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Three-dimensional electron diffraction (3DED) has been proven as an effective and
accurate method for structure determination of nano-sized crystals. In the past decade,
the crystal structures of various new complex metal-organic frameworks (MOFs) have
been revealed by 3DED, which has been the key to understand their properties.
However, due to the design of transmission electron microscopes (TEMs), one
drawback of 3DED experiments is the limited tilt range of goniometers, which often
leads to incomplete 3DED data, particularly when the crystal symmetry is low. This
drawback can be overcome by high throughput data collection using continuous
rotation electron diffraction (cRED), where data from a large number of crystals can be
collected and merged. Here, we investigate the effects of improving completeness on
structural analysis of MOFs. We use ZIF-EC1, a zeolitic imidazolate framework (ZIF), as
an example. ZIF-EC1 crystallizes in a monoclinic system with a plate-like morphology.
cRED data of ZIF-EC1 with different completeness and resolution were analyzed. The
data completeness increased to 92.0% by merging ten datasets. Although the structures
could be solved from individual datasets with a completeness as low as 44.5% and
refined to a high precision (better than 0.04 A), we demonstrate that a high data
completeness could improve the structural model, especially on the electrostatic
potential map. We further discuss the strategy adopted during data merging. We also
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show that ZIF-EC1 doped with cobalt can act as an efficient electrocatalyst for oxygen
reduction reactions.

Introduction

During the past two decades, three-dimensional electron diffraction (3DED) has
been steadily developed as a complementary technique to single-crystal X-ray
diffraction (SCXRD) for structural elucidation of nanocrystals.”* The early
development of 3DED techniques such as ADT/PEDT,>® RED,”?® and EDT® utilize
stepwise rotation, where a crystal is tilted along an arbitrary axis in a transmission
electron microscope (TEM), and electron diffraction (ED) patterns are collected at
each angle. Recently, new protocols of 3DED, such as continuous rotation elec-
tron diffraction (cRED),* fast ADT/EDT,"'*> microED,"” and rotation electron
diffraction," have been developed. They are based on continuous data acquisition
where the goniometer continuously rotates at a constant speed and the detector
records a movie of ED patterns. The rapid development of 3DED has made large
impacts on structural characterization of new materials, such as zeolites,**°
metal oxides** and quasicrystal approximants.>

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs)
are a class of hybrid materials linking inorganic metal building units and organic
ligands.*** The almost unlimited combination of inorganic and organic
components has led to an ever-expanding family of MOFs with versatile structures
and properties.”® However, due to the reversible coordination bonds, MOFs are
sensitive to radiation damage by electron beam, which hampers their structural
analysis using 3DED. This challenge has been tackled by the development of
continuous rotation data collection, using one means a 3DED dataset can be
acquired in less than a few minutes, with a dose rate lower than 0.1 e s~* A™2 The
fast data collection minimizes loss of crystallinity due to beam damage, and
consequently the quality of 3DED data, such as resolution, has been improved
significantly.

Benefitting from continuous rotation electron diffraction, a growing number of
MOF structures have been determined, with their unique properties revealed.***
However, the geometric constraints in a TEM impose a physical limitation on the
tilt range on the goniometer. Even using a specialized tomography sample holder,
3DED data can be acquired only from —70° to +70°. The angular coverage of
a maximum 140° represents ca. 78% sampling volume of reciprocal space, where
the remaining 22% of reciprocal space is not accessible. In practice, the tilt range is
lower than the maximum value due to the movement of the target crystal, and also
overlaps the target crystal with other crystals or the TEM grid. The limited
sampling therefore leads to incomplete 3DED data, known as the missing cone
problem. The incomplete data could hinder an accurate structure determination,
which is more severe for MOF crystals with low symmetry.

To solve this problem, Gruene et al. developed a specialized 3D TEM grid for
3DED data collection.® As the data processing and structure determination using
3DED data are similar to those using SCXRD data, we present a strategy to improve
data quality, particularly data completeness, by merging data from different indi-
vidual crystals. We use ZIF-EC1 as an example to study the missing data problem.
ZIF-EC1 was first discovered as a minor phase in a MOF mixture by continuous
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rotation electron diffraction (cRED). It crystallizes in a monoclinic space group P24/c
with a = 13.462(2) A, b = 14.659(3) A, ¢ = 14.449(2) A, 8 = 118.12(1)°. The structure
of ZIF-EC1 was first solved and refined using a single cRED data point obtained
from a phase mixture, and then using merged data from nine crystals of its pure
phase.* Here we present a systematic study of the influence of data completeness
on the structural analysis of ZIF-EC1. We show that data completeness can be
improved after data merging. As each crystal has a different orientation and particle
size, we further discuss the use of correlations of cRED intensity among different
datasets, to choose the best combination to improve data quality. Moreover,
merging of 3DED data is performed using different algorithms adapted from X-ray
crystallography. We show that the structures could be solved and refined with high
precision from individual datasets with a completeness as low as 44.5%. With
increased data completeness, the structural model of ZIF-EC1 could be further
improved, and peaks corresponding to atoms in the electrostatic potential map
have well-defined isotropic shapes. By knowing the atomic structure and the
underlying property, ZIF-EC1 was doped with cobalt and utilized as an electro-
catalyst for the oxygen reduction reaction (ORR).

Experimental section

Synthesis

In a typical synthesis of ZIF-EC1, 0.125 mL of a 3.84 M aqueous solution of 2-
methylimidazole (HmIM, TCI Chemicals) was mixed with 1.875 mL of deionized
water. 1 mL of 0.24 M aqueous solution of Zn(OAc),-2(H,O) (EMSURE, Merck) was
added into the above solution under vigorous stirring. The stirring condition was
then maintained for at least 4 h at RT. The products were washed in deionized water
at least six times. After centrifugation, the products were re-suspended in deionized
water. ZIF-EC1(Zn,Co) was synthesized in a modified condition. Instead of using
0.24 M aqueous solution of Zn(OAc), - 2(H,0), a mixture of 0.16 M Zn(OAc), - 2(H,0)
and 0.08 M Co(NO3),-6(H,0) was used, with a Zn : Co molar ratio of 2 : 1.

cRED data collection

The samples for cRED data collection were crushed in a mortar and dispersed in
deionized water. A droplet was then taken from the suspension, put on a copper
grid covered with lacey carbon, and dried in air at room temperature. cRED data
were collected on a JEOL JEM 2100 microscope operated at 200 kv (Cs 1.0 mm,
point resolution 0.23 nm). cRED data collection was controlled using the data

Table1l Selected parameters and data information of ten cRED datasets collected on ZIF-
EC1 crystals (200 kV, A = 0.02508 A)

Dataset no. 1 2 3 4 5 6 7 8 9 10
Group A A A A B B C C D D

Rotation range (°) 122.71 103.77 97.20 87.15 81.89 108.92 102.05 94.07 44.31 42.34
Tilting rate (° s™%) 1.13  1.13 113 1.13 0.45 045 0.45 045 0.45 0.45
Collection time (s) 108.3 91.7 86.1 77.7 181.0 239.5 223.7 208.5 97.7 93.6
Resolution (A) 070 078 0.75 0.74 0.76 0.78 0.93 0.92 1.21 1.00
Completeness (%) 44.5 47.1 55.0 583 529 71.6 62.9 325 40.8 24.1
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acquisition software Instamatic,'™** and the electron diffraction (ED) patterns
were recorded by a Timepix hybrid detector QTPX-262k (512 x 512 pixels, pixel
size 55 um, Amsterdam Sci. Ins.). A tomography holder was used for the data
collection, which could tilt from —70° to +70° in the TEM. The area used for cRED
data collection was about 1.0 um in diameter, as defined by a selected area
aperture. To minimize electron beam damage of the crystal and maximize the
data quality, data was collected at a low electron dose condition. Ten cRED
datasets were collected on the ZIF-EC1 crystals, covering a tilt range from 42.34° to
122.71°. Two different rotation speeds were used for the datasets, and the data
collection time ranges from 77.7 s to 239.5 s. The detailed conditions for
acquiring each dataset can be found in Table 1.

cRED data processing and structural analysis

The X-ray crystallography software package XDS** was used for data processing to
determine the unit cell and space group, index the diffraction spots and estimate
integrated diffraction intensities. XSCALE, which is part of the XDS package, was
then applied for data merging. The SHELX software package** was used for
structural analysis, where SHELXT was used for structure solution and SHELXL
for structure refinement. Atomic scattering factors for electrons based on neutral
atoms were used. All atoms were refined anisotropically. While the model ob-
tained from each individual dataset could be refined, for easy comparison, the
same starting SHELXL input file was used for all the structure refinements pre-
sented here. EADP were applied on two carbon atoms (C5 and C20). Planarity
(FLAT) and distance restraints (DFIX and DANG) were applied to the 2-methyl-
imidazolate (mIm™~) groups to maintain a reasonable geometry. At the end, the
extinction parameter EXTI ** was applied in the refinement. The crystallographic
details can be found in Table 2.

Electrochemical application

All electrochemical tests are evaluated by a three-electrode system (the counter
electrode and the reference electrode are graphite rods and saturated Ag/AgCl
electrodes, respectively) on the CHI 660E electrochemical workstation at 30 °C.
The working electrode is a rotating disk electrode (RDE) with a diameter of 5 mm
(0.196 cm®). The CV test is carried out in 0.1 M KOH saturated with Ar or O, (scan
rate is 50 mV s~ ). The linear sweep voltammetry (LSV) test is carried out in 0.1 M
KOH saturated with O, (scan rate is 5 mV s~ ). The catalyst ink for the ORR tests
was prepared as follows: 4 mg ZIF-EC1(Zn,Co) and 1 mg carbon nanotubes was
weighed and dispersed in the mixed solution containing 450 uL isopropanol, 40
uL deionized water and 10 pL Nafion D520 aqueous solution (5 wt%). The mixed
solution was treated by ultrasound for 1 h to form a homogeneous suspension.
Then 15 pL catalyst solution was taken from the pipette and uniformly dripped
onto the rotating disc electrode (RDE). After drying, it was used for electrocatalytic
ORR performance evaluation.

Results and discussion

ZIF-EC1 crystallizes in a monoclinic system with a plate-like morphology (Fig. 1a).
With chemical formula Zns;(mIm)s;(OH), ZIF-EC1 is composed of ZnN,

This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 66-80 | 69


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00020a

View Article Online

Paper

Faraday Discussions

*SaN[eA VIV U3 2)B[NI[BD 0) 2DUIIJAI A} SB PIsn sem DGV A 19SeIep IsureSe pauyal [9pow [eInidonns ayL ,

T10°0 0 010°0 v€0°0 9€0°0 ST0°0 8€0°0 ST0°0 810°0 £T0°0 S€0°0 V) vaav
0€S°T 9/9°'T 0SH'T 60%'T 12€°T THY'T 048°T ST THS'T 98¥%°'T 7951 d00H
0ST°0 €61°0 102°0 181°0 €61°0 1120 6120 1120 ¥02°0 €120 ¥02°0 (suonoapea )
18T°0 €LT°0 0LT°0 0ST°0 €ST'0 781°0 8/1°0 181°0 8/1°0 6LT°0 V.10 (DewBis ¢ <1) W
699¢ £€6¢ spee 60¥T 12Tt €92¢ v.8T 90¢€€ S¥8T 0Tve S6¥T ((newsss 7 < J) suonaapai jo 'oN
T9Ts £60S 9,6V 8€1¢ 880¢ 658% 4383 vSov 818¢ ST9¢ 681¢C (onbrun [re) suondapa1 Jo "ON
6L0 9% 61T €F L18 €T 95¥L 856¥ vSe 91 T0S9 TLE 61 TSE FI ¥T26 Se6€ (1e303) suonoapai jo ‘oN
8L°0 8L°0 8L°0 €6°0 £€6°0 8L°0 8L°0 8L°0 8L°0 8L°0 87°0 (v) uonnjosay
06 168 08 €€9 679 0S8 g'gs 7’18 gL SIL N 44 (%) ssauazardwon
01-T 8-1 8-¢ 8% L V/IN 98¢ V/IN P-1 -1 TRT V/N 3uid1aw 103 pasn siaseIRa
andav W 24V N o9 W I L 9N S &V IN WV N VI 1 "ou 39seIRq

syaselep pabiall Y3 JO S|IeIap JUsWaUYdY g aqel

'90UB217 paModun 'g uong LNy suowwoD aAireal) e sepun pasusol|siapiesiyl |[EGEGEEL ()

"INd 8G:G€:9 9202/6T /¢ U0 popeojumod "TZ0Z AN #0 U0 paUS|and 901V SS300Y UadO

This journal is © The Royal Society of Chemistry 2021

70 | Faraday Discuss., 2021, 231, 66-80


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00020a

Open Access Article. Published on 04 May 2021. Downloaded on 2/19/2026 6:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

Fig. 1 (a) SEM image of ZIF-EC1 crystals. (b) The structural model of ZIF-EC1. Cyan
tetrahedra: Zn atoms; red spheres: O atoms; blue spheres: N atoms; grey spheres: C
atoms.

mononuclear clusters and binuclear Zn,Ng(OH) clusters, where Zn(u) cations link
to mIm™ ions (Fig. 1b). Ten cRED datasets collected on the ZIF-EC1 crystals were
chosen for this study (Table 1), among which eight (no. 1-8) are good datasets
with high resolution (0.70-0.93 A) and another two (no. 9-10) with lower reso-
lution (1.00-1.21 A). The 3D reciprocal lattices reconstructed from datasets 1-8
are presented in Fig. 2, where the missing cones appear at different locations. As
ZIF-EC1 is crystallized in a monoclinic system, the individual 3DED datasets have
completeness ranging from 24.1-71.6% after the reflections were indexed using
X-ray crystallography software package XDS ** (Table 1). The structure could be
solved and refined from each of the datasets 1-8.

To improve the overall data quality, XSCALE was applied for data merging. We
performed systematic studies by merging a different number of datasets to study
the influence of data completeness on the structural analysis of ZIF-EC1. We

Fig. 2 3D reciprocal lattices of ZIF-EC1 reconstructed from datasets 1-8, (a—h) respec-
tively. They are viewed along the same direction, with data completeness of 44.5%, 47.1%,
55.0%, 58.3%, 52.9%, 71.6%, 62.9%, and 32.5%, respectively. The different data cover
different parts of the reciprocal space.
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divided the ten datasets into four groups, collected under different tilting rates
and/or with different resolutions. Group A includes four datasets 1-4 collected
using a high tilting rate (1.13° s '), all with high resolution (0.70-0.78 A). The
remaining datasets 5-10 were collected using a low tilting rate (0.45° s~). The
groups were in accordance with the data resolution: datasets 5-6 with 0.76-0.78 A
resolution belong to group B, datasets 7-8 with 0.92-0.93 A resolution to group C,
and datasets 9-10 with 1.00-1.21 A resolution to group D. We first merged
datasets in group A, which has completeness ranging from 44.5% to 58.3%. The
data completeness was improved steadily from 44.5% of the single dataset 1 to
71.5, 75.5, and 81.4% for combining two (M_A1, merged dataset A1), three
(M_A2), and four datasets (M_A3), respectively (Table 2). To investigate the rela-
tionship between data completeness and the structural model, we refined the
structural model of ZIF-EC1 against the data merged from different numbers of
cRED datasets. While the number of unique reflections increased significantly,
from 2189 for a single dataset 1 to 4154 by merging four datasets, the R, values are
very similar, varying between 0.204 and 0.213. This indicates that all datasets have
similar degrees in consistence with the structural models. The improvement can

e ©

M_ABC (89.1%)

MA_1 (71.5%)

"5 (53.5%) _B (85.0%) 7 (62.9%) M_C (63.3%) M_BC (87.0%)

Fig.3 Electrostatic potential maps calculated based on datasets (aand k) 1, (b and |) MA_1,
(cand m) MA_2, (d and n) MA_3, (e and o) M_ABC, (fand p) 5, (g and q) M_B, (hand ) 7, (i
and s) M_C, and (j and t) M_BC, viewed along (a—j) the a-axis and (k—t) the c-axis. The
refined structural model is superimposed in the map and used for calculating the structure
factor phases. Missing peaks are observed on the maps constructed from data with low
completeness. Peaks are more spherical with the increase of completeness. All electro-
static potential maps are drawn at the same contour level, which is the 2¢ level of M_ABC
dataset, and is equal to an isosurface level dis, = 0.811. Atom color codes: grey, C; blue, N;
red, O; cyan, Zn.
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be easily visualized in the corresponding electrostatic potential maps (Fig. 3a-
d and k-n). For those with high data completeness (75.5% for M_A2 and 81.4% for
MA_3), the peaks appear more spherical with similar peak heights for the same
atom types (Fig. 3d and n). In contrast, data with low completeness (44.5% for 1
and 62.6% for M_A1) resulted in either missing peaks with large variations in
peak heights (Fig. 3a and k) or severe peak elongation (Fig. 3a, b, k and 1). Because
the electrostatic potential map is the basis of a structural model, distortion of the
map leads to reduced reliability and accuracy of the atom coordinates and atomic
displacement parameters. Therefore, even though a structural model can be ob-
tained from a single dataset, it is vital to improve data completeness.
Furthermore, we applied data merging on datasets collected using a low tilting
rate (groups B and C). The completeness increased significantly from 53.5% for
single dataset 5 to 85.0% upon merging datasets 5 and 6 (M_B). However, there is
little increase in data completeness for group C, when datasets 7 and 8 are merged
(from 62.9% for 7 to 63.3% for M_B). The electrostatic potential maps present
a significant improvement from single dataset 5 to M_B as the completeness is
increased from 53.5 to 85.0% (Fig. 3f, g, p, and q). On the contrary, there is very
limited improvement in the electrostatic potential maps from single dataset 7 to
M_C, because the completeness was only increased by 0.4% (Fig. 3h, i, r, and s).
Notably, merging the four datasets 5-8 in groups B and C (M_BC) led to improved
completeness (87.0%), and the electrostatic potential map (Fig. 3j and t). Further
merging all the aforementioned datasets 1-8 (M_ABC) resulted in the highest
completeness (89.1%), and thus the best electrostatic potential map with most
spherical peaks (Fig. 3e and o). The structural model refined against the dataset
M_ABC is therefore used as a reference model, to which the atomic coordinates
from the structural models obtained from datasets M_A3, M_B, M_C and M_BC
were compared. It shows that with a low completeness, e.g. 63.3% for M_C, the
corresponding structural model resulted in higher deviations on atomic posi-
tions, compared to those from other datasets with high completeness (Table 3).
We further calculated the average deviation from reference atoms (ADRA)** values
to compare the different models (Table 2). The ADRA values decreased

a oo ; : : ; . b oo ——————————
= [
[ [
. . -
0.03 4 - 0.034 -
] L]
€ 0.02 € 0.02
< a 1 < 1 .
['4 L] o (]
o [=}
< - = < - =
[ ]
0.014 [ ] . 0.014 [ ] 1
0.00 T T T T T 0.00 T T T T T T
40 50 60 70 80 920 100 2000 2500 3000 3500 4000 4500 5000 5500
Completeness(%) No. of unique reflections

Fig. 4 The effect of (a) data completeness and (b) number of total unique reflections on
the ADRA values. The structural model refined against the merged data from the eight
cRED datasets with the highest CC, was used as the reference model. The ADRA values are
reduced with the increase of the data completeness.
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successively from 0.035 A to 0.015 A by merging more and more datasets in group
A (M_A3). Improving completeness from 53.5 to 85.0% in group B (M_B) also led
to decreasing ADRA values from 0.038 A to 0.015 A. On the other hand, the ADRA
values showed little improvement by merging datasets 7 and 8 in group C (M_C),
varying from 0.036 to 0.034 A, with a completeness of 62.9 and 63.3%, respec-
tively. Moreover, merging the four datasets 5-8 in groups B and C (87.0%, M_BC)
led to a reduced ADRA value (0.010 A). Fig. 4 shows a clear trend that the ADRA
values are reduced with the increase of the data completeness as well as the
increase in the number of unique reflections.

During data merging, correlation coefficients of the common reflection
intensities (CC;) between two datasets are calculated by XSCALE, which indicate
the degree of intensity similarity between the datasets (Table 4). The correlation
among the datasets 1-8 are very high, as indicated by the CC; values (>0.95). In
contrast, datasets 9 and 10 are rather poorly correlated with the other datasets

Table 3 Deviations of the atomic coordination. The structural model obtained from
M_ABC is set as the reference

Atoms M_A3 M_B M_C M_BC
Znl 0.004(3) 0.005(4) 0.028(7) 0.005(3)
Zn2 0.002(4) 0.005(5) 0.031(8) 0.003(4)
Zn3 0.004(5) 0.006(4) 0.015(7) 0.006(4)
N1 0.008(15) 0.014(12) 0.030(21) 0.014(10)
N2 0.019(17) 0.014(10) 0.014(14) 0.013(13)
N3 0.019(17) 0.027(11) 0.014(17) 0.021(12)
N4 0.001(17) 0.014(14) 0.051(19) 0.006(13)
N5 0.007(12) 0.013(14) 0.045(20) 0.003(11)
N6 0.012(13) 0.017(11) 0.048(21) 0.008(11)
N7 0.012(10) 0.010(14) 0.069(17) 0.015(12)
N8 0.011(15) 0.015(15) 0.037(16) 0.005(16)
N9 0.008(13) 0.008(15) 0.040(18) 0.005(11)
N10 0.019(16) 0.015(10) 0.033(16) 0.006(11)
o1 0.025(13) 0.015(17) 0.048(22) 0.010(18)
c1 0.012(11) 0.024(14) 0.040(18) 0.004(11)
C2 0.013(17) 0.006(12) 0.024(17) 0.004(12)
c3 0.020(13) 0.020(9) 0.033(21) 0.020(10)
c4 0.007(13) 0.003(14) 0.037(23) 0.010(15)
(o} 0.009(17) 0.019(13) 0.017(28) 0.015(13)
C6 0.030(19) 0.033(17) 0.041(20) 0.018(16)
c7 0.032(19) 0.031(14) 0.053(17) 0.027(18)
C8 0.034(15) 0.004(14) 0.073(29) 0.019(13)
C9 0.025(16) 0.003(18) 0.030(18) 0.007(17)
C10 0.015(15) 0.015(14) 0.041(21) 0.010(12)
C11 0.007(20) 0.016(15) 0.025(21) 0.013(14)
C12 0.010(16) 0.017(18) 0.022(19) 0.008(16)
C13 0.022(17) 0.012(15) 0.017(16) 0.014(14)
C14 0.029(16) 0.009(14) 0.034(26) 0.008(14)
C15 0.019(20) 0.045(14) 0.030(23) 0.015(13)
C16 0.007(14) 0.006(18) 0.016(28) 0.005(19)
c17 0.008(21) 0.006(14) 0.030(20) 0.005(13)
C18 0.019(17) 0.027(21) 0.028(7) 0.008(20)
C19 0.025(21) 0.015(20) 0.031(8) 0.012(19)
C20 0.022(16) 0.027(16) 0.015(7) 0.006(14)

74 | Faraday Discuss., 2021, 231, 66-80 This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00020a

Open Access Article. Published on 04 May 2021. Downloaded on 2/19/2026 6:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

Table 4 The CC, values between two datasets

No. of No. of
Dataset  Dataset = common Dataset  Dataset = common
no. no. reflections CC; no. no. reflections CC;
1 2 2077 0.973 3 8 1181 0.979
1 3 1572 0.967 4 8 944 0.983
2 3 1323 0.964 5 8 870 0.985
1 4 2904 0.986 6 8 1305 0.982
2 4 1783 0.975 7 8 867 0.982
3 4 1274 0981 1 9 536 0.695
1 5 2096 0.972 2 9 398 0.660
2 5 1018 0.961 3 9 359 0.783
3 5 1220 0.991 4 9 432 0.617
4 5 1620 0.988 5 9 221 0.684
1 6 2463 0.953 6 9 346 0.456
2 6 1663 0.978 7 9 193 0.927
3 6 1606 0.952 8 9 218 0.772
4 6 1999 0.981 1 10 580 0.826
5 6 1962 0.962 2 10 508 0.775
1 7 684 0.961 3 10 592 0.856
2 7 898 0.977 4 10 477 0.556
3 7 934 0.995 5 10 410 0.722
4 7 504 0.954 6 10 475 0.748
5 7 484 0.990 7 10 312 0.369
6 7 747 0.975 8 10 406 0.449
1 8 1317 0.967 9 10 141 0.948
2 8 1642 0.974

M_ABC (89.1%) M_ABCD (92.0%)

Fig. 5 Electrostatic potential maps calculated based on datasets (a and c) M_ABC, and (b
and d) M_ABCD viewed along (a and b) the a-axis and (c and d) the c-axis. The refined
structural model is superimposed in the map and used for calculating the structure factor
phases. All electrostatic potential maps are drawn at the same contour level, which is the
20 level of the M_ABC dataset, and is equal to an isosurface level dis, = 0.811. Atom color
codes: grey, C; blue, N; red, O; cyan, Zn.
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with the CC; values are mostly below 0.80. Combining the additional datasets 9
and 10 to the merged dataset M_ABC increased the data completeness from
89.1% to 92.0%. However, this led to a significant increase of the R, values for all
reflections, from 0.193 to 0.250. On the other hand, very little change is observed
in the electrostatic potential maps (Fig. 5), and the ADRA remains at a low value.
This indicates that the structural models are very similar, and the increased R,
value mainly results from merging poorly correlated datasets. Therefore, there
would be little benefit to add more datasets with low intensity correlations, after
reasonable data completeness has already been reached.

Due to the development of a continuous rotation setup for collecting cRED
data, software for X-ray crystallography can be easily used to process 3DED data.
Thus, we investigate different algorithms of X-ray crystallography for data
merging and evaluate the data quality. XSCALE, XPREP ** and AIMLESS ¥’ are
among the other programs that are commonly applied for merging datasets. We
chose datasets 1-8 for merging because they have high correlation between each
other. Using different algorithms for scaling and merging data, XSCALE, XPREP,
and AIMLESS resulted in slightly different completeness of 89.1, 85.2, and 90.4%,
respectively (Table 5). The R, values are also similar (0.192-0.213), and the elec-
trostatic potential maps exhibit well defined and spherical peaks (Fig. 6).
Although using kinematical assumption, this indicates that different merging
algorithms in X-ray crystallography programs can be used to process cRED data
for high data completeness.

As 3DED revealed the accurate structure of ZIF-EC1, ZIF-EC1 has been utilized
as a precursor to generate carbon materials for catalyzing electrochemical reac-
tions due to its high density of metal ions.** Here, we added Co(u) ions in the
synthesis to further take advantage of the highly dense structure of ZIF-EC1, and
use its pristine form for electrocatalytic oxygen reduction reaction (ORR). The
electroactivity of ZIF-EC1(Zn,Co) was tested in 0.1 M KOH solution using the
rotating disk electrode (RDE). The cyclic voltammetry (CV) data of ZIF-EC1(Zn,Co)
showed that a strong electrocatalytic oxygen reduction peak near 0.74 V was
observed in O,-saturated solution, while there was no reduction peak in an Ar-
saturated solution (Fig. 7). Linear sweep voltammetry (LSV) further confirmed
the good catalytic performance of ZIF-EC1, showing an onset potential (Eopset) Of
0.85 V and a half-wave potential (E;/,) of 0.78 V. In addition, the electrocatalytic
ORR limiting current density can reach 4.7 mA cm 2. The efficiency of ZIF-
EC1(Zn,Co) for ORR is among one of the best MOF electrocatalysts in compar-
ison with the others.***

Table 5 Refinement details for merging datasets 1-8 using different methods

Software used for merging XSCALE XPREP AIMLESS
No. of reflections (all unique) 5093 5046 5116
Completeness (%) 89.1 85.2 90.4
Resolution (A) 0.78 0.78 0.78

No. of reflections (I > 2 sigma(l)) 3933 3964 3879

R, (I> 2 sigma(l)) 0.172 0.193 0.187

R, (all reflections) 0.192 0.210 0.213
GooF 1.676 1.956 1.536
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Fig. 6 Electrostatic potential maps calculated based on datasets 1-8 merged by (a and d)
XSCALE, (b and e XPREP, and (c and f) AIMLESS. The refined structural model is super-
imposed in the map and used for calculating the structure factor phases. All electrostatic
potential maps are drawn at the same contour level, which is the 20 level of M_ABC
dataset, and equals to an isosurface level dis, = 0.811. Atom color codes: grey: C; blue: N;
red: O; cyan: Zn.

a o
0.
& 0 ~
§ 1] § 2
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Fig.7 (a) CVs of ZIF-EC1(Zn,Co) catalyst in 0.1 M KOH in an Ar/O,-saturated solution. (b)
LSV curves of ZIF-EC1(Zn,Co) catalyst in 0.1 M KOH in an O,-saturated solution at
1600 rpm.

Conclusions

From the studies of the influence of data completeness on the structural analysis
of ZIF-EC1, we show that the structure could be solved and refined to a high
precision from cRED data with different completeness, even as low as 44.5%
collected at various resolutions (0.70-0.93 A). Importantly, we demonstrate that
the completeness of 3DED data can be improved by merging data obtained from
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a series of individual crystals. The increased data completeness led to an
improved structural model. In addition, the increased data completeness also
resulted in decreasing of the ADRA values. More importantly, peaks corre-
sponding to atom positions appear more spherical in the electrostatic potential
maps, with similar peak heights for the same atom types. On the other hand,
a low data completeness results in a large uncertainty and variations in peak
heights and elongation of the peaks. A completeness of >75% already gave a low
ADRA value (<0.018 A) and good electrostatic potential maps. The structural
model may be further improved by merging more datasets, but only when the
datasets with high intensity correlations (i.e. high CC; values) are used. Data
merging using different algorithms implemented in X-ray crystallographic soft-
ware XSCALE, XPREP, and AIMLESS gave similar refinement results, showing the
high quality of cRED data. Finally, we show that ZIF-EC1(Zn,Co) is an efficient
electrocatalyst for ORR. With improved data quality, we anticipate that more
structural details can be uncovered, which could promote discovery of novel
properties of MOFs.
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