, 237.5 mg Zn(NO3)2·6H2O and 1221 

mg HcbIm were added to a beaker containing 55 ml DMF and 5 ml water. After stirring for 2 h, 

the mixed solution was added to a stainless steel autoclave lined with Teflon, and then heated in 

an air circulating oven at 120 °C for 3 days. The product was collected by centrifugation, washed 

with methanol and DMF, and then dried overnight in a freeze dryer for characterization. 

Synthesis of N doped carbon from ZIF materials. The as-prepared ZIF-EC1, ZIF-1, ZIF-8 and 

ZIF-95 materials were annealed at 900 °C for 2 h at a ramp rate of 5 °C min−1 in flowing Ar in a 

tube furnace. Finally, the N doped carbon electrocatalysts were obtained. 

Section 3. Structural analysis by cRED  

The samples for high throughput cRED investigations were crushed in a mortar and dispersed in 

deionized water. A droplet was then taken from the suspension, transferred to a copper grid 

covered with lacey carbon, and dried in air at room temperature. cRED data were collected on a 

JEOL JEM2100 microscope operated at 200 kV (Cs 1.0 mm, point resolution 0.23 nm). TEM 

images were recorded with a Gatan Orius 833 CCD camera (resolution 2048 x 2048 pixels, pixel 

size 7.4 μm). cRED data collection was controlled by using the data acquisition software 

Instamatic[1], and electron diffraction (ED) frames were recorded with a Timepix hybrid detector 

QTPX-262k (512 x 512 pixels, pixel size 55 μm, max 120 frames/second, Amsterdam Sci. Ins.). 

A single-tilt holder was used for the data collection, which could tilt from –60° to +60° in the TEM. 

The area used for cRED data collection was about 1.0 μm in diameter, defined using a selected-

area aperture. To minimize electron beam damage on the crystals, a low electron dose and high 
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rotation speed were applied. The high throughput cRED method can benefit for virtualization and 

identification of each individual nanocrystals. As shown in Figure 1b, ~30 nanocrystals can be 

analyzed in an area of 35 ×35 μm2. By taking advantage of continuous rotation, it takes less than 

5 minutes to collect a complete cRED dataset. For ZIF-CO3-1, a typical cRED dataset covered a 

crystal rotation angle of 100.2° and took 3.7 min to collect. For ZIF-EC1, the rotation range was 

117.5° and the collection time was 4.3 min. 

The obtained cRED data were analyzed by using REDprocessing software package[2]. Two 

sets of unit cells and space groups were determined from 11 nanocrystals in phase mixture, 

indicating it contains two different structures. For the major phase, one typical unit cell was 

determined as a = 10.57 Å, b = 12.40 Å, c = 4.65 Å, α = 90.8°, β = 90.9°, and γ = 91.6°. The 

intensity distribution of reflections in the 3D reciprocal lattice indicates that the crystal is 

orthorhombic with a Laue class of mmm (Figures S2a-d). The unit cell angles α, β, and γ are near 

90°, which also confirms the orthorhombic crystal system. The reflection conditions were deduced 

from the 2D slice cuts as 0kl: k = 2n; h0l: h = 2n; h00, h = 2n; 0k0: k = 2n, which corresponds to 

two possible space groups of Pba2 (No. 32), and Pbam (No. 55). For the minor phase, the unit cell 

parameters were determined to be a = 13.65 Å, b = 14.36 Å, c = 14.30 Å, α = 90.3°, β = 117.5°, 

and γ = 90.6°. The intensity distribution of reflections in the 3D reciprocal lattice indicates that the 

crystal is monoclinic with a Laue class of 2/m (Figures S2e-f). The reflection conditions was 

deduced as 0k0: k=2n; 00l: l=2n; h0l: l=2n, which corresponds to the space group: P21/c (No. 14). 

The details of data collection and unit cell determination are summarized in Table S1. 

After changing the synthetic conditions, we applied the high throughput cRED method on 

the product obtained using the optimized synthesis condition for ZIF-EC1. The sample purity was 

further confirmed by Pawley fitting of the PXRD pattern (Figure S6). With improved crystallinity, 

cRED dataset with higher resolution and higher completeness were obtained (Figure S7). The 

intensities of the reflections were extracted from the cRED data using the X-ray Detector Software 

(XDS)[3]. To obtain a high data completeness, nine cRED datasets were merged to a resolution of 

0.78 Å and a completeness of 89.5% using XSCALE. Structure solution and refinement were 

conducted by using the SHELX software package5. In the refinement of the merged dataset, 

distance (DFIX) and planarity (FLAT) restraints were applied to the 2-methylimidazolate 

linkers to maintain a reasonable geometry. EADP was applied on two carbon atoms on the 

imidazolate group. In addition, EXTI was used in the final refinement, which converged with 

the agreement values R1=0.1811 for 4103 Fo > 4σ(Fo) and 0.1984 for all 5116 data for 302 

parameters (Table S2). 

After knowing the structure of ZIF-EC1, we calculated its metal and nitrogen density and 

compared them to most reported ZIFs (Table 1). The metal density was calculated as  

𝑚𝑒𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
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where the number of metal atoms per unit cell and the unit cell volume are read from the cif file. 

For example, the Zn atom density in ZIF-EC1 was calculated as  

 
12

2514.7 Å3
= 4.77 𝑛𝑚−3 

The nitrogen density is calculated in a similar way as 

𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 

For example, the N atom density in ZIF-EC1 was calculated as 

40

2514.7 Å3
= 15.90 𝑛𝑚−3 

 

Section 4. Energy calculation of ZIF-EC1 

Atomic Simulation Environment (ASE)[4] was used to handle the simulation and the QUANTUM 

ESPRESSO program package[5] to perform electronic structure calculations. The electronic 

wavefunctions were expanded in plane waves up to a cutoff energy of 800 eV, while the electron 

density is represented on a grid with an energy cutoff of 8000 eV after carrying out the convergence 

tests. Core electrons were approximated using ultrasoft pseudopotentials[6]. The ground state 

energies of ZIF-EC1, ZIF-CO3-1 and ZIF-8 bulk structures were calculated using PBE exchange-

correlation functional with dispersion correction[7]. The Brillouin zone were converged and 

sampled with (3  3  3) Monkhorst-Pack k-points. 

 

Section 5. Electrochemical analysis of ZIF-EC1 and its derivatives 

The potentials corresponding to the reversible hydrogen electrode (RHE) electrode were 

calculated with the following equation:  

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + (0.197 + 0.0591 × pH)        Eq (1) 

The electron transfer numbers (n) were calculated with Koutecky-Levich (K-L) equation:  

1/𝑗 = 1/𝑗𝑙 + 1/𝑗𝑘 = 1/𝐵𝜔1/2 ⁄ + 1/𝑗𝑘         Eq (2) 

where 𝑗 is the measured current density; 𝑗𝑙 is the diffusion current density; 𝑗𝑘 is the kinetic current 

density; 𝜔 is the rotation speed in rpm; 𝐵 can be confirmed by Koutecky-Levich (K-L) equation:  

B = 0.2nFC0(𝐷0)
2/3 ⁄ 𝜐 −1/6          Eq (3) 

where n is the transfer number; F is the Faraday constant (96485 C mol−1 ); C0 is the concentration 

of O2 in 0.1 M KOH (1.2×10−6 mol cm−3 ); 𝐷0 is the diffusion coefficient of O2 in 0.1 M KOH 

(1.9×10−5 cm2 s−1 ); υ is the viscosity of 0.1 M KOH (0.1 cm2 s−1 ). The transfer number (n) was 

obtained by using the equations. 
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 The LSV curve of ZIF-EC1 in 0.1 M KOH solution saturated by O2 is shown in Figure 

S9. The E1/2 of ZIF-EC1 was measured to be 0.757 V, indicating a moderate ORR activity. The 

high density of surface Zn-Nx structure could attribute to the good ORR activity. However, MOF 

materials are limited by their conductivities when being used as electrocatalysts for ORR. ZIF-

EC1 possesses a high density of activity sites. NC-ZIF-EC1 derived from ZIF-EC1 has the highest 

N loading compared to those of NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95 (Figures S15, S16 and 

Table S4). The ID/IG of NC-ZIF-EC1, NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95 is 1.08, 1.35, 1.04, 

1.08, respectively (Figure S17). PXRD shows that all samples exhibit two similar broad peaks 

assigned to partial graphitized carbon. The results shown in Figure 5 indicates that NC-ZIF-EC1 

exhibits the best ORR activity among all carbon based materials derived from ZIFs, which is also 

compatible to that of commercial Pt/C. A Tafel slope of 96.9 mV dec−1 is observed for NC-ZIF-

EC1, which is considerably lower than that of NC-ZIF-1 (135.5 mV dec−1), NC-ZIF-8 (103.4 mV 

dec−1), and NC-ZIF-95 (215.8 mV dec−1) (Figure 5c). This indicates a favorable reaction kinetics 

for NC-ZIF-EC1 compared to NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95. 

 

Figure S1. SEM image of the obtained product, showing a variation of particle sizes and 

morphologies. 
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Figure S2. (a-c) 2D slice cuts from the reconstructed 3D reciprocal lattice of ZIF-CO3-1 showing 

the (a) hk0, (b) 0kl, and (c) h0l planes. (d) 3D reciprocal lattice of ZIF-CO3-1. (e-g) 2D slice cuts 

from the reconstructed 3D reciprocal lattice of ZIF-EC1 showing the (e) hk0, (f) 0kl, and (g) h0l 

planes. (h) 3D reciprocal lattice of ZIF-EC1.  

 

 

Figure S3. Structural model of ZIF-CO3-1. (a) The coordination geometry of Zn. (b-d) The 

framework structure viewing along a-, b- and c-axis, respectively. Cyan tetrahedra: Zn atoms; red 

spheres: O atoms; blue spheres: N atoms; grey spheres: C atoms. 
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Figure S4. N2 adsorption-desorption isotherm of ZIF-EC1. ZIF-EC1 is nonporous to N2. The 

porosity showed in the P/Po range > 0.9 is caused by interparticle voids. The BET surface area is 

19.7 m2 g-1. 

 

Figure S5. (a) The structural model of ZIF-EC1. (b-d) The definition of the underlying net, which 

is showin in green. Each of the three independent Zn are 4-c nodes and each ligand is bridging two 

Zn atoms. From the coordinates of the underlying net, ToposPro find that is a known binodal net 

(meaning that two of the three Zn atoms are topologically equivalent) called yqt1. It is defined as 

a 4,4-c net with stoichiometry (4-c)(4-c)2, and a 2-nodal net with the point symbol of 

(5.62.72.8)(52.6.7.82)2, and the vertex symbol of [5.84.5.85.6.85] [5.85.6.6.84.84]. 
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Figure S6. Comparison of the observed PXRD pattern of the phase mixture with the simulated 

PXRD patterns of ZIF-CO3-1 and ZIF-EC1. All peaks in the observed pattern can be indexed using 

the two phases. The PXRD patterns were simulated from the corresponding structural models 

using a pseudo-Voigt peak shape function. 
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Figure S7. Pawley fit of the experimental PXRD pattern (λ = 1.5406 Å) of ZIF-EC1, which shows 

a good agreement indicating the sample is pure ZIF-EC1. 

 

Figure S8. Reciprocal lattices reconstructed from cRED data. (a-d) 2D slice cuts of (a) hk0, (b) 

0kl, and (c) h0l planes from the reconstructed 3D reciprocal lattice (d) of a ZIF-EC1 crystal (inset 

in d) in the phase mixture. (e-h) 2D slice cuts of (e) hk0, (f) 0kl, and (g) h0l planes from the 

reconstructed 3D reciprocal lattice (h) of a ZIF-EC1 crystal (inset in h) in the pure ZIF-EC1 sample.  
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Figure S9. Comparison of observed and simulated PXRD patterns of ZIF-EC1 ( = 1.5406 Å). 

The PXRD pattern were simulated using a pseudo-Voigt peak shape function, with the preferred 

orientation simulated using a weighted March-type correction. 

 

 

Figure S10. LSV curves of ZIF-EC1 in 0.1 M KOH solution saturated by O2. The ZIF-EC1 

sample was mixed with 50% carbon black. The E1/2 of ZIF-EC1 was measured to be 0.757 V, 

indicating a moderate ORR activity. 
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Figure S11. SEM image of NC-ZIF-EC1 nanocrystals. 

 

Figure S12. XPS spectra of NC-ZIF-EC1, NC-ZIF-1, NC-ZIF-8, and NC-ZIF-95. The contents 

of C, N, O, Zn calculated based on XPS are summarized in Table S4.  
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Figure S13. High-resolution XPS spectra of N 1s for NC-ZIF-EC1 (a), NC-ZIF-1 (b), NC-ZIF-8 

(c), and NC-ZIF-95 (d). 

 

 

 

Figure S14. PXRD pattern (left) and SEM image (right) of ZIF-1. 
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Figure S15. PXRD pattern (left) and SEM image (right) of ZIF-8. 

  

Figure S16. PXRD pattern (left) and SEM image (right) of ZIF-95. 

 

Figure S17. SEM images of (a) NC-ZIF-1, (b) NC-ZIF-8, and (c) NC-ZIF-95. 
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Figure S18. N2 adsorption-desorption isotherm of NC-ZIF-EC1, NC-ZIF-1, NC-ZIF-8, and NC-

ZIF-95, from which the Brunauer-Emmett-Teller (BET) surface areas are estimated as 1226, 

1079, 657, and 295 m2g-1, respectively. 

 

Figure S19. PXRD patterns (a) and Raman spectra (b) of various N doped carbon materials 

derived from different ZIFs. 

 

Figure S20. LSV curves of the NC-ZIF-EC1 in O2-saturated 0.1 M KOH solution using a 

rotating ring disk electrode with a scan rate of 5 mV s−1 and a rotation speed of 1600 rpm.  
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Figure S21. SEM image of NC-ZIF-EC1 after ORR reaction. 
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Table S1. Details of cRED data collection on different nanocrystals in the phase mixture, and the corresponding unit cell parameters 

and space groups deduced from the cRED data. 

Dataset 1 2 3 4 5 6 7 8 9 10 11 

Phase ZIF-CO3-1 ZIF-EC1 

Rotation range (°) 100.18 103.57 93.91 60.31 74.01 54.06 48.35 43.60 39.26 117.45 42.34 

Rotation step (°) 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.5 0.9 

Exposure time (s 

frame-1) 
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.5 

No. of frames 390 402 365 238 287 208 187 170 153 748 165 

Total data collection 

time (min) 
3.7 3.8 3.5 2.3 2.7 2.0 1.8 1.6 1.5 4.3 1.6 

Crystal system Orthorhombic Monoclinic 

Space group Pba2 (No. 32) or Pbam (No. 55) P21/c 

a (Å) 10.501 10.500 10.547 10.474 10.513 10.89 10.94 10.84 10.81 13.579 14.035 

b (Å) 12.507 12.400 12.236 12.162 12.331 12.84 12.63 12.52 12.93 14.550 15.379 

c (Å) 4.691 4.600 4.669 4.548 4.664 4.88 4.77 4.68 4.87 14.314 14.620 

α (°) 90 90 90 90 90 90 90 90 90 90.000 90.000 

β (°) 90 90 90 90 90 90 90 90 90 117.98 118.419 

γ (°) 90 90 90 90 90 90 90 90 90 90.000 90.000 
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Table S2. Crystallographic data and refinement details of ZIF-EC1. 

 Phase mixture Pure phase* 

Wavelength (Å) 0.02508 Å 0.02508 Å 

Resolution (Å) 0.90 0.78 

Crystal system Monoclinic Monoclinic 

Space group P21/c (No. 14) P21/c (No. 14) 

a (Å) 13.579(3) 13.462(2) 

b (Å) 14.550(3) 14.659(3) 

c (Å) 14.314(3) 14.449(2) 

β (°) 117.98(3) 118.12(1) 

Volume (Å3) 2497.5(11) 2514.7(8) 

Completeness (%) 61.4 89.5 

No. unique reflections 2008 5116 

No. observed reflections (I > 2 sigma(I)) 878 4103 

R1 (I > 2 sigma(I)) 0.238 0.181 

R1 (all reflections) 0.301 0.198 

Goof 1.314 1.725 

* Nine datasets are merged. 
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Table S3. Crystallographic data and Pawley fitting results of ZIF-EC1. 

Chemical formula C20N10OZn3 

Formula weight 592.47 

Crystal system Monoclinic 

Space group P21/c (No. 14) 

a/Å 13.461(2) 

b/Å 14.659(3) 

c/Å 14.449(2) 

β/o 118.12(2) 

Temperature/K 298(2) 

Wavelength/Å 1.54056 

2θ range/° 5.998356 – 59.990356 

Rp 0.0471 

Rwp 0.0667 

Rexp 0.0429 

GOOF 1.552 

 

 

 

Table S4. Elemental contents (wt%) in different catalysts estimated by XPS.  

Catalyst C N O Zn 

NC-ZIF-EC1 69.49±0.016 13.41±0.02 12.95±0.03 2.12±0.71 

NC-ZIF-1 77.02±0.021 4.05±0.011 17.11±0.092 0.49±0.077 

NC-ZIF-8 80.74±0.013 6.52±0.054 10.02±0.081 0.32±0.12 

NC-ZIF-95 75.23±0.034 6.42±0.143 16.46±0.094 0.71±0.044 
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Table S5. Comparison of the onset potential Eonset and half-wave potential E1/2 of NC materials 

for ORR. 

Catalyst Eonset vs RHE (V) E1/2 vs RHE (V) 

NC-ZIF-EC1 0.930 0.860 

NC-ZIF-1 0.880 0.807 

NC-ZIF-8 0.910 0.836 

NC-ZIF-95 0.855 0.720 

Pt/C 0.940 0.867 

 

Table S6. Comparison of the performance of NC-ZIF-EC1 with previously reported 

electrocatalysts. 

Catalyst Electrolyte E1/2 (vs RHE) Ref. 

NC-ZIF-EC1 0.1 M KOH 0.860 V This work 

Zn-N-C 0.1 M KOH 0.850V [8] 

ZnNx/BP 0.1 M KOH 0.837 V [9] 

Zn-NC-1 0.1 M KOH 0.873 V [10] 

CoZn-NC-700 0.1 M KOH 0.840 V [11] 

CoFeZn/NC 0.1 M KOH 0.850 V [12] 

M (M = Co and Zn)2P2O7@NC 0.1 M KOH 0.793 V [13] 

ZCP-CFs-9 (Zn, Co-ZIF) 0.1 M KOH 0.829 V [14] 

Ni3(HITP)2 0.1 M KOH 0.82 V [15] 

Fe-TAPP COF aerogel 0.1 M KOH 0.83 V  [16] 

2D CAN‐Pc(Fe/Co) 0.1 M KOH 0.84 V [17] 

PcCu-O8-Co MOF 0.1 M KOH 0.83 V [18] 

NCo@CNT-NF700 0.1 M KOH 0.87 V [19] 

MnO/Co/PGC 0.1 M KOH 0.78 V [20] 

Co2VO4 1.0 M KOH 0.83 V [21] 

NC=Nitrogen doped carbon; BP=carbon black; CF=carbon fibers; HITP=hexaiminotriphenylene; 

TAPP=5,10,15,20-(Tetra-4-aminophenyl)porphyrin; CAN=conjugated aromatic networks; 

Pc=phthalocyanine; CNT=carbon nanotube; NF=nanofiber; PGC=porous graphitic carbon 
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