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Nitrous oxide (N2O) is considered as the third most important

greenhouse gas after carbon dioxide and methane and needs

to be removed from air. Herein, we reported the metal–organic

framework MIL-100Cr with open Cr sites for record N2O capture

capacities of 5.78 mmol g�1 at 298 K and 8.25 mmol g�1 at 273 K,

respectively. DFT calculations showed that the static binding

energy of N2O on the open-Cr site is notably higher than that of

N2, 72.5 kJ mol�1 vs. 51.6 kJ mol�1, which enforces MIL-100Cr to

exhibit extremely high N2O/N2 ideal adsorbed solution theory (IAST)

gas separation selectivity up to 1000.

Nitrous oxide (N2O) is the third most potent greenhouse gas
after CO2 and CH4, and is involved in the depletion of strato-
spheric ozone with a 300-fold greater warming potential than
CO2.1–4 Over the past few decades, N2O has drawn the attention
of researchers in various fields because of its involvement in
some key biological processes such as denitrification, usage
as the anesthetic medicine and the potent oxidizer for the
formation of transition-metal oxocations.5–7 It has been reported
that about 40% of total N2O emissions come from human
activities, which arise from agriculture, transportation and
industrial activities.8–11 Along with the understanding of N2O
emissions, the degradation of N2O into N2 and O2 is one of the
recent research hotspots.12–16 However, the catalytic decomposi-
tion of N2O typically occurs at high temperature and N2O cannot

be recovered as a valuable intermediate for the production
of other fine chemicals.17,18 Therefore, the development of an
efficient and economic technology to capture or concentrate N2O
is very important. However, capturing the trace amounts of N2O
(150 ppm or 0.015%) from air is an enormous challenge.19,20

Unlike other active NOX (X Z 1) gases, N2O is quite inert and
exhibits kinetic stability that is very difficult to activate under
mild conditions.7 Porous adsorbents for the adsorptive capture
of N2O are the economic and effective materials for such a
purpose.21–26

Previously, various porous adsorbents such as zeolite silicalite-1,
zeolite-5A and porous carbon materials have been examined for
N2O capture with the maximal N2O adsorption capacity of
4.10 mmol g�1 on zeolite-5A.22–24 The emergence of new porous
materials termed as metal–organic frameworks (MOFs) has
enabled us to reach record materials for the capture and
storage of CO2, NH3, CH4, O2 and H2, attributed to their diverse
crystal structures, high surface areas, tunable pore sizes and
functional sites.27–34 However, the record N2O adsorption
volume on MOFs was only 2.81 mmol g�1 (Ni-MOF),26 which
is even lower than the one reported on zeolite-5A.

With more and more MOFs developed, some potentially useful
porous materials such as ZIF-8/MAF-4, UiO-66, and MIL-101/100
with both high thermal and water stability have been realized.35–46

Typically, MOFs were activated under gentle conditions of com-
paratively low temperature and vacuum to sustain the framework
structures. In certain cases, for example, for the MIL-100/MIL-101
series, such gentle activation might not be able to remove all
the solvent molecules, particularly those strongly bound term-
inal solvent molecules with metal sites, so their adsorption
performance might still have not been optimized as well.
Chang et al. found that MIL-100Cr can be regenerated after
being activated under a higher vacuum of 1 � 10�8 bar and a
higher temperature of 523 K, exhibiting excellent performance
for N2 capture from CH4 and O2, and thus for N2/CH4 and N2/O2

adsorption separation.47 This motivated us to do more in-depth
studies on the activation of MIL-100Cr. To our surprise, the suitably
activated sample of MIL-100Cr at 523 K and 1� 10�10 bar for 12 h
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can take up N2O of 5.78 mmol g�1 at 298 K and 8.25 mmol g�1

at 273 K, setting record N2O capture capacities among the
developed porous materials. The gas separation selectivity
of N2O/N2 (0.015%/99.985%) is accordingly very high up to
1000 under ambient conditions.

MIL-100Cr was prepared in our lab via a literature reported
method and with some modifications (details shown in the
ESI†).48 Before the gas sorption studies, the MIL-100Cr
was activated at 373 K for 12 h until there is no free water
molecule in the structure, and then further activated in the
in situ activation station for another 12 h under ultra-high
vacuum (1 � 10�10 bar) and high temperature (423–573 K).
The activated samples were named MIL-100Cr-X (X = 150/200/
250/�275/300) to indicate the different activation temperatures
of 150, 200, 250, 275 and 300 1C, respectively. The sample in
the powder form was characterized by X-ray diffraction (PXRD),
X-ray photoelectron spectroscopy (XPS) and Brunauer–Emmett–
Teller (BET) analysis.

As shown in TGA,46 MIL-100Cr is very stable up to 523 K.
PXRD patterns (Fig. S1, ESI†) demonstrate that MIL-100Cr-250
indeed shows a high crystalline feature. The N2O adsorption
isotherms recorded for the activated MIL-100Cr at 298 K are
shown in Fig. 1. When the activated temperature increases,
the activated samples increase their uptakes for N2O in
which MIL-100Cr-250 (activated at 523 K) has the highest
adsorption capacity (5.78 mmol g�1). Compared with those
reported materials such as zeolite and porous carbon for N2O
capture, MIL-100Cr-250 also has the highest N2O capture
capacity (Table 1).21–24 The increase from 1.95 mmol g�1 in
MIL-100Cr-150 to 5.78 mmol g�1 in MIL-100Cr-250 is remark-
able, although there is only about 20% increase of their N2

uptakes at 77 K (Fig. S2, ESI†), as well as the increase in their
corresponding BET surface area from 1764 m2 g�1 to 2118 m2 g�1.
Apparently, the higher temperature activation has enabled us to
further remove those highly bound solvent molecules (with
the metal sites). In fact, water adsorption studies indicated
that MIL-100Cr-250 takes up 41 mmol g�1 water, while MIL-
100Cr-150 adsorbs 32 mmol g�1 water (Fig. S3, ESI†). Once
the activation temperature further increases above 250 1C,
the N2O capture amounts of the samples MIL-100Cr-275 and

MIL-100Cr-300 decrease to about 5.46 mmol g�1, which might
be attributed to the partial collapse of the framework.

As established before, there exists 2/3 terminal bound H2O
and 1/3OH�/F� sites which are distributed on the metal sites
in MIL-100.38–42 These terminal bound water molecules can be
further removed at a very high temperature of 523 K and under
vacuum below 1 � 10�8 bar to generate open Cr3+ sites (Fig. S4,
ESI†) for the possible binding of N2O molecules.49 We believe
that these open Cr3+ sites play a crucial role in the significant
increase of N2O uptakes from 1.95 mmol g�1 in MIL-100Cr-150
to 5.78 mmol g�1 in MIL-100Cr-250.

We calculated the isosteric heat of adsorption (Qst) of N2O in
MIL-100Cr-250 bases on the adsorption isotherms (Fig. S5, ESI†)
at 273 K and 298 K. As shown in Fig. S6 (ESI†), the Qst of N2O at
low coverage is up to 80 kJ mol�1, much higher than the Qst of N2

(39 kJ mol�1 47). Consistent with this, our DFT calculations
(see the ESI† for details) also indicate that the static binding
energy of N2O at the open-Cr site is notably higher than that of
N2, 72.5 kJ mol�1 vs. 51.6 kJ mol�1 (the N2 value being similar to
the previously reported result, B48.7 kJ mol�1 47). N2O binds to
the open-Cr through N, with a Cr–N bond distance slightly
smaller than that found in N2 binding (see Fig. 2).

We further used the adsorption selectivity used in the ideal
adsorbed solution theory (IAST) to examine MIL-100Cr-250 to
assess trace N2O (150 ppm) separation from N2 performance.
The N2 adsorption isotherms are shown in Fig. S7 (ESI†).

Fig. 1 Adsorption isotherms of N2O at 298 K on MIL-100Cr activated at
423, 473, 523, 548 and 573 K.

Table 1 N2O adsorption capacity on several porous materials

Sorbent N2O (mmol g�1) Temperature (K) Ref.

Porous carbon 2.50 298 21
Silicalite-1 1.75 298 22
Zeolite-4A 3.50 298 23
Zeolite-5A 4.10 298 24
MOF-5 0.90 298 24
ZIF-7 2.50 298 25
Ni-MOF 2.81 298 26
MIL-100Cr-150 1.95 298 This work
MIL-100Cr-250 5.78 298 This work
MIL-100Cr-250 8.25 273 This work

Fig. 2 The DFT-calculated adsorption configurations of N2O and N2 on
the open-Cr sites in MIL-100Cr, using a cluster model. (Chromium,
oxygen, nitrogen, carbon, and hydrogen atoms are in green, red, blue,
gray and white, respectively.)
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The N2O and N2 adsorption isotherm data were fitted with the
dual-site Langmuir and single-site Langmuir models, respec-
tively. Compared with MIL-100Cr-250 for its high N2 selectivity
from O2 and CH4,46 the gas separation selectivity of N2O from
N2 (N2O/N2 = 0.015/99.985) on MIL-100Cr-250 is significantly
higher up to 1000 (Fig. 3). This is remarkable, indicating that
trace amount of N2O can be readily removed through a column
packed with MIL-100Cr-250. As expected, MIL-100Cr-250 has
much higher gas separation selectivities than MIL-100Cr-150
(about 100) as well. As shown in Fig. 4, simulated breakthrough
curves further confirmed the significantly improved performance
of MIL-100Cr-250 for this separation. The sorption data of CO2,
O2 and CH4 and possible separation of N2O/CO2, N2O/O2 and
N2O/CH4 are provided in the ESI† (Fig. S8–S13).

In conclusion, through the optimized activation of the well-
known, highly stable MIL-100Cr, we realized MIL-100Cr-250 as
the best material for N2O capture under ambient conditions
with the capture capacity of 5.78 mmol g�1 at 298 K. Based on
DFT calculations, the open Cr3+ sites are speculated to play
crucial roles for the binding of N2O with a binding energy of
80 kJ mol�1. The promise of MIL-100Cr-250 for the removal of
trace amounts of N2O from N2 was further evaluated via IAST
studies, in which the gas separation selectivities of N2O from
N2 on MIL-100Cr-250 are found to be the highest ones ever

reported, up to 1000 and 100 times higher than those on
MIL-100Cr-150. Given the fact that this MOF is highly stable,
it might facilitate its practical use for this very important
application. This work will also motivate us to explore more
extensively those well-established MOFs to optimize their acti-
vation conditions and thus to maximize their multifunctional
performances, particularly for gas storage and separation.
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by Welch Foundation (AX-1730).
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Supporting Information

1. Experimental

1.1. Materials

MIL-100Cr was synthesized and purified according to the literature. [1] Mixed metallic 

chromium (0.104 g), H3BTC (0.3 g), HF (40%, 0.2 mL) and deionized water (9.6 mL) evenly. The 

slurry was introduced in a 23 mL Teflon liner, which was then put into an oven. The system was 

heated from room temperature up to 493 K in 12h, and keep at 493 K for 4 days before being cooled 

to room temperature in 24 h. The resulting light green product was filtered off, immersed in ethanol 

at 343 K for 5 h at a ratio of 1 g / 250 mL to remove the excess of unreacted organic ligand and then 

filtered again. The solid was finally dried for 3 h in vacuum at 323 K. The resulting solid material 

was denoted as MIL-100Cr. MIL-101Cr was synthesized in our laboratory too. [2]

1.2. Characterization

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2018
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The crystallinity and phase purity of the materials were measured by powder X-ray diffraction 

(PXRD) on a Bruker D8 ADVANCE X-ray diffractometer with Cu-Kα (λ = 1.5418 Å) radiation 

operated at 40 kV and 40 mA. Scanning was performed over the 2θ range of 2-20° at 5°/min. The 

N2O, N2, CO2, CH4, and O2 adsorption/desorption isotherms were obtained using a Micromeritics 

ASAP 2460 surface area and pore size analyzer after the samples were activated (the temperature 

was 423 K and 523 K, vacuum was 1*10-10 bar) for 12 h. H2O adsorption isotherms were obtained 

using an Autosorb-iQ Quantachrome (volumetric technique) at 298 K after the samples were 

activated for 12 h (the temperature was 423 K and 523 K, vacuum was 1*10-10 bar). 
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Fig. S1 XRD patterns of MIL-100Cr samples after activation at 423 K (MIL-100Cr-150) and 523 

K (MIL-100Cr-250), respectively.
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Fig. S3 Adsorption isotherms of H2O on MIL-100Cr activated from 423 K and 523 K at 298 K
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Fig. S4 High-resolution XPS spectra of Cr3+ 3/2p and Cr3+ 1/2p peaks for MIL-100Cr before (a) 

and after activation (b) at 523 K (MIL-100Cr-250), and also the N2O adsorption on MIL-100Cr-250 

(c).
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Fig. S5 Adsorption isotherms of N2O on MIL-100Cr-250 at 298 K and 273 K.
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Fig. S6 Adsorption heat of N2O on MIL-100Cr-250.
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Fig. S7 Adsorption isotherms of N2 on MIL-100Cr-150 and MIL-100Cr-250 at 298 K.
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Fig. S8 Adsorption isotherms of CH4 on MIL-100Cr-150 and MIL-100Cr-250 at 298 K.
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Fig. S9 Adsorption isotherms of O2 on MIL-100Cr-150 and MIL-100Cr-250 at 298 K.
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Fig. S10 Adsorption isotherms of CO2 on MIL-100Cr-150 and MIL-100Cr-250 at 298 K.
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Fig. S11 Comparison of the ideal adsorbed solution theory (IAST) gas selectivity of 50/50 

N2O/CH4 mixtures in MIL-100Cr-150 and MIL-100Cr-250 at 298 K.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

2.0x101

4.0x101

6.0x101

8.0x101

1x108

2x108

3x108

4x108

5x108

 

 

N2
O/

O2
 a

ds
or

pt
io

n 
se

le
ct

iv
ity

Total gas press, P/Bar

 MIL-100Cr-150
 MIL-100Cr-250

Fig. S12 Comparison of the ideal adsorbed solution theory (IAST) gas selectivity of 50/50 N2O/O2 

mixtures in MIL-100Cr-150 and MIL-100Cr-250 at 298 K.
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Fig. S13 Comparison of the ideal adsorbed solution theory (IAST) gas selectivity of 50/50 

N2O/CO2 mixtures in MIL-100Cr-150 and MIL-100Cr-250 at 298 K.

2. Calculation

2.1. Density-functional theory calculations

Our First-principles density-functional theory (DFT) calculations were performed using the 

Quantum-Espresso package.[3] A semi-empirical addition of dispersive forces to conventional DFT 

was included in the calculation to account for van der Waals interactions.[4] We used Vanderbilt-

type ultrasoft pseudopotentials and the generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof (PBE) exchange correlation. Due to the large size of the MIL-100Cr unit cell and 

the large number of atoms, direct calculation on the MOF crystal structure is highly difficult. 

Therefore, we adopted a simplified cluster model (similar to the one used in ref. 5) to evaluate the 

gas binding. The Cr trimer metal center was cleaved from the periodic crystal structure of MIL-

100Cr, and put in a 20×20×20 supercell. The carboxylate groups were terminated by H atoms, and 

the terminal F group on Cr was removed, which results in a net charge of +1 for the cluster. For this 

system, a cutoff energy of 544 eV and a 2×2×2 k-point mesh (generated using the Monkhosrt-Pack 

scheme) were found to be enough for total energy to converge within 0.01 meV/atom. The cluster 
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model (with “+1” charge) was first fully optimized with respect to atomic coordinates. The lowest-

energy spin configuration for the three Cr ions is (+3, -3, +3), with the total spin value of the cluster 

being S=3. For gas adsorption, various possible binding configurations were considered and fully 

relaxed. The lowest-energy structures were identified as the optimal binding structures. To obtain 

the gas binding energies, a single gas molecule placed in a supercell with the same cell dimensions 

was also relaxed as a reference. The static binding energy (at T = 0 K) was calculated using: EB = 

E(MOF) + E(gas) – E(MOF+gas).

2.2. Fitting of pure component isotherms

The unary isotherm data for N2, O2, and CH4 in MIL-100Cr, measured at 298 K, were fitted with 

the single-site Langmuir model

(1)
bp

bpqq sat 


1

The unary isotherm data for N2O and CO2 in MIL-100Cr, measured at 298 K, were fitted with the 

Dual-site Langmuir model

(2)
pb

pbq
pb

pbqq
B

B
satB

A

A
satA 





11 ,,

The isotherm fit parameters are provided in Table 1 to Table 5.

Table 1. Dual-site Langmuir fit parameters for N2O in MIL-100Cr. 

qA,sat

mol kg-1

bA

1Pa 

qB,sat

mol kg-1

bB

1Pa 

MIL-100Cr 150 0.28 0.000475089 5.3 4.65563E-06

MIL-100Cr 250 2.1 0.024589204 5.7 1.61106E-05

Table 2. Dual-site Langmuir fit parameters for CO2 in MIL-100Cr. 

qA,sat

mol kg-1

bA

1Pa 

qB,sat

mol kg-1

bB

1Pa 
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MIL-100Cr 150 0.6 0.000268518 4.5 4.95596E-06
MIL-100Cr 250 2.4 0.004856163 5.8 1.34482E-05

Table 3. Single-site Langmuir fit parameters for N2 in MIL-100Cr. 

qsat

mol kg-1

b

1Pa 

MIL-100Cr 150 14 1.25717E-07

MIL-100Cr 250 1.4 4.38906E-05

Table 4. Single-site Langmuir fit parameters for CH4 in MIL-100. 

qsat

mol kg-1

b

1Pa 

MIL-100Cr 150 14 2.40748E-07
MIL-100Cr 250 3 2.59055E-06

Table 5. Single-site Langmuir fit parameters for O2 in MIL-100Cr. 

qsat

mol kg-1

b

1Pa 

MIL-100Cr 150 1 2.5E-06
MIL-100Cr 250 1 5.6E-06

2.3 Qst calculation

Qst is the adsorption isosteric enthalpy (−ΔH), which can be calculated as a function of loading 

using adsorption data at different temperatures via the Clausius−Clapeyron equation:

𝑙𝑛
𝑃2
𝑃1
=
∆𝐻
𝑅
(
1
𝑇1
‒
1
𝑇2
)

Where P is the pressure in bar, T is the temperature in K, R is the gas constant (8.314).

2.4. IAST calculations of adsorption selectivities, and uptake capacities

IAST calculations were performed to determine the separation selectivities of MIL-100Cr.
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