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after fl ushing a food package with an inert gas, the amount 
of residual oxygen in a package headspace is still signifi cant 
(2%), due to the ability of the food to trap air. Therefore, there 
is an urgent need for alternative technologies and novel mate-
rials for energy- and cost-effi cient oxygen separation from air. 
Zeolite molecular sieves have been used for O 2  adsorption and 
separation, [ 4 ]  but still fall short compared to recently reported 
solid state adsorbents based on high surface area, crystalline 
metal–organic frameworks (MOFs). [ 5–7 ]  In this regard, selective 
adsorption of O 2  from N 2  using M 2+  based MOFs—M 3 (btc) 2  
(M = Cr, Fe; btc 3  = 1,3,5-benzenetricarboxylate) and MOF-74 
Fe—are shown to exhibit steep O 2 -adsorption isotherms at 
room temperature (RT). [ 5 ]  However, these MOFs are not stable 
in air because of presence of exposed M 2+  species, which readily 
oxidizes to form M 3+  in presence of oxygen. [ 6,8 ]  In light of these 
underlying challenges, a system where a redox-active M 2+  spe-
cies can be generated within a porous framework is expected 
to be signifi cantly more air stable because of the pore-confi ne-
ment effect. [ 9 ]  

 Herein, we present a strategy to improve O 2 -adsorption and 
O 2 /air-separation selectivity at room temperature using a com-
posite material, where a redox-active organometallic molecule, 
ferrocene, was used as a precursor to form O 2 -selective Fe 2+  
species within a thermochemically stable, highly porous MOF, 
MIL-101 [MIL = Materials from Institut Lavoisier]. This strategy 
is in direct contrast to previously reported O 2- selective MOF-
based materials, which possess accessible open M 2+  metal 
sites on the pore surface. [ 5,6 ]  The advantages of our method 
include the absence of superoxide formation within the host 
framework as a result of high framework stability. Ferrocene 
[Fe(η 5 -C 5 H 5 ) 2 ] (Fc) was chosen as a suitable oxygen scavenger 
for two reasons: i) it contains π-electron-rich ligands and is 
expected to interact with the more electron-defi cient phenyl 
rings of the host framework through π–π donor–acceptor inter-
actions, and ii) Fc is a redox-active organometallic compound 
with an Fe 2+ oxidation state, which can then converted in situ 
to accessible, redox-active Fe(II) species within the MOF pore 
space. [ 6 ]  MIL-101(Cr) was selected as the host matrix because 
of the relative ease of preparing high-quality material with 
high surface area and its micro- and mesoporous cage struc-
ture. MIL-101 was synthesized using a reported procedure 
and characterized using powder X-ray diffraction (PXRD) and 
Brunauer–Emmett–Teller surface-area analysis (Figure S1 and 
S2, Supporting Information). [ 10 ]  MIL-101 consists of two cage 
windows with internal diameters of ≈29 and 34 Å, which in 

  Oxygen is widely used in today’s energy conversion processes 
and in production of a variety of commodity materials and 
chemicals—a greater than $100 billion per year industry. [ 1,2 ]  The 
current process technologies are geared to produce either puri-
fi ed oxygen or purifi ed nitrogen from air by an energy-intensive 
cryogenic distillation process. Purifi ed oxygen is required for 
a wide variety of applications that include portable adsorption 
units for medical applications and in space vehicles. [ 1 ]  In addi-
tion, a large number of important energy technologies depend 
on O 2  production with low energy consumption and capital 
costs, such as oxy-fuel for CO 2  emission control, natural gas 
conversion, and gasifi cation of biomass. [ 3 ]  The energy- and cap-
ital-intensive cryogenic separation process used in large-scale 
production of oxygen is prohibitively expensive for many small-
scale renewable applications. [ 2 ]  On the other hand, oxygen 
removal is necessary to improve the shelf-life of various foods 
and beverages due to oxidative food spoiling reactions. Even 
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turn correspond to accessible pore volumes of ≈12 700 and 
≈20 600 Å 3 , respectively. [ 11 ]  The MIL-101 can accommodate 
up to ≈45 and ≈70 molecules of Fc in the smaller and larger 
cages, respectively, assuming the molecular volume of Fc is 
280 Å 3  ( Figure    1  a). The pore-size distribution analysis (Hor-
váth–Kawazoe method) on as-synthesized MIL-101 confi rmed 
the presence of two distinct pores (of width 25 and 35 Å) with 
a pore volume of 1.6 cc g −1 . The Fc was loaded in heated MIL-
101 by a vapor-deposition technique at 120 °C under vacuum 
as a function of time (Figure S3, Supporting Information). 
Such techniques have been reported by others in the litera-
ture, more prominently by Fischer and co-workers. [ 12,13 ]  The 
surface area of the MIL-101 (4800 m 2  g −1 ) decreased as the 
amount of Fc increased (Figure  1 b). Similarly, the weight of 
the MIL-101 increased gradually and reached a maximum at 
≈72 h. The calculated loading of Fc after 72 h was 1.2 g of Fc 
per gram of MIL-101 (4.5 Fc per formula unit). The Fc-loaded 
MIL-101 (after 72 h) [hereafter termed Fc@MIL-101] showed an 
expected decrease in pore volume to 0.25 cc g −1  and a surface 
area of ≈1000 m 2  g −1 , which is still very high compared to many 

MOFs, zeolites, and porous carbon materials reported thus far 
(Figure S4 and S5, Supporting Information). Along with reduc-
tion of surface area and pore volume, the color of MIL-101 
changes from green to black as a function of Fc loading, con-
fi rming the proposed charge-transfer interactions between the 
host/guest and successful loading of Fc into the crystal lattice 
(Figure S6, Supporting Information).  

 Thermogravimetric analysis of MIL-101 has four main 
weight-loss steps, which correspond to the removal of the 
adsorbed water molecules followed by decomposition of the 
framework at ≈350 °C (Figure S7, Supporting Information). 
Interestingly, desorption of the included Fc in activated MIL-
101 did not occur upon heating until 200 °C, signifi cantly 
higher than the sublimation temperature of the pure Fc mate-
rial (Figure S8, Supporting Information). The higher desorp-
tion temperature is probably due to the stronger interactions 
between the electron-rich and electron-defi cient host–guest 
species; similar observations have been made in MOFs and 
other classes of materials. [ 13,14 ]  The PXRD experiments sug-
gest the Fc@MIL-101 diffraction pattern is very similar to that 

Adv. Mater. 2016, 28, 3572–3577

www.advmat.de
www.MaterialsViews.com

 Figure 1.    Redox-active metal–organic composite. a) Vapor deposition of Fc inside the porous framework (MIL-101). b) Increase in weight (blue) and 
decrease in surface area (red) as a function of Fc loading. c) Adsorption of O 2 ; negligible adsorption capacity toward N 2 , CO 2 , and Ar at RT. d) RT water 
adsorption in MIL-101 and composite MIL-101.
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of MIL-101 except that the intensity of some diffraction peaks 
changes considerably (Figure S9, Supporting Information). 

 The adsorption experiments at RT suggest the Fc@MIL-101 
does not have any affi nity toward oxygen. Therefore Fc@MIL-
101 was heated at a higher temperature (200 °C) to remove any 
Fc strongly adhered to the surface. At 1 bar, the Fc@MIL-101 
heated at 200 °C showed an enhanced oxygen uptake (10 cc g −1 ) 
with hysteresis in the desorption profi le. This observation led 
us to investigate the oxygen-adsorption profi le for Fc@MIL-
101 as a function of heating temperature. The Fc@MIL-101 
heated at 350 °C for 12 h (hereafter composite MIL-101) has 
4× and 40× higher adsorption capacity (6.5 wt% or 45 cc g −1 ) 
at RT, with respect to the same material heated at 200 °C and 
at RT (Figure S10, Supporting Information). The desorption 
profi le shows signifi cant hysteresis, indicating stronger interac-
tions between the adsorbed oxygen and the composite-MIL-101. 
Under similar conditions, MIL-101 without Fc (heated at 
350 °C) adsorbed 12 cc g −1  of oxygen (Figure S11, Supporting 
Information), indicating the importance of Fc loading and sub-
sequent heating for enhanced O 2  adsorption. Single-component 
gas-adsorption experiments (N 2 , Ar, CO 2 , H 2 O) performed on 
the composite material at RT revealed that it adsorbs very small 
quantities of N 2  (≈2 cc g −1 ), Ar (3 cc g −1 ), and CO 2  (20 cc g −1 ) 
(Figure  1 c and Figure S12, Supporting Information). The com-
posite MIL-101 adsorbs 12 wt% of water at relative humidity 
of 100% compared to MIL-101 (160 wt%). The water-adsorption 
profi le of the composite MIL-101 is identical to the hypothet-
ical narrow pore phase of MIL-101 (Figure  1 d and Figure S12, 
Supporting Information). This suggests that, upon heating 
(350 °C), the composite MIL-101 material is transformed to 
the hypothetical narrow pore phase with signifi cant porosity 
(Langmuir surface area: 424 m2 g −1 ; Table S1, Supporting 
Information). 

 Based on these fi ndings, we further explored the capability 
of this composite material for real-world air-separation applica-
tions using a custom built breakthrough reactor coupled with 
a residual-gas analyzer (Figure S13, Supporting Information). 
The column packed with composite material was fed with 
an N 2 /O 2  gas (21% O 2  and 79% N 2  by volume) mixture. The 
nitrogen broke through the column immediately after injection 
(<1 min), while oxygen broke through after ≈40 min. These 
results clearly indicate that the material is exceptionally selective 

toward oxygen over nitrogen ( Figure    2  a). The composite has an 
excellent selectivity for O 2 /N 2  separation, since N 2  is virtually 
excluded from the pores of the material. Breakthrough experi-
ments were conducted using breathing air with a composition 
of 70% N 2 , 20% O 2 , 1% Ar, and 0.09% CO 2 ; however, we were 
unable to detect the low concentrations of CO 2  and Ar using 
our experimental setup because the concentrations were below 
the detection limit. Therefore simulated breakthrough experi-
ments were performed for ambient air using pure-component 
adsorption-isotherm data (Figure  2 b,c, and Figure S14–S19 and 
Table S2, Supporting Information). [ 15 ]  The O 2 /N 2 -adsorption 
selectivity was found to be about three to six orders of magni-
tude higher than that obtained with MOF 74 Fe (Figure S16 
and S17, Supporting Information). [ 6 ]  Transient breakthrough 
simulations indicate the composite material has a higher pro-
ductivity of pure N 2  compared to the leading MOF (MOF-74 Fe) 
material. This could be due to the higher selectivity overcoming 
the capacity disadvantage with respect to MOF-74 Fe. These 
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 Figure 2.    Separation of O 2  from air using redox-active composite MIL-101. a) Experimental breakthrough characteristics using feed of 21% O 2  and 
79% N 2 . b) Simulated breakthrough using feed of 21% O 2  and 79% N 2 . c) Separation of O 2  from breathing air consisting of 70% N 2 , 20% O 2 , 1% Ar, 
and 0.09% CO 2 .

 Figure 3.    Pair distribution function analysis.  G ( r ) were obtained from the 
total scattering data: a) Fc, b) MIL-101, c) differential PDF analysis of 
Fc@MIL-101, d) composite MIL-101, e) composite exposed to O 2 , and 
f) MIL-101 heated at 350 °C.
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results demonstrate that the separation of O 2  
from breathing air is feasible.  

 To understand the structural stability, 
PXRD experiments were conducted on 
MIL-101 (heated at 350 °C) and composite 
MIL-101. Both materials lose long-range 
order after heating, as exhibited by the 
PXRD pattern (Figure S20, Supporting 
Information). However, energy-dispersive 
X-ray (EDX) spectroscopy and elemental-
mapping analysis on MIL-101 show the uni-
form distribution of elemental chromium, 
oxygen, and carbon (Figure S21, Supporting 
Information). Similarly, EDX studies on 
composite MIL-101 results clearly indicate 
the presence of Fe along with Cr, O, and 
C at all temperatures (Figure S22 and S23, 
Supporting Information). This observa-
tion further supports the presence of iron 
species embedded in the host framework, 
even after the sample was heated at 350 °C. 
A decrease in Cr and increase in Fe con-
centration were observed at the surface of 
composite MIL-101, which is attributed to 
the possible leaching of iron species out of 
the pores of MIL-101 (Table S3, Supporting 
Information). 

 In order to probe the local structural 
information independent of crystallinity 
as a weighted histogram of all atom–atom 
distances within the composite, pair distri-
bution function (PDF) analysis using high-
energy X-ray scattering data were performed 
on Fc, MIL-101, and Fc@MIL-101 heated 
at variable temperatures and subsequently 
exposed to oxygen (Figure S24, Supporting 
Information). [ 16 ]  From the PDF data, well-
defi ned peaks were evident below ≈6 Å for 
MIL-101 that correspond to Cr–O cluster 
coordination and the 1,2 and 1,3 distances in 
the bdc (bdc = terephthalate) ligand. Despite 
the crystalline nature of MIL-101, well-
defi ned individual atom–atom features were 
not readily apparent in the PDF at longer 
distances due to overlap between features 
of similar distance. The PDF of pure Fc is 
dominated by a sharp peak at 2.060 Å corre-
sponding to the Fe–C distance. In contrast, 
differential PDF analysis of Fc@MIL-101 
shows that these features from the Fc are 
retained ( Figure    3  ). The PDF analysis on O 2 -exposed composite 
MIL-101 shows that it possesses local structure motifs similar 
to those found in MIL-101 along with a crystalline component, 
structurally similar to a ferritic spinel phase, with nanoscale 
domains or particles of ≈4 nm (Figure S25, Supporting Infor-
mation). The refi ned lattice parameter,  a  = 8.346(22) Å (over 
the  r  range 15–30 Å), suggests it is of maghemite (γ-Fe 2 O 3 , 
 a  = 8.33 Å) with Fe 2+  vacancies. The PDF for the O 2 -sorbed 
composite is not well modeled to any known chromium oxide 

phases; instead, the results are more consistent with the local 
structural motifs found in MIL-101 with reduced porosity 
embedded with maghemite (Fe 2 O 3 ) nanoclusters. The absence 
of Fc peaks in the PDF data clearly demonstrated that almost 
all Fc within the MOF is converted to the Fe 2+  species under 
our experimental conditions.  

 To further support PDF observations, X-ray photo electron 
spectroscopy (XPS) of the composite material before (anaer-
obic conditions) and after exposure to O 2  suggests that the 
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 Figure 4.    Mössbauer spectroscopy at RT. a) Pristine Fc (top), b) composite MIL-101 (middle) 
in anaerobic conditions, and c) composite MIL-101 after O 2  adsorption (bottom).
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oxidation state of Fe changes from 2+ to 3+; however, no 
change was observed in the Cr oxidation state (Figure S26, Sup-
porting Information). This was refl ected in the Fe 2p 3/2  peak 
position at 710 eV (Fe 2+ ) in an anaerobic sample, compared to 
715 eV for a sample exposed to oxygen (Fe 3+ ). Similarly, Möss-
bauer spectroscopy measurements (a  57 Fe-specifi c technique) 
were obtained on Fc ( Figure    4  a), and composite MIL-101 both 
before and after exposure to oxygen (Figure  4 b,c ) . The derived 
Mössbauer spectral parameters of Fc indicate a low-spin Fe 2+  
( S  = 0; diamagnetic), which is in good agreement with the 
reported literature values (Table S4, Supporting Information). 
The Mössbauer spectrum of the composite heated at 350 °C 
(anaerobic) is rather complex: two Fe 2+  doublets (high spin 
in nature;  S  = 2; paramagnetic; red traces in Figure  4 b) and 
some residual Fc (≈5% of the total Fe). The transformation of 
low-spin Fe 2+  to high-spin Fe 2+  suggests signifi cant modifi ca-
tion of the Fc environment. On the other hand, two high-spin 
Fe 2+  doublets and the broadness of the peaks imply the pres-
ence of multiple Fe sites with somewhat similar local environ-
ments, which may be due to localization of Fe in different pores 
or their existence on different surfaces. Both of the high-spin 
Fe 2+  doublets more or less transformed to a high-spin Fe 3+  
( S  = 5/2) moiety upon exposure to oxygen (Figure  4 c). The 
center shift of high-spin Fe 3+  is typical for nanoparticles of 
Fe 3+ -oxide, and its relatively higher quadrupole splitting than 
pure Fe-oxide(s) suggests that sizeable Fe environments of the 
phase are signifi cantly distorted. Furthermore, the absence of 
Fe 2+  suggests the composite material is free of large-particle 
Fe 2+ -containing oxides, such as FeCrO 4  or magnetite/magh-
emite. From PDF and Mössbauer results, the fi nal composite is 
most likely a maghemite (γ-Fe 2 O 3 , a pure Fe 3+  mineral) within 
the reduced form of MIL-101. The absence of sextet features 
typical of (nano)maghemite in its 77 K spectrum (Figure S27, 
Supporting Information), however, suggests it to be magh-
emite that is intimately associated with composite material. In 
order to know the cycle stability of the composite, experiments 
were performed at room temperature by activating at 350 °C 
after each adsorption cycle. The composite shows the reduced 
O 2  capacity, this can be explained by the presence of reduced 
amount of Fe 2+  nanoclusters after each cycle due to the forma-
tion of maghemite (Figure S28, Supporting Information). This 
is in line with the commercially used O 2  absorber such as AGE-
LESS and MOFs exposed with M 2+  sites where these sorbents 
have no cycle stability due to the chemical reaction between the 
sorbent and oxygen. [ 6,8 ]   

 The redox-active composite material with the exceptional 
capacity and high selectivity for oxygen demonstrated here 
would be far less energy intensive than cryogenic distillation, 
potentially making these composites useful for oxygen-sepa-
ration and sensing applications. The selective adsorption of 
O 2  from relevant gas mixtures as shown by experimental and 
simulated breakthrough experiments would have signifi cant 
practical applications and offer improvements over current 
air-separation technologies. Our results demonstrate a proof 
of concept for oxygen separation using redox-active composite 
materials that are derived from high-surface-area materials 
incorporated with redox-active organometallic building blocks 
as an Fe 2+  precursor. [ 17 ]  Furthermore, we probed the mecha-
nism and transformation of low-spin Fc (Fe 2+ ) to maghemite 

(an Fe 3+  mineral) within the porous framework by combination 
of Mössbauer spectroscopy and PDF analysis.  

  Experimental Section 
 MIL-101 was synthesized using a reported procedure. [ 10 ]  The 
as-synthesized material was heated followed by Fc loading at 110 °C 
under vacuum. The detailed synthesis procedure of MIL-101 and Fc@
MIL-101 is described below. 

  Preparation of MIL-101 : In a typical experiment, terephthalic acid 
(H 2 BDC, Aldrich, 98%, 1.66 g, 10 mmol) was added to an alkaline 
solution of tetramethylammonium hydroxide (Moses Lake Industries, 
Inc., 25% V/V, 50 mL, 0.05 mol L −1 ) and stirred at RT for 10 min. 
Chromium (III) nitrate nonahydrate (Cr(NO 3 ) 3 ·9H 2 O, Sigma–Aldrich, 
4.0 g, 10 mmol) was subsequently added to the mixture and stirred for 
20 min. The resulting mixture was then transferred into a 125 mL Tefl on-
lined autoclave and heated at 180 °C for 24 h and then cooled to RT at 
a rate of 10 °C min −1 . The microcrystalline green powder was collected 
by repeated centrifugation and thorough washing with distilled water 
and exchanged in methanol (MeOH, 99%, Sigma–Aldrich) for two days. 
The product was then collected by centrifugation and dried at RT (yield: 
3.389 g, 40% based on metal salt) 

  Preparation of Fc@MIL-101 : In a typical experiment, a heated sample 
(150 °C per 24 h) of MIL-101 (50 mg, 1.785 mmol) was kept inside a 
20 mL scintillation vial and was inserted into a 150 mL beaker containing 
100 mg of Fc (ferrocene, Aldrich, 98%, 0.538 mmol). The beaker was 
covered with a watch glass and kept under vacuum in a vacuum oven 
at RT for 12 h, followed by heating at 120 °C for 72 h under vacuum in 
order to sublime the Fc. The product changed from brownish green to 
black. The surface-adsorbed Fc was removed from the black product by 
heating at 200 °C for 12 h. 

  Composite MIL-101 : The composite MIL-101 was prepared by heating 
Fc@MIL-101 under dynamic vacuum (10 −4  Torr) for 12 h at 350 °C. All 
the characterizations (XPS, EDX, PDF, and Mössbauer spectroscopy) 
and gas adsorption and column breakthrough and simulation 
breakthrough measurements were conducted on composite MIL-101 at 
room temperature unless otherwise mentioned.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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Figure S1. PXRD for (a) simulated MIL-101 and (b) synthesized MIL-101. 
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Figure S2. N2 sorption isotherm collected at 77K and 1 atm pressure for MIL-101 and 

Fc@MIL-101 (72h, degas 200°C, 12h). 
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Ferrocene decomposition: Experiments were conducted to decompose the pristine 

ferrocene at 350 C (same temperature as composite) but leaches out of the column due 

to highly volatile nature of the ferrocene as shown below  

 

 
Figure. S3. Ferrocene leaches out of the column 
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Figure S4. Nitrogen Adsorption-desorption Isotherms at 77K for Fc@MIL-101(without 

heating) as a function of different loading time (open symbol-desorption, closed 

symbol: adsorption) 
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Figure S5. Pore distribution of MIL-101 activated at a) 200° b) 350°C, c) Fc@MIL-101 

after 4h loading and activated at 200°C d) Fc@MIL-101 after 24h loading and activated 

at 200°C, and e) composite MIL-101 
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Figure S6. a) Fc@MIL-101 b) Ferrocene and c) MIL-101 

 

 
 

Figure S7. Thermogravimetric analyses of freshly synthesized MIL-101 (green), MIL-101 

activated at 200°C 8h (red), Fc@MIL-101 (blue) and Fc@MIL-101 activated at 200°C 8h 

(purple). 

c b a 
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Figure S8. Thermogravimetric and differential scanning calorimetry analyses for 

evacuated MIL-101 (red) and Fc@MIL-101 (blue) after activated at 200°C 8h. 

 

Figure S9. PXRD for MIL-101 (red), Fc@MIL-101 (green) and Fc@MIL-101 (blue) 

activated at 200 C for 12 h. The temperature dependent diffraction patterns of Fc@MIL-

101 were fitted with Pawley Whole Pattern Decomposition model, which indicate that 

the cell parameters remains a good fit with pristine MIL-101 (unit cell dimension = 88.7 
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Vs 88.37 Å for MIL-101 and Fc@MIL-101) indicating no structural change upon Fc 

incorporation 
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Figure S10 Oxygen adsorption-desorption isotherms at 298K for Fc@MIL-101 (loading 

for 72h), activated at different temperature (open symbol-desorption, closed symbol: 

adsorption) 

 

 



S9 
 

0.0 0.2 0.4 0.6 0.8 1.0

0

4

8

12

 O2, MIL-101, 200oC
 O2, MIL-101, 250oC
 O2, MIL-101, 300oC
 O2, MIL101, 350oC

 

 
Vo

lu
m

e 
A

ds
or

be
d 

@
 S

TP
 (c

c 
g-1

)

Relative Pressure (P/P0)
Figure S11. Oxygen adsorption-desorption isotherms at 298K for pure MIL-101 

activated at 200 to 350°C (open symbol-desorption, closed symbol: adsorption) 
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Figure S12. Oxygen, Nitrogen, Carbon dioxide and argon adsorption at room 

temperature in composite-MIL-101 activated at 350° C. Similarly, water adsorption in 

MIL-101 and Fc@MIL-101 (activated at 150° C) at RT. 
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Figure S13. Schematic diagram of breakthrough analysis coupled with residual gas 
analyzer. 
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Figure S14. Comparison of experimental data on pure component loadings of O2N2, CO2 and Ar 
in composite-MIL-101 at 298 K with Dual Langmuir fits using the parameters specified in Table 
S2. 
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Figure S15. Adsorption – desorption cycles for O2 in composite MIL-101 at 298 K. 

 

 

Figure S16. Calculations using the Ideal Adsorbed Solution Theory (IAST) for the 

component loadings of O2, and N2 in composite MIL-101 at 298 K in equilibrium with 

21/79 O2/N2 mixtures at varying total gas phase pressures pt.   The dashed lines are the 

component loadings in MOF-74 Fe at 211 K. 
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Figure S17. Calculations using the Ideal Adsorbed Solution Theory (IAST) for O2/N2 
adsorption selectivity in composite MIL-101 at 298 K. The bulk gas phase contains 21/79 
O2/N2 mixtures at varying total gas phase pressures pt. The dashed lines are the 
component loadings in MOF-74 Fe at 211 K. 
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Figure S18. Schematic of a packed bed adsorber 

 

Figure S19. Transient O2/N2 breakthrough characteristics of fixed bed adsorber packed 
with composite MIL-101 and MOF-74 Fe operating at a total pressure of 100 kPa at 298 
K (211 K for MOF-74 Fe.  The partial pressures of the components in the bulk gas phase 
at the inlet are pO2= 21 kPa, pN2 = 79 kPa. Other parameter values are: L = 0.3 m; voidage 
of bed, � = 0.4; interstitial gas velocity, v= 0.1 m/s. 
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Figure S20. PXRD for composite-MIL-101 after 72 hours loading followed by activation 

at 350°C. 
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Figure S21. SEM images of composite-MIL-101 and the corresponding EDX mapping 

for C (green), O (yellow), Cr (red) and Fe (blue).  
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Figure S22. EDX data for MIL-101 (activated at 350°C) 

 
 

 
Figure S23 . EDX data for composite MIL-101  
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 Figure S24. The PDF data for Fc@MIL-101 as a function of temperature 
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Figure S25. The difference PDF data for Fc@MIL-101  
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Figure S26. X-ray Photoelectron Spectroscopy (XPS) for the composite-MIL-101 (before 
and after O2 adsorption) 

 

Figure S27. Mossbauer spectroscopy for composite MIL-101 
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Cycle study: Cycle study was performed activating the composite MIL-101 at 350 C 

after each adsorption cycle. The oxygen adsorption isotherm was collected at room 

temperature. 

 

Figure S28. The O2 adsorption-desorption cycle of composite MIL-101. After the first O2 

adsorption-desorption cycle the material was re-activated AT 150°C for 1 hour. 

Table S1 Pore parameters calculated according to the N2 adsorption isotherms at 77 K 
Samples Multiple BET 

Surface Area  
m²/g 

Langmuir Surface 
Area 
m²/g 

BJH Cumulative 
Adsorption Pore 

Volume cc/g 
MIL-101 3083 4809 1.61 
MIL-101-350 °C 658 846 0.325 
Fc@MIL-101-RT 847 1424 0.664 
Fc@MIL-101-200 °C 710 1160 0.501 
Fc@MIL-101-250 °C 438 697 0.317 
Fc@MIL-101-300 °C 273 441 0.264 
composite MIL-101 
(Fc@MIL-101-350 °C) 

264 424 0.271 
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Table S2. Dual-site Langmuir parameter fits for O2 and N2 in composite MIL-101.  The 

experimental isotherm data on excess loadings were converted to absolute loadings 

using the procedure described in detail in the Supporting Information accompanying 

the paper of Wu et al.[1]  For this purpose, the pore volume of composite MIL-101 was 

taken to be 0.25 cm3/g.   

 Site A Site B 
qA,sat 

mol kg-1 

bA0 
1Pa  

qB,sat 

mol kg-1 
bB0 

1Pa  
O2 1.7 

 
210-3 2 

 
210-6 

N2 0.45 210-6   
CO2 5 2.610-6   
Ar 1 1.210-6   

 

Table S3 Average Element ratio from EDX 
All results in atom% 

Samples C O Cr Fe Total 
MIL-101-200 °C 77.71 19.68 2.61 0 100 
MIL-101-350 °C 66.07 29.60 4.33 0 100 

Fc@MIL-101-200 °C 69.02 23.82 5.24 1.92 100 
Fc@MIL-101-300 °C 65.59 28.00 2.61 3.80 100 
Composite MIL-101 
(Fc@MIL-101-350 °C) 

68.82 24.51 2.66 4.01 100 

 
 
Table S4:  RT Modeled Mossbauer spectral parameters 
___________________________________________________________________________ 

Sextet <CS>1 <QS>2 σQSD3 area %4 
mm/sec mm/sec mm/sec 

___________________________________________________________________________ 
Ferrocene 0.44 2.38 0.09 100 

Composite MIL-101 
Ferrocene 0.42 2.12 0.3 6 
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Fe2+-HS a 1.02 1.77 0.55 75 
Fe2+-HS b 0.62 1.03 0.4 20 

Composite MIL-101 + O2 
Ferrocene 0.41 2.12 0.3 7 

"Maghemite" 0.37 1.06 0.45 93 
___________________________________________________________________________ 
1 center shift; 2quadrupole splitting; 3QS standard deviation; 4relative spectral area 

Lorentzian half-width at half maximum is fixed at 0.097 mm/sec.  

Spectra were modeled using Voigt-based method of Rancout and Ping (1991) 

(Voigt-based methods for arbitrary-shape static hyperfine parameter distributions in  

Mossbauer Spectroscopy: Nuclear Instrumentation Methods in Physical Research B: 58, 85-97). 
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