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by the combustion of natural gas or the 
cracking of hydrocarbons, inevitably 
coexisting with some of carbon dioxide 
(CO2) or unconverted methane (CH4).[3] 
Purification of C2H2 from CO2 or CH4 is 
of industrial importance to obtain high-
purity C2H2 for the manufacture of rela-
tive chemicals. Further, C2H2 is unstable 
and highly reactive that may induce some 
undesirable reactions in various industrial 
processes.[4] For instance, a trace amount 
of C2H2 acts as a catalyst poison during 
ethylene (C2H4) polymerization processes, 
which needs to be removed to an accept-
able level of no more than 40 ppm. There-
fore, acetylene capture and separation is 
of industrial relevance to two different 
points of view: the removal of trace C2H2 
impurities from ethylene, and the puri-
fication of C2H2 from contaminants for 
its pure form. Compared with traditional 
solvent extraction or cryogenic distilla-
tion,[5,6] adsorptive separation based on 
porous materials is more environmentally 

friendly and energy-efficient for separation of C2H2 from other 
gases. In this context, realization of C2H2-selective adsorbents 
with strong C2H2 capture capacity is highly desirable to target 
high performance for all these gas separations.

Metal–organic frameworks (MOFs) or porous coordina-
tion polymers have emerged as promising adsorbents for gas 
separation and purification owing to their powerful predict-
ability and tunability on pore size/shape and functionality.[7–9] 
Since C2H2 (kinetic diameter: 3.3 Å) has a relatively large size 
or polarity difference with C2H4 (4.2 Å) and CH4 (3.8 Å), highly 
efficient separation of C2H2/C2H4 or C2H2/CH4 has been ful-
filled in some reported MOFs with benchmark selectivities by 
pore tuning and pore functionalization strategies.[10,11] However, 
compared with the separation of C2H2/C2H4 and C2H2/CH4, 
C2H2/CO2 separation is much more difficult and challenging 
because of their very close molecular size/shape (3.3 Å for 
both C2H2 and CO2) and physical properties.[12] Fine tuning 
of pore size or flexibility on MOFs is quite limited to achieve 
high separation performance for C2H2/CO2 separation.[13] 
In this context, the most popular strategy is to immobilize 
functional groups/sites onto the pores to enforce the binding 
affinity with C2H2 and thus enhance C2H2/CO2 selectivity.[14–20] 

The realization of porous materials for highly selective separation of acety-
lene (C2H2) from various other gases (e.g., carbon dioxide and ethylene) 
by adsorption is of prime importance but challenging in the petrochemical 
industry. Herein, a chemically stable Hofmann-type metal−organic framework 
(MOF), Co(pyz)[Ni(CN)4] (termed as ZJU-74a), that features sandwich-like 
binding sites for benchmark C2H2 capture and separation is reported. Gas 
sorption isotherms reveal that ZJU-74a exhibits by far the record C2H2 capture 
capacity (49 cm3 g−1 at 0.01 bar and 296 K) and thus ultrahigh selectivity for 
C2H2/CO2 (36.5), C2H2/C2H4 (24.2), and C2H2/CH4 (1312.9) separation at 
ambient conditions, respectively, of which the C2H2/CO2 selectivity is the 
highest among all the robust MOFs reported so far. Theoretical calculations 
indicate that the oppositely adjacent nickel(II) centers together with cyanide 
groups from different layers in ZJU-74a can construct a sandwich-type adsorp-
tion site to offer dually strong and cooperative interactions for the C2H2 
molecule, thus leading to its ultrahigh C2H2 capture capacity and selectivi-
ties. The exceptional separation performance of ZJU-74a is confirmed by both 
simulated and experimental breakthrough curves for 50/50 (v/v) C2H2/CO2, 
1/99 C2H2/C2H4, and 50/50 C2H2/CH4 mixtures under ambient conditions.

Acetylene (C2H2) is an important industrial gas that has been 
widely used as fuels in welding/cutting or as feedstocks for the 
production of commercial chemicals such as vinyl  chloride, 
acrylic acid, and 1,4-butynediol.[1,2] C2H2 is typically  generated 
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The well-established cases of MOFs are those with open metal 
sites (OMSs) that can bind acetylene significantly. For example, 
MOF-74 series shows high density of OMSs that have strong 
interactions with C2H2, leading to their high C2H2 uptakes and 
moderate C2H2/CO2 selectivities.[17,18] The isomer UTSA-74 has 
a higher volumetric density of OMSs (8.25 mmol cm−3) than 
MOF-74 (7.50 mmol cm−3), thus exhibiting an enhanced C2H2/
CO2 selectivity.[19] Further increase on the C2H2 affinity in 
NKMOF-1-Ni with OMSs and additional binding sites affords 
the benchmark C2H2/CO2 selectivity of 22 at ambient condi-
tions.[20] Evidently, the design of porous materials with strong 
binding affinity for C2H2 provides a promising strategy to 
address industrial challenges related to C2H2 separation, espe-
cially for C2H2/CO2 separation.

Current MOFs with OMSs typically allow one adsorbed C2H2 
molecule to interact with one metal site due to inadequate 
overlap of potential fields between two metal sites. Such single 
metal–C2H2 interaction would delimit the acetylene binding 
strength and thus the capture capacity at low-pressure region 
in most cases, as exemplified by HKUST-1,[17b] Zn-MOF-74,[17a] 
and UTSA-74.[19] To achieve stronger C2H2 binding within a 
MOF, we speculated that if two opposite coordinatively unsatu-
rated metal centers are adjacent to each other with a suitable 
distance, a sandwich-like binding model for C2H2 can be gen-
erated based on the dual and cooperative interactions between 
C2H2 molecule and the two metal sites, thus probably affording 
ultrahigh C2H2 binding affinity and capture capacity. With this 
in mind, we herein realized a chemically stable Hofmann-type 
ultramicroporous MOF, Co(pyz)[Ni(CN)4] (ZJU-74, pyz = pyra-
zine) that features oppositely adjacent open metal ions and 
densely populated cyanide groups thus providing a sandwich-
like binding environment to capture C2H2 molecules (Figure 1). 
Our experimental and simulation studies verify this hypothesis, 
and the activated ZJU-74a shows the benchmark C2H2 affinity 

and thus the highest C2H2 adsorption capacity of 49 cm3 g−1 at 
0.01 bar and 296 K, as well as very high C2H2/CO2, C2H2/C2H4 
and C2H2/CH4 selectivities under such conditions.

Complete structures for ZJU-74 have not been determined, 
and the likely model was simulated based on powder diffraction 
data in the previous literatures reported.[21] To get the accurate 
structure information, orange square-block-shaped crystals of 
ZJU-74 suitable for X-ray analysis were prepared by slow dif-
fusion of a methanol/water solution of Co(NO3)2·6H2O and 
pyz into a K2[Ni(CN)4]·nH2O solution for 2 weeks. The single-
crystal X-ray diffraction analysis revealed that ZJU-74 adopts 
a 3D network that crystallizes in a tetragonal P4/mmm space 
group. As shown in Figure 1a, four terminal nitrogen atoms of 
the [Ni(CN)4]2− anion units are coordinated to cobalt(II) atoms 
to generate a 2D square grid-like {Co[Ni(CN)4]}n layers. The 
2D layers are pillared by the pyz ligands to form a 3D network 
without interpenetration. Thus, each Co2+ site shows six coor-
dinated octahedral geometry, completed by six nitrogen atoms 
originated from four [Ni(CN)4]2− anions and two pyz ligands. 
Topologically, ZJU-74 possesses a 4,6-connected fsc-net. This 
network yields channels with dimensions of about 3.8 × 3.6 Å2  
along the a or b axis. Due to the planarity of [Ni(CN)4]2− units, 
each Ni(II) site shows two accessible binding sites perpen-
dicular to the layer plane. The calculated density of open 
Ni(II) sites can reach 9.05 mmol cm−3, which is even higher 
than the well-known MOF-74 (7.50 mmol cm−3) and UTSA-74  
(8.25 mmol cm−3). In addition, due to the small pore size of 
ZJU-74, the Ni-Ni distance from adjacent layers are only 3.6 Å 
after subtracting the van der Waals radius, which is very suit-
able to trap a C2H2 molecule (3.3 Å). As a result, these adjacent 
two [Ni(CN)4]2− building units along with a suitable pore size 
can form a sandwich-like binding environment to efficiently 
capture C2H2 molecule (Figure 1b), endowing ZJU-74 with the 
potentially ultrahigh C2H2 affinity and capture capacity.

Figure 1. Structure description of ZJU-74. a) Construction of 2D {Co[Ni(CN)4]}n layers with pyz ligands to form 3D Hofmann-type networks in ZJU-74. 
b) Schematic illustration of the sandwich-like binding site in ZJU-74 for C2H2 capture. The Co2+ ion is shown in purple sphere, the pyz ligand is shown 
in blue pillar, and the open metal site is shown in green and yellow column; orange ellipsoid represents the cavity for C2H2 adsorption.
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The permanent porosity of the activated ZJU-74a was 
 confirmed by nitrogen (N2) adsorption isotherms at 77 K. As 
shown in Figure S3, Supporting Information, ZJU-74a takes 
up a 200.7 cm3 g−1 amount of N2 at 77 K and 1 bar, and the 
nitrogen isotherm shows a significant type I sorption behavior 
without any hysteresis, characteristic of microporous materials. 
The Brunauer–Emmett–Teller surface area was calculated to be  
694 m2 g−1. The pore size distribution is shown in Figure S4, 
Supporting Information, determined by Horvath-Kawazoe 
method based on 77 K N2 isotherms. The calculated pore size 
(3.9 Å) is in good agreement with the value (3.6 Å) obtained 
from the crystal structure.

Pure component equilibrium adsorption isotherms of C2H2, 
CO2, C2H4, and CH4 were measured at different temperatures 
up to 1 bar (Figures S5–S8, Supporting Information), respec-
tively. As shown in Figure  2a, ZJU-74a shows extremely steep 
variable temperature adsorption isotherms at very low pres-
sure, and almost saturation (∼ 76 cm3 g−1) at around 0.1 bar and  
296 K. The total C2H2 uptake at 296 K and 1 bar can reach  
85.7 cm3 g−1. This C2H2 uptake at 0.1 bar approaches the stoi-
chiometric quantity (3.35 mmol g−1 or 75 cm3 g−1) expected if 
one gas molecule is adsorbed per Ni(II) site, indicating that the 
Ni(II) sites mainly account for its low-pressure C2H2 uptake. 
Due to the record-high density of OMSs and sandwich-like 
adsorption sites between two [Ni(CN)4]2− units, ZJU-74a exhibits 
the ultra-strong affinity toward C2H2 molecule, resulting in an 
exceptionally high gravimetric C2H2 uptake of 49.0 cm3 g−1 
at 0.01 bar and 296 K. As shown in Figure  2c and Table S1, 

 Supporting Information, this C2H2 uptake is higher than all the 
MOFs reported including the previous benchmark NKMOF-
1-Ni[20] (39 cm3 g−1) and UTSA-200a[10c] (41 cm3 g−1), setting a 
new benchmark for C2H2 capture uptake at 0.01 bar. On the 
contrary, ZJU-74a shows significantly low C2H4, CO2, and CH4 
uptakes at low pressure regions (Figure 2b). These adsorption 
differences between these gases were also confirmed by the 
isosteric heat of adsorption (Qst), calculated by adsorption iso-
therms at different temperatures. As shown in Figure  2d, the 
Qst values of C2H2 are in the range of 45–65 kJ mol−1, which is 
notably higher than that of C2H4, CO2, and CH4 in the whole 
range. The maximum Qst value of C2H2 for ZJU-74a is even 
higher than those MOFs with high density of OMSs, such as 
NKMOF-1-Ni (60.3 kJ mol−1),[20] Zn-MOF-74 (31.7 kJ mol−1),[19]  
and UTSA-74a (33 kJ mol−1),[19] further confirming its bench-
mark C2H2 affinity and capture capacity. The time-dependent 
desorption kinetics studies of ZJU-74a showed that the 
adsorbed C2H2 and CO2 can be completely removed under a 
high vacuum for ca. 36 and 16 min at 296 K (Figure S14, Sup-
porting Information), respectively.

The adsorption selectivities of ZJU-74a for 50/50 C2H2/CO2, 
1/99 C2H2/C2H4, and 50/50 C2H2/CH4 mixtures were predicted 
by using ideal adsorbed solution theory (IAST), respectively. 
Figure 2e shows the data obtained at 296 K. Due to the bench-
mark C2H2 capture capacity at low pressure, ZJU-74a exhibits 
an ultrahigh C2H2/CO2 selectivity up to 170 at 0.01 bar and  
296 K. With the increase of pressure, it gradually decreases 
down to 36.5 at 1 bar. It is worth to note that this C2H2/CO2 

Figure 2. a) C2H2 adsorption isotherms of ZJU-74a at different temperatures. b) Gas adsorption isotherms of ZJU-74a for C2H2 (black), C2H4 (blue), 
CO2 (red), and CH4 (magenta) at 296 K. c) Comparison of C2H2 capture capacity for ZJU-74a and other best-performing materials at 0.01 bar and room 
temperature. d) Heats of adsorption (Qst) of C2H2 (black), C2H4 (blue), CO2 (red), and CH4 (magenta) for ZJU-74a. e) IAST selectivities of ZJU-74a for 
C2H2/CH4 (blue), C2H2/CO2 (black), and C2H2/C2H4 (red) mixtures at 296 K. f) Comparison of the 50/50 C2H2/CO2 selectivity for ZJU-74a with other 
best-performing rigid materials.
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selectivity is the highest reported so far among all the robust 
MOFs at ambient conditions (Figure  2f and Figure S15, Sup-
porting Information), notably higher than the previous best-
performing materials such as NKMOF-1-Ni (22),[20] HOF-3a 
(21),[22] JCM-1 (13.7),[15a] and UTSA-74a (9).[19] Similarly, ZJU-74a 
also exhibits an ultrahigh selectivity of over 15000 and 173.5 
for 50/50 C2H2/CH4 and 1/99 C2H2/C2H4 mixtures at 0.01 bar 
and 296 K, respectively, which can be maintained to 1312.9 
and 24.2 at 1 bar for these two mixtures. These benchmark gas 
selectivities render ZJU-74a among the best-performing mate-
rials reported for C2H2 capture from some industrially relevant 
C2H2 separation applications.

To gain better insight into the benchmark C2H2 capture 
capacity and selectivity of ZJU-74a, grand canonical Monte 
Carlo simulations were performed to investigate the interac-
tions between ZJU-74a and various gas molecules. The calcu-
lated binding sites of C2H2 and CO2 are shown in Figure 3a,b. 
The C2H2 molecules are preferentially located at the middle of 
two open nickel(II) sites within the square-shaped channels of 
ZJU-74a, displaying a side-on binding mode. The CC bond of 
each C2H2 molecule interacts with two Ni2+ ions with a distance 
of 3.554 Å, which are comparable with the sum of the vdW radii 
of carbon (1.70 Å) and nickel (1.63 Å) atoms. This distance is 
even notably shorter than that found in Co-MOF-74 (≈4.0 Å),[17a] 
indicating a stronger interactions between C2H2 and metal 
ions in ZJU-74a. Additionally, two hydrogen atoms of each 
C2H2 molecule are also bound by eight nitrogen atoms from 
two different [Ni(CN)4]2− anions through cooperative CH⋅⋅⋅N 
H-bonding with a distance of 4.173 Å. Evidently, two [Ni(CN)4]2− 
building units from adjacent layers can construct a sandwich-
like binding environment to dually and strongly interact 

with C2H2, thus affording its benchmark affinity and capture 
capacity for C2H2. The similar side-on binding mode was also 
observed on C2H4 molecule (Figure S17, Supporting Informa-
tion). Unlike C2H2 molecule, the CO2 molecule is located at the 
middle of two open nickel(II) sites, but interact with Ni2+ ions 
through Ni···O = C = O with end-on configuration (≈2.935 Å). 
This binding model without the sandwich-like multi-binding 
sites enables it to show a weaker interaction with the MOF. 
The calculated binding energy for C2H2 and CO2 is 38 kJ mol−1 
and 23 kJ mol−1, respectively, which are consistent well with 
the higher experimental Qst value of C2H2 than that of CO2 
(Figure 2d). In addition, we note that a full occupancy of these 
OMSs would correspond to 3.35 mmol g−1 gas uptake, which is 
very close to the experimental C2H2 uptake (3.39 mmol g−1) at 
296 K and 0.1 bar. These calculation results are fully consistent 
with our experimental findings, which can explain the bench-
mark C2H2 adsorption and separation behaviors at low pres-
sure qualitatively.

Transient breakthrough simulations were performed to vali-
date the feasibility of using ZJU-74a in a fixed bed for the sepa-
ration of 50/50 C2H2/CO2, 1/99 C2H2/C2H4, and 50/50 C2H2/
CH4 mixtures, respectively. Figure  3c reveals the molar con-
centrations of C2H2/CO2, C2H2/C2H4, or C2H2/CH4 exiting the 
adsorber packed with ZJU-74a as a function of the dimension-
less time, τ, at 1 bar and 298 K, respectively. Efficient separa-
tion can be accomplished by ZJU-74a for all the gas mixtures, 
whereby CO2, C2H4, or CH4 gas breakthrough occurred first for 
C2H2/CO2, C2H2/C2H4 or C2H2/CH4 separation, respectively, 
and then C2H2 passed through the fixed bed after a certain 
time (τbreak) because C2H2 is more efficiently captured by the 
 ZJU-74a bed.

Figure 3. a) Comparison of the C2H2 and b) CO2 molecule binding sites in ZJU-74a by theoretical calculations. Color code: Ni (green), Co (purple), 
N (blue), and C (gray). c) Simulated column breakthrough curves of ZJU-74a for 50/50 C2H2/CO2, 1/99 C2H2/C2H4, and 50/50 C2H2/CH4 separation, 
respectively. d) Experimental column breakthrough curves for a 50/50 C2H2/CO4 mixture, e) a 1/99 C2H2/C2H4 mixture and f) a 50/50 C2H2/CH4 mixture 
with a total flow of 2 mL min−1 in an absorber bed packed with ZJU-74a at 298 K and 1 bar.
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Next, experimental breakthrough studies were performed in 
a packed column of activated ZJU-74a to evaluate its separation 
performance for actual 50/50 C2H2/CO2 (dry and wet), 1/99 
C2H2/C2H4, and 50/50 C2H2/CH4 mixtures at room tempera-
ture under a total flow of 2 mL min−1, respectively. As shown 
in Figure  3d, it was clear that ZJU-74a can effectively sepa-
rate dry C2H2/CO2 gas mixture, wherein CO2 gas first eluted 
through the adsorption bed, while C2H2 breakthrough did not 
occur until 68 min. During this breakthrough process, the 
captured C2H2 amount for a given cycle was calculated to be  
3.64 mmol g−1, 95% of the saturated uptake (3.83 mmol g−1) 
from the single-component gas isotherms at ambient condi-
tions. According to the breakthrough curves, the selectivity 
of ZJU-74a for dry C2H2/CO2 mixture was calculated up to 
4.3, higher than that of the benchmark NKMOF-1-Ni (2.6),[20] 
SNNU-45 (2.9),[13b] HOF-3a (2.0),[22] and FJU-22a (1.9).[15c] To 
investigate the influence of moisture, we conducted the break-
through experiments on a wet C2H2/CO2 (50/50) mixture with 
60% humidity. As shown in Figure S18 and Table S5, Sup-
porting Information, ZJU-74a can mostly retain its exceptional 
separation performance with the selectivity of 4.1 and 88% C2H2 
uptake capacity (dry), in which the small decrease may arise 
from small amount of OMSs occupied by water molecules. In 
addition, after exposure to an air environment with 50–70% 
humidity for 2 months, the re-activated material still possesses 
nearly the same separation performance for dry C2H2/CO2 
mixture (Figure S19, Supporting Information). These results 
indicate that moisture only has a little effect on the separa-
tion capacity of ZJU-74a. After the breakthrough experiments, 
the material can be readily regenerated under a He flow  
(10 mL min−1) at 373 K. As depicted in Figure S20, Supporting 
Information, the adsorbed C2H2 gas can be completely recov-
ered with high purity and no detectable C2H2 and CO2 were 
found at the outlet after 26 min.

For 1/99 C2H2/C2H4 and 50/50 C2H2/CH4 mixtures 
(Figure 3e,f), C2H4 and CH4 passed through the adsorption bed 
firstly, and C2H2 breakthrough occurred at 140 min and 45 min, 
respectively. Detailed gas chromatography data revealed that the 
concentration of C2H2 in the outlet effluent is less than 5 ppm 
before breakthrough, affording high purity of C2H4 and CH4 up 
to 99.9995%. During the breakthrough processes, the pure C2H4 
and CH4 production from the outlet effluent for a given cycle 
were analyzed to be 12.22 and 3.21 mmol g−1, respectively. These 
breakthrough results reveal that ZJU-74a preferentially adsorbs 
C2H2 in all the tested gas separations due to its benchmark C2H2 
capture capacity, thus resulting in the exceptional performance 
for all these gas separations. Multiple C2H2/CO2 (50/50) mixed-
gas column breakthrough tests indicate that the separation per-
formance of ZJU-74a can be recycled at least five continuous 
cycles (Figure S21, Supporting Information), confirming its good 
recyclability for gas separation. As inferred from the powder 
X-ray diffraction (PXRD) and gas adsorption experiments on 
associated samples, ZJU-74a remains its structural integrality 
after multi ple adsorption tests and various breakthrough experi-
ments (Figures S22–S24, Supporting Information).

The C2H2-relevant separation tasks are typically implemented 
under more extreme conditions in real-world applications. For 
example, in the cases of C2H2/CO2 and C2H2/CH4 separa-
tion, the C2H2 raw streams, produced from the combustion of 

natural gas or the cracking of hydrocarbons, typically contain 
a small amount of water and acidic gases.[23] In the produc-
tion of high-purity C2H4, the feed gases for C2H2 removal are 
also contaminated with trace levels of water.[24] These extreme 
separation conditions require adsorbents with extremely high 
and long-term water and pH stabilities. We thus investigated 
the chemical stability of ZJU-74 toward water and acid-base 
environments. We exposed ZJU-74 samples to different chem-
ical environments for 3 days, including water, boiling water, 
aqueous solutions of pH between 1 and 12, 6 M HCl and  
18 M H2SO4. As shown in Figure 4a, Figures S25 and S26, Sup-
porting Information, the framework of ZJU-74 is stable in these 
conditions for several days, and no loss in crystallinity and no 
phase change were observed by PXRD. Moreover, N2 adsorp-
tion isotherms at 77 K and C2H2 uptake capacity at 296 K after 
treatment are very close to those of as-synthesized materials, 
further confirming its ultra-highly chemical stability (Figure 4b 
and Figure S27, Supporting Information). Variable tempera-
ture PXRD patterns revealed that ZJU-74 shows an excellent 
thermal stability up to 300 °C without phase changes observed 

Figure 4. a) PXRD patterns of ZJU-74 samples after treatment with dif-
ferent conditions. b) N2 adsorption isotherms at 77 K of ZJU-74a after 
treatment under different conditions, indicating its highly chemical 
stability.
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(Figure S28, Supporting Information). To be able to compare 
the materials, we also tested the chemical stability of some top-
performing C2H2-selective MOFs and stable MOFs reported, 
including UTSA-74, Zn-MOF-74, TIFSIX-2-Cu-i, UiO-66, ZIF-8, 
and so on (Table S2, Supporting Information). On the basis of 
the PXRD analysis and literature report (Figures S29–S35, Sup-
porting Information), ZJU-74a shows the best chemical stability 
among the indicated MOFs, even comparable to some of the 
state-of-the-art MOFs and COFs.[25] Furthermore, bulk samples 
of ZJU-74 are easily synthesized and scaled up from commer-
cially available and inexpensive reagents by using a fast and 
direct mixing method at room temperature, as inferred from 
the PXRD (Figures S36 and S37, Supporting Information). 
Overall, by virtue of the specifically designed sandwich-like 
binding sites of a known, chemically-stable, ultramicroporous 
MOF made by common and inexpensive reagents, highly effi-
cient capture of C2H2 from various other gases has been real-
ized for promising energy-efficient separation technologies.

In summary, we reported that a chemically stable Hofmann-
type MOF (ZJU-74a), featuring record-high density of OMSs 
and unique sandwich-like binding sites, exhibits a new bench-
mark for C2H2 capture at low pressure. This maximizes the 
C2H2-related separation performance, affording the highest 
C2H2/CO2 selectivity for robust MOFs reported so for and very 
high C2H2/C2H4 and C2H2/CH4 selectivities. We attribute this 
ultrastrong C2H2 capture capacity to the unique sandwich-like 
binding environments, in which the oppositely adjacent open 
metal centers and cyanide groups from adjacent [Ni(CN)4]2− 
units can dually and synergistically interact with C2H2 molecule 
and thus provide the very strong binding affinity for C2H2, as 
indicated by theoretical calculations. Simulated and break-
through experiments demonstrated that ZJU-74a can efficiently 
capture and separate C2H2 from C2H2/CO2 (dry and wet), 
C2H2/C2H4 and C2H2/CH4 mixtures, respectively. Combined 
with its extraordinary water/pH stability and easy synthesis 
from common and inexpensive reagents, ZJU-74 represents a 
new benchmark material that has the potential to be applied for 
industrial challenges related to C2H2 separation. Our work not 
only reports the benchmark porous material for C2H2 capture 
and separation, but also provides a new approach to the devel-
opment of porous materials with strong C2H2 binding affinity 
to address some relevant and challenging gas separations.

Experimental Section
Synthesis of Co(pyz)[Ni(CN)4] (ZJU-74): An aqueous solution of 

K2[Ni(CN)4]·nH2O (3 mL, 0.125 mmol) was slowly and carefully layered 
with a methanol/aqueous solution (1/1, 5 mL) of Co(NO3)2·6H2O  
(0.125 mmol) and pyrazine (pyz, 0.125 mmol) using a methanol/water 
buffer solution (2/3, 4 mL). Orange square-block-shaped single crystals 
of ZJU-74 were synthesized at room temperature after two weeks. An 
alternative fast and direct mixing method was used to produce large 
amount of powder samples of ZJU-74. An aqueous solution (2 mL) of 
K2[Ni(CN)4]·nH2O (0.5 mmol) was added to a methanol/water solution 
(1/1, 10 mL) of Co(NO3)2·6H2O (0.5 mmol) and pyz (0.5 mmol) at 30 °C, 
and the resulted light pink precipitate was obtained under constant 
stirring for 3 h (78% yield based on pyz).

A micromeritics ASAP 2020 surface area analyzer was used to 
measure gas adsorption isotherms. Kinetic and equilibrium adsorption 
and desorption were measured by the Intelligent Gravimetric Analyzer 

(IGA001, Hiden, UK) under diverse operating conditions. To remove all 
the guest solvents in the framework, the fresh powder samples were first 
solvent-exchanged with dry acetone at least 10 times within two days, 
and evacuated at room temperature (296 K) for 24 h and further at 363 K 
for 12 h until the outgas rate was 5 mmHg min−1 prior to measurements. 
The sorption measurement was maintained at 77 K under liquid nitrogen 
bath. Julabo water bath was used to keep the adsorption tube at a 
constant temperature of 273, 288, 296, 313, and 333 K, respectively.

Single-crystal X-ray diffraction data of ZJU-74 were collected on 
an Agilent Supernova CCD diffractometer equipped with graphite-
monochromatic enhanced Mo-Ka radiation (λ  = 0.71073 Å) at 100 K. 
The datasets were corrected by empirical absorption correction using 
spherical harmonics, implemented in the SCALE3 ABSPACK scaling 
algorithm. The structure was solved by direct methods and refined by full 
matrix least-squares methods with the SHELX-97 program package.[26] 
The pyridine ligand is disordered. The crystal data are summarized in 
Table S3, Supporting Information.

The breakthrough experiments were performed in dynamic gas 
breakthrough equipment using a stainless steel column (4.0 mm inner 
diameter × 120 mm). The weight of sample packed in the column was: 
0.8329 g. The mixed gas flows of (1) dry and wet C2H2/CO2 = 50/50 (v/v), 
(2) C2H2/C2H4 = 1/99 (v/v), (3) C2H2/CH4 = 50/50 (v/v), and (4) C2H2/
C2H6 = 50/50 (v/v) were then introduced at 2 ml min−1. The desorption 
test of ZJU-74a was conducted under a sweeping He gas with a flow of  
10 mL min−1 at 373 K. Outlet gas from the column was monitored 
using gas chromatography (GC-2014C, SHIMADZU) with a thermal 
conductivity detector (TCD, detection limit 0.1 ppm). The standard 
gases were used to calibrate the concentration of the outlet gas. After 
the breakthrough tests, ZJU-74a can be readily regenerated by sweeping 
He gas (10 mL min−1) at 373 K for 30 min.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. General Materials and MOF Synthesis 

All starting chemicals and solvents were purchased from commercial companies cheaply and 

could be directly used without further purification. Among them, cobalt(II) nitrate hexahydrate 

(Co(NO3)2·6H2O, CAS: 10026-22-9) was purchased from Sinopharm with the price of USD 9.8 

per 100 g, pyrazine (pyz, CAS: 290-37-9) was purchased from Energy Chemical with the price 

of USD 22.9 per 100 g, and potassium tetracyanonickelate(II) hydrate (K2[Ni(CN)4]·nH2O, CAS: 

339527-86-5) was purchased from Heowns with the price of USD 45 per 10 g. 

Thermogravimetric analyses (TGA) were examined by using a Netzsch TG209F3 under N2 

atmosphere with a heating rate of 5 K min
-1

. Powder X-ray diffraction (PXRD) patterns were 

collected in the 2θ = 2-45
o
 range on an X’Pert PRO diffractometer with Cu Kα (λ = 1.542 Å) 

radiation at room temperature.  

N2 (99.999%), C2H2 (99.6%), CO2 (99.999%), C2H4 (99.9%), CH4 (99.995%), C2H6 (99.99%), 

He (99.999%) and mixed gases of (1) C2H2/CO2 = 50/50 (v/v), (2) C2H2/C2H4 = 1/99 (v/v), (3) 

C2H2/CH4 = 50/50 (v/v), C2H2/C2H6 = 50/50 (v/v) were purchased from JinGong Company 

(China).  

2. Fitting of pure component isotherms 

The pure component isotherm data for C2H2, CO2, C2H4, CH4 and C2H6 in ZJU-74a were 

fitted with the dual-site Langmuir-Freundlich isotherm model 
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The fitted parameter values are presented in Table S4.  

 

3. Isosteric heat of adsorption 
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A virial-type expression of comprising the temperature-independent parameters ai and bj was 

employed to calculate the enthalpies of adsorption for C2H2 (at 296, 313 and 333 K), CO2, C2H4, 

CH4 and C2H6 (at 273, 296 and 313 K) on ZJU-74a. In each case, the data were fitted use 

equation: 
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Here, P is the pressure expressed in mmHg, N is the amount absorbed in mmol g
-1

, T is the 

temperature in K, ai and bj are virial coefficients, and m, n represent the number of coefficients 

required to adequately describe the isotherms (m and n were gradually increased till the 

contribution of extra added a and b coefficients was deemed to be statistically insignificant 

towards the overall fit. And the average value of the squared deviations from the experimental 

values was minimized). The values of the virial coefficients a0 through am were then used to 

calculate the isosteric heat of absorption using the following expression: 
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(4) 

Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant. 

The heat enthalpy of C2H2, CO2, C2H4 and CH4 sorption for complex ZJU-74a in this manuscript 

are determined by using the sorption data measured in the pressure range from 0-1 bar (at 296, 

313 and 333 K for C2H2, at 273, 296 and 313 K for CO2, C2H4, CH4 and C2H6, respectively).  

 

4. IAST calculations of adsorption selectivities 

We consider the separation of binary C2H2/CO2, C2H2/C2H4, C2H2/CH4 and C2H2/C2H6 

mixtures. The adsorption selectivity for C2H2/CO2, C2H2/C2H4, C2H2/CH4 and C2H2/C2H6 

separation is defined by  

21
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   In equation (5), q1 and q2 are the molar loadings in the adsorbed phase in equilibrium with the 

bulk gas phase with partial pressures p1, and p2. IAST calculations of the adsorption selectivity 

of 50/50 (v/v) C2H2/CO2, 1/99 (v/v) C2H2/C2H4, 50/50 (v/v) C2H2/CH4, and 50/50 and 1/99 (v/v) 

C2H2/C2H6 mixtures are shown in Figure 2e and S38e, respectively.  

 

5. Computational results and details 

In order to obtain a reasonable binding site of gas molecules in ZJU-74a for subsequent 

modeling, the Grand Canonical Monte Carlo (GCMC) simulations were performed in the MS 

modeling. The crystal structures of ZJU-74a were chosen for related simulations without further 

geometry optimization. The framework and the individual C2H2, CO2 and C2H4 molecules were 

considered to be rigid during the simulation. Partial charges for atoms of guest-free ZJU-74a 

were derived from QEq method and QEq_neutral1.0 parameter. The simulations were carried out 

at 298 K, adopting the locate task, Metropolis method in Sorption module and the universal force 

field (UFF). The partial charges on the atoms of C2H2 (C: −0.129e; H1: 0.129e, where e = 1.6022 

× 10
−19

 C is the elementary charge), CO2 (C: 0.894e; O: −0.447e) and C2H4 (C: −0.301e; H: 

0.151e) were also derived from QEq method. The interaction energy between hydrocarbon 

molecules and framework were computed through the Coulomb and Lennard-Jones 6-12 (LJ) 

potentials. The cutoff radius was chosen as 12.5 Å for the LJ potential and the long-range 

electrostatic interactions were handled using the Ewald & Group summation method. The 

loading steps and the equilibration steps were 1 × 10
5
, the production steps were 1 × 10

6
. The 

binding energy between the framework and gas molecule was calculated using: ΔE = E(MOF) + 

E(gas) – E(MOF+gas). Note that the pyz ligand rotational flexibility/dynamics, which could not be 

accounted for in our ordered structural models, may also play some role on gas adsorption. 

Despite of this limitation, our calculations still provide helpful qualitative insights on the gas 

binding mechanisms.  

 

6. Transient breakthrough simulations 

The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption 

selectivity and uptake capacity. Transient breakthrough simulations were carried out for 
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C2H2/CO2 (50/50, v/v), C2H2/C2H4 (1/99, v/v) and C2H2/CH4 (50/50, v/v) separations operating 

at a total pressure of 100 kPa and 296 K, using the methodology described in earlier 

publications.
1-4

 For the breakthrough simulations, the following parameter values were used: 

length of packed bed, L = 0.3 m; voidage of packed bed,  = 0.4; superficial gas velocity at inlet, 

u = 0.04 m/s.  

The transient breakthrough simulation results are presented in terms of a dimensionless time, 

tu

L



 , defined by dividing the actual time, t, by the characteristic time, 

u

L
. The y-axis is the 

dimensionless concentration of each species at the exit of the adsorber, cA divided by the inlet 

concentrations of that species, cA0. 

 

7. Kinetic and equilibrium adsorption measurement 

Kinetic and equilibrium adsorption were measured with the Intelligent Gravimetric Analyzer 

(IGA001, Hiden, UK), which uses a gravimetric technique to accurately measure the gas 

sorption on materials under diverse operating conditions. About 50 mg of ZJU-74a sample was 

loaded into the sample cell, then the system was outgassed at 393 K for 2 h prior to the gas 

sorption measurements. All the gases used (C2H2, CO2, and He) were of 99.99% purity.  

 

8. Gas equilibrium adsorption capacity and separation factor 

The complete breakthrough of C2H2 was indicated by the downstream gas composition 

reaching that of the feed gas. On the basis of the mass balance, the gas adsorption capacities can 

be determined as follows: 

   
   

       
 ∫ (  

 

  
)   

 

 
                                                                                                     (6) 

Where qi is the equilibrium adsorption capacity of gas i (mmol g
-1

), Ci is the feed gas 

concentration, V is the volumetric feed flow rate (cm
3
 min

-1
), t is the adsorption time (min), F0 

and F are the inlet and outlet gas molar flow rates, respectively, and m is the mass of the 

adsorbent (g). The separation factor (α) of the breakthrough experiment is determined as:  
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                                                                                                                                     (7) 

in which yi is the molar fraction of gas i (i = A, B) in the gas mixture. 
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Notation 

b  Langmuir-Freundlich constant, kPa
 

 

q  component molar loading of species i, mol kg
-1

 

qsat  saturation loading, mol kg
-1

 

L  length of packed bed adsorber, m  

t  time, s  

T  absolute temperature, K  

u  superficial gas velocity in packed bed, m s
-1

 

 

Greek letters 

  voidage of packed bed, dimensionless 

  Freundlich exponent, dimensionless 

  time, dimensionless
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Table S1. Comparison of the C2H2 adsorption uptake, C2H2/CO2 selectivity, and heat of 

adsorption data in ZJU-74a with some top-performing C2H2-selective materials reported. 

Porous materials 
C2H2 uptake

 
(cm

3
 g

-1
)

 
 C2H2/CO2 

selectivity
 a

 

C2H2 Qst 

(kJ mol
-1

) 
b
 

Refs 
0.01 bar 0.5 bar 

ZJU-74a 49 76.7 36.5 45-65
c
 This work 

NKMOF-1-Ni 39 55.5 22 60.3 5 

HOF-3a 4.6 42.5 21.5 39.3 6 

DICRO-4-Ni-i 9.7 36.3 13.9 37.7 7 

JCM-1 10.1 63.5 13.7 36.9 8 

UTSA-74a 19.2 88.9 9 33 9 

SNNU-45 19.7 114.1 8.5 39.9 10 

SIFSIX-3-Ni 4.5 65.7 7.7 36.7 11 

TIFSIX-2-Cu-i 39.9 83 6.5 46.3 11 

FJU-90 7.7 154.53 4.3 25.2 12 

JNU-1 5.5 53 3.6 13 13 

Zn-MOF-74a 14.7
 
 102

 
 2.8 31.7 14 

UTSA-200a 41 76.4 - 40 15 

a
 IAST selectivity for 50/50 (v/v) C2H2/CO2 mixture at 1 bar.  

b
 Qst values at low surface coverage. 

c
 The highest Qst values at various surface coverage. 
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Table S2. Comparison of the chemical stability of ZJU-74 with some stable MOFs and C2H2-

selective MOFs after treatment under various chemical environments.  

MOFs Water 
Boiling 

water 
pH=1 pH=12 

6M 

HCl 

18M 

H2SO4 
Refs 

S
ta

b
le

 

M
O

F
s 

UiO-66 √ √ √ √ × × 16 

ZIF-8 √ √ × √ × × 17 

bio-MOF-1 √ √ × √ × × 18 

 
ZJU-74 √ √ √ √ √ √ This work 

C
2
H

2
/C

O
2
 s

ep
ar

at
io

n
 M

O
F

s 

UTSA-74 × × × × × × 9 

Zn-MOF-74 √ × × √ × × 14 

TIFSIX-2-Cu-i × × × × × × 11 

SIFSIX-3-Ni × × × × × × 11 

UTSA-300 × × × × × × 19 

HOF-3 × × × × × × 6 

NKMOF-1-Ni √ -
a
 √ √ -

a
 -

a
 5 

JCM-1 √ -
a
 -

a
 -

a
 -

a
 -

a
 8 

FJU-90 √ -
a
 -

a
 -

a
 -

a
 -

a
 12 

JNU-1 √ -
a
 × √ -

a
 -

a
 13 

a 
The stability in the corresponding conditions was not reported in the literatures. 

  



S10 

 

Table S3. Crystallographic data and structure refinement results of ZJU-74. 

Unit cell parameters ZJU-74 

Formula C8H4CoN6Ni 

Formula weight 301.81 

Temperature (K) 100(2) 

Crystal system Tetragonal 

Space group P4/mmm 

a, b (Å) 7.2201(5) 

c (Å) 7.1079(6) 

α (°) 90.00 

β (°) 90.00 

γ (°) 90.00 

V (Å
3
) 370.53(6) 

Z 1 

Dcalcd (g cm
-3

) 1.353 

μ (mm
-1

) 2.373 

F(000) 149 

Crystal size (mm
3
) 0.36 × 0.32 × 0.18 

GOF 1.148 

Rint 0.0216 

R1, wR2
 
[I>=2σ (I)] 0.0383, 0.1288 

R1, wR2 [all data] 0.0392, 0.1300 

Largest diff. peak and hole 1.478 and -0.289 e/Å
-3

 

CCDC number 1970545 
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Table S4. Dual-site Langmuir-Freundlich parameter fits for C2H2, CO2, C2H4, CH4 and C2H6 in 

ZJU-74a. The fits are based on experimental isotherm data at 296 K. 

 

Site A Site B 

qA,sat 

mol kg
-1

 

bA0 

  a    

A 

dimensionless 

qB,sat 

mol kg
-1

 

bB0 

  a    

A 

dimensionless 

C2H2 3.49331 2.33697 0.71987 43.27556 2.9000310
-11

 4.13104 

CO2 5.13027 0.00605 0.70911 3.00942 0.02262 1.09551 

C2H4 2.03459 0.30217 1.02859 1.21198 6.7385910
-4

 6.54195 

CH4 1.0162 0.01091 1.02386 7.42273 5.3080610
-4

 1.11079 

C2H6 2.71509 0.09468 1.11565 10.26873 0.00656 0.48961 
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Table S5. The comparation of C2H2 and CO2 uptake capacity of ZJU-74a obtained from single 

component gas sorption and breakthrough experiments for dry and wet 50/50 C2H2/CO2 mixtures, 

respectively. 

Sources of data 
Gas uptakes (cm

3
 g

-1
) 

Separation selectivity
b
 

C2H2 CO2 

single component gas sorption
a
 85.7 66.3 - 

breakthrough experiment under dry gas 81.5 18.8 4.3 

breakthrough experiment under 60% humidity 71.4
c
 17.6 4.1 

a 
Gas uptakes at 296 K and 1.0 bar. 

b
 The separation selectivity according to breakthrough curve. 

c
 This value is about 88% of that of breakthrough experiment without humidity. 
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Figure S1. The simulated XRD pattern from the single-crystal X-ray structure of ZJU-74 

(black), and the PXRD patterns of as-synthesized powder (red) and activated ZJU-74 (blue) of 

ZJU-74. 

 

 

Figure S2. TGA curves of as-synthesized ZJU-74. 
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Figure S3. N2 adsorption isotherms of ZJU-74a at 77 K. Filled/empty symbols represent 

adsorption/desorption.  

 

 

Figure S4. Pore size distribution for ZJU-74a based on Horvath-Kawazoe model. 
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Figure S5. C2H2 adsorption isotherms of ZJU-74a at 273 (red), 296 (black), 313 (blue) and 333 

K (magenta). 

 

 

Figure S6. C2H4 adsorption isotherms of ZJU-74a at 273 (red), 296 (black) and 313 K (blue).  
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Figure S7. CO2 adsorption isotherms of ZJU-74a at 273 (red), 296 (black) and 313 K (blue). 

 

 

Figure S8. CH4 adsorption isotherms of ZJU-74a at 273 (red), 296 (black) and 313 K (blue).  
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Figure S9. Gas adsorption and desorption isotherms of ZJU-74a for C2H2 (black), C2H4 (blue), 

CO2 (red) and CH4 (magenta) at 296 K. Filled/empty symbols represent adsorption/desorption. 

 

 

Figure S10. Virial fitting of the C2H2 adsorption isotherms for ZJU-74a.  
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Figure S11. Virial fitting of the C2H4 adsorption isotherms for ZJU-74a. 

 

 

Figure S12. Virial fitting of the CO2 adsorption isotherms for ZJU-74a.  
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Figure S13. Virial fitting of the CH4 adsorption isotherms for ZJU-74a. 

 

 

Figure S14. a) Adsorption kinetics profiles of C2H2 (black) and CO2 (red) for ZJU-74a at 296 K. 

b) Desorption kinetics profiles of C2H2 (black) and CO2 (red) for ZJU-74a at 296 K.  
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Figure S15. Comparison of the IAST selectivity of ZJU-74a with other top-performing MOF 

materials for a 50/50 C2H2/CO2 mixture at room temperature.  

 

 

Figure S16. Comparison of the C2H2 uptake capacity at 0.5 bar and C2H2/CO2 selectivity for 

ZJU-74a and other best-performing rigid materials. 
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Figure S17. The calculated C2H4 molecule binding sites in ZJU-74a. Colour code: Ni (green), 

Co (purple), N (blue), and C(grey). 

 

 

Figure S18. Experimental column breakthrough curves for a wet 50/50 C2H2/CO2 mixture with a 

total flow of 2 mL min
-1

 in an absorber bed packed with ZJU-74a at 298 K and 1 bar under 60% 

humidity. Although the τbreak of both C2H2 and CO2 move forward due to small amount of OMSs 

occupied by water molecules, the separation performance of ZJU-74a can be mostly retained 

with the selectivity of 4.1 and 88% C2H2 uptake capacity (dry). 
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Figure S19. Experimental column breakthrough curves for a 50/50 C2H2/CO2 mixture with a 

total flow of 2 mL min
-1

 in an absorber bed packed with re-activated ZJU-74a at 298 K and 1 bar, 

after the sample was exposed to air (50-70% humidity) for 2 months. 

 

 

Figure S20. The desorption curves of ZJU-74a under 10 mLmin
-1

 sweeping He gas at 373 K, 

affording a C2H2 recovery of 3.01 mmol g
-1

 with high purity over 91%. 
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Figure S21. Experimental column breakthrough curves for a cycling test of 50/50 C2H2/CO2 

mixture with a total flow of 2 mL min
-1

 in an absorber bed packed with ZJU-74a at 298 K and 1 

bar. 

 

Figure S22. PXRD patterns of as-synthesized samples (black), the samples after the multiple 

adsorption tests (red), multiple breakthrough tests (blue) and the breakthrough test under 60% 

humidity (green) of ZJU-74a. 
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Figure S23. N2 adsorption isotherms at 77 K of ZJU-74a after multiple breakthrough tests. 

 

 

Figure S24. C2H2 adsorption isotherms at 296 K of ZJU-74a after multiple breakthrough tests. 
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Figure S25. PXRD patterns of simulated, as-synthesized ZJU-74, and ZJU-74 samples exposed 

to air for 1 month, 3 months and 6 months. 

 

 

Figure S26. PXRD patterns of ZJU-74 after treatment with 1 M, 2 M, 4 M, 6 M HCl for 3 days 

and concentrated H2SO4 for several hours.  
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Figure S27. C2H2 adsorption isotherms at 296 K of ZJU-74a after treatment under different 

conditions. 

 

 

Figure S28. Variable-temperature PXRD patterns for ZJU-74.  
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Figure S29. PXRD patterns of UTSA-74 samples after treatment under different conditions, 

indicating that this framework is not stable under more extreme conditions such as boiling water 

and pH = 1. Dash lines represent that no solid left after treatment. 

 

Figure S30. PXRD patterns of Zn-MOF-74 samples after treatment under different conditions, 

indicating that this framework is not stable under more extreme conditions such as boiling water, 

pH = 1 and 12. Dash lines represent that no solid left after treatment.  
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Figure S31. PXRD patterns of TIFSIX-2-Cu-i samples after treatment under different conditions, 

indicating that this framework is not stable in the water. 

 

Figure S32. PXRD patterns of SIFSIX-3-Ni samples after treatment under different conditions. 

Dash line represents that no solid left after treatment and the framework is not stable in the water. 

  



S29 

 

 

Figure S33. PXRD patterns of UiO-66 samples after treatment under different conditions. Dash 

line represents that no solid left after treatment and the framework is not stable in 6M HCl and 

18 M H2SO4. 

 

Figure S34. PXRD patterns of ZIF-8 samples after treatment under different conditions, 

indicating that the framework is not stable under pH = 1 solution. Dash lines represent that no 

solid left after treatment.  
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Figure S35. PXRD patterns of bio-MOF-1 samples after treatment under different conditions, 

indicating that the framework is not stable under pH = 1 solution. 

 

 

Figure S36. Investigating the scalability of ZJU-74 synthesis by using different content raw 

materials. 
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Figure S37. PXRD patterns of ZJU-74 bulk samples from different vessels, revealing the 

excellent scalability of ZJU-74 that can be easily obtained up to multigame yield. 
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Figure S38. a) C2H6 adsorption isotherms of ZJU-74a at 273 (red), 296 (black) and 313 K (blue). 

Filled/empty symbols represent adsorption/desorption. b) Gas adsorption isotherms of ZJU-74a 

for C2H2 (black) and C2H6 (yellow) at 296 K. c) Virial fitting of the C2H6 adsorption isotherms 

for ZJU-74a. d) Heats of adsorption (Qst) of C2H2 (black) and C2H6 (yellow) for ZJU-74a. e) 

IAST selectivties of ZJU-74a for C2H2/C2H6 mixtures at 296 K. f) Experimental column 

breakthrough curves for a 50/50 C2H2/C2H6 mixture with a total flow of 2 mL min
-1

 in an 

absorber bed packed with ZJU-74a at 298 K and 1 bar.  
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