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ABSTRACT: The high structural and compositional flexibility of metal−organic
frameworks (MOFs) shows their great potential for CO2 capture and utilization in
accordance with the environmental guidelines of low-carbon technology developments.
HKUST-1 as one of the most intensively studied representatives of MOFs for such
purposes excels because of its simplicity of production and high ability to tune its
intrinsic properties by various functionalization processes. In the present work,
ethylenediamine functionalization was performed for the first time in order to
thoroughly investigate the amine sorption sites’ impact on the CO2 capture performance
of HKUST-1. The placement of ethylenediamine moieties on Cu2+ free-metal sites has
been examined in detail and confirmed by using various spectroscopic techniques such as
Fourier transform infrared spectroscopy, electron paramagnetic resonance, Raman, and
Cu K-edge extended X-ray absorption fine structure/X-ray absorption near edge
structure. N2 and CO2 sorption tests have proven that the functionalization reduces both
the specific surface area and the CO2 sorption capacity, but on the other hand, it
increases the binding energy by 85% (from −20.3 kJ/mol to −36.8 kJ/mol) and CO2/N2 selectivity at 0.15/0.85 bar by 100% and
notably improves the kinetics of adsorption in comparison to the pristine HKUST-1 material.

■ INTRODUCTION

Postcombustion CO2 capture (PCC) is a well-established
method of carbon capture and storage (CCS) technology
enabling retrofitting at a point source and sustainability of the
combustion process. Typically, the flue gas is composed of 75%
N2, 15% CO2, 5% H2O, and a small amount of SOx and NOx.
The conventional PCC process based on chemisorption in
monoethanolamine solutions suffers drawbacks of a large
energy penalty for sorbent regeneration, thermal and oxidative
amine degradation, and corrosion issues.1−9 Therefore, the
alternative technology based on physisorption on solid
sorbents, which to a major extent surpasses the above-
mentioned drawbacks, has been intensively studied. Adsorb-
ents with efficient CO2 capture performances must possess
several desirable characteristics such as high adsorption
capacity at low partial pressure (p/po = 0.1−0.2), high
sorption selectivity and chemical resistivity over accompanying
components commonly present in postcombustion systems
(e.g., N2, H2O, SOx, and NOx), high rates of adsorption/
desorption kinetics, energy-efficient regeneration, structure
stability, and low production cost.3,5,10−13

Recently, several materials have been developed for CO2
capture, based on physisorption on solid adsorbents, e.g.,
porous organic polymers, covalent organic framework,
activated carbon, zeolites, and metal−organic framework
(MOFs).3,5,14 Because of their wide range of potential

applications, high working capacity, and tuneability of sorption
properties, MOFs are one of the most promising candidates for
CO2 capture.

4,8−11,14,15 Targeted properties of MOFs can be
optimized either by rational design using appropriate starting
precursors or postsynthetically by the chemical introduction of
functional groups on metal centers or ligands.4,11,16−18 In that
manner, numerous approaches have been used to tune the
guest−host interactions for CO2 molecules for example by
inclusion of amine, halide, or hydroxyl groups.19−21 The
proven technology of amine scrubbing in the gas−liquid
interface could potentially be transferred to gas−solid
adsorbents. It has been demonstrated that the incorporation
of nitrogen-based groups at active metal sites presents a simple
method for improving the capture and separation capabilities
of porous solids at ambient conditions, in particular, selectivity
for CO2.
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Ethylenediamine (ED), as a low molecular weight molecule
with a relatively small kinetic diameter containing terminal
amino groups, which can interact with open metal sites or CO2
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molecules, was used as a functionalizing agent in several
studies.15,19,23−26 Long and co-workers have described that the
incorporation of ED molecules to Cu-BTTri open metal sites
exhibits a higher uptake of CO2 at low pressures and a clear
enhancement of isosteric heat of adsorption in comparison to
the parent material.22 Postsynthetic functionalization of MOF-
74 with ED can efficiently improve adsorption capacity,
regeneration, and binding energies for CO2 and other small gas
molecules, e.g., CO, CO2, SO2, C2H4, NO, as well.

19,24 Hong
and co-workers functionalized Mg2(dondc) with different types
of N-based molecules and showed that the CO2 adsorption
mechanism on functional groups is based on the combination
of physisorption and chemisorption. The basicity of the free
amine groups grafted onto the open metal sites contributes to
the CO2 uptake and most important to a better separation of
CO2 from N2 than in pristine material.26 Hu and co-workers
confirmed that also the weight of alkylamine, the free space in
MOF pores (accessibility of alkylamine), and the number and
type of amine group synergistically affect the final performance
of CO2 adsorption.

23

Among many MOF representatives, HKUST-1 (Cu(II)
benzene-1,3,5-tricarboxylate) is still considered to be one of
the most promising adsorbents for CO2 capture due to its high
surface area, simple and low-cost synthesis, and high density of
active metal sites, which can be effectively functionalized
postsynthetically.5 Various molecular species were already used
for incorporation within the HKUST-1 structure in order to
improve different CO2 capture performance parameters, for
instance, incorporation of CuCl to enhance CO/H2 and CO/
N2 separation,

27 modification with pyrazine to improve CO2/
CH4 selectivity,28 with N,N-dimethylformamide29 and poly-
ethylenimine to enhance CO2 adsorption

30 and separation31 or
with tetraethylenepentamine for CO2 adsorption under
postcombustion conditions.32 However, the modification of
HKUST-1 with ethylenediamine to improve the CO2 capture
performance of HKUST-1 adsorbent has never been studied
yet.
Herein, we present postsynthesis incorporation and detailed

structural evaluation of ethylenediamine within the HKUST-1
framework for the first time. Optimization of framework-to-
CO2 binding energies, CO2/N2 capture selectivity, and
adsorption kinetics was achieved by the incorporation of
different ethylenediamine loadings.

■ EXPERIMENTAL SECTION
Materials. Copper(II) nitrate trihydrate (Fluka 99.9%), 1,3,5-

benzene tricarboxylic acid (Sigma-Aldrich, 95%), N,N-dimethylfor-
mamide (Sigma-Aldrich, 99.9.%), methanol (Honeywell, 99.9%),
toluene (Honeywell, 99.9%), ethanol (Merck, 99.9%), ethylenedi-
amine (Sigma-Aldrich; 99%), carbon dioxide (Messer, 99.999%), and
nitrogen (Messer, 99.999%) were used as purchased without further
purification.
Synthesis. HKUST-1 was synthesized according to the procedure

reported by Yang et al.33 Typically, 2.0 g of copper(II) nitrate
trihydrate was dissolved in 15 mL of dionized water. To this solution,
1.0 g of 1,3,5-benzenetricarboxylic acid dissolved in a mixture of 15
mL of ethanol (EtOH) and 15 mL of N,N dimethylformamide
(DMF) was slowly added during continuous stirring. The reaction
mixture was then transferred into a Teflon-lined stainless steel
autoclave and heated at 100 °C for 12 h. After cooling to ambient
temperature, blue crystals of HKUST-1 were filtered and washed with
DMF twice. To extract solvent molecules from the pores, HKUST-1
was immersed in 15 mL of methanol (MeOH), which was decanted
and replaced with fresh solvent every 3 h over the next 2 days. The

final product was then separated by filtration and dried under a
vacuum at 25 °C for 2 h and at 60 °C for 8 h.

Postsynthetic Functionalization. Before the framework func-
tionalization, HKUST-1 was degassed under a vacuum at 150 °C for
16 h, to remove solvent molecules, thus making Cu2+ Lewis acid
centers directly accessible for the binding of amino moieties.

Functionalization with ethylenediamine (ED) was performed using
three different Cu/ED molar ratios −0.07, 0.14, and 0.3, respectively,
which were chosen according to the calculated occupancy of Cu2+

metal centers with amine molecules. At the molar ratio of 0.07, one
ED molecule theoretically occupies every 14th Cu2+ center, at 0.14 at
every seventh, and at the molar ratio of 0.3, one ED molecule is
occupies 1/3 of the Cu2+ center.

For functionalization, 5 μL, 10 μL, or 20 μL of ED were dissolved
in 50 mL of toluene. Suspensions were added to 0.20 g of activated
HKUST-1 and stirred for 4 h under reflux at 50 °C. The
functionalized product was decanted and dried at room temperature
overnight. In further text, modified materials were denoted as
HKUST-1−5ED, HKUST-1−10ED, and HKUST-1−20ED corre-
sponding to Cu/ED ratios of 0.07, 0.14, and 0.30 respectively.

Methods. Powder XRD data of as-synthesized and all function-
alized materials were collected on a PANalytical X’Pert PRO
diffractometer using CuKα radiation (λ = 1.5418 Å) at room
temperature in an angular range of 5−50° (2θ) with a step size of
0.034° per 100 s using a fully opened 100 channel X’Celerator
detector. The information about thermal stability of investigated
samples was obtained by thermogravimetric measurements performed
on a TA Instruments Q5000. The measurements were carried out in
an airflow of 20 mL/min, by heating samples from 25 to 500 °C at a
rate of 2 °C min−1.

The Cu2+ concentration within the ethylenediamine-containing
solution after the modification process was determined by inductive-
coupled plasma atomic emission spectrometry on an Atom Scan 25
(Thermo Jarrell Ash) ICP-AES spectrometer.

N2 sorption isotherms were measured at −196 °C on
Quantachrome AUTOSORB iQ3. Before the measurement, samples
were activated under a vacuum at 150 °C for 16 h. Brunauer−
Emmett−Teller (BET) specific surface area calculations were
performed in p/po relative pressure range between 1 × 10−6 and
0.12 selected according to Roquerol plots. Morphological properties
of the materials were examined using Zeiss FEG SEM SUPRA 35 VP.

Fourier Transform Infrared (FTIR) spectra were recorded on a
PerkinElmer Spectrum Two FT-IR spectrometer. The spectra were
acquired on the powder samples with KBr addition and plotted in the
4000−400 wavenumber region.

Raman measurements have been acquired with a Bruker Senterra
μ-Raman spectrometer, using a laser diode working at λ = 532 nm, a
resolution of 9−15 cm−1 and the power of the laser set at 0.2 mW.
During the measurements, the samples were kept in the air on a
laboratory slide. The spectra were normalized by the intensity of the
peak at 1006 cm−1. Electron paramagnetic resonance (EPR)
measurements were performed using a Bruker EMX micro-
spectrometer working at a frequency of about 9.5 GHz (X-band) at
temperatures of 77 and 300 K. The spectra were acquired using a
Dewar flask containing the EPR glass tube with the sample. Only for
measurements at 77 K, the Dewar flask was filled with liquid nitrogen.
The spectra reported were normalized for experimental parameters
and the mass of the samples. X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectra at Cu K-edge (8979 eV) were measured on activated
HKUST-1 and all functionalized materials in transmission detection
mode at the XAFS beamline of the ELETTRA synchrotron radiation
facility in Trieste, Italy. A Si(111) double crystal monochromator was
used with an energy resolution of about 1 eV at 9 keV. Higher
harmonics were eliminated by detuning of the second monochroma-
tor crystal to 60% of the maximum in the rocking curve. The intensity
of the monochromatic X-ray beam was measured by three consecutive
30 cm long ionization chambers filled with optimal gas mixtures for
the Cu K-edge energy range: 1250 mbar N2, 750 mbar He (first); 250
mbar Ar, 1000 mbar N2 750 mbar He (second); 1000 mbar N2, 300
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mbar He, 700 mbar Ar (third). The samples were prepared in the
form of homogeneous pellets, pressed from micronized powder mixed
with micronized BN, with a total absorption thickness of about 2
above the Cu K-edge, and inserted in the monochromatic beam
between first two ionization detectors. The exact energy calibration
was established with simultaneous absorption measurement on a 7
μm thick Cu metal foil, placed between the second and the third
ionization chamber. Absolute energy reproducibility of the measured
spectra was ±0.03 eV. The absorption spectra were measured in the
energy region from −150 eV to +1100 eV relative to the Cu K-edge.
Equidistant energy steps of 0.3 eV were used in the XANES region,
while for the EXAFS region equidistant k steps of 0.03 Å−1 were
adopted, with an integration time of 2 s/step. The quantitative
analysis of XANES and EXAFS spectra is performed with the Demeter
(IFEFFIT) program package,34 in combination with the FEFF6
program code35 for ab initio calculation of photoelectron scattering
paths.
The X-ray photoelectron spectroscopy (XPS) analyses were carried

out on the TFA XPS spectrometer produced by Physical Electronics,
USA. The analyzed area was 0.4 mm in diameter, and the analyzed
depth was about 3−5 nm. Sample surfaces were excited by X-ray
radiation from a monochromatic Al source at a photon energy of
1486.6 eV. During data processing, the spectra from the surface were
aligned by setting the C 1s peak at 284.8 eV, characteristic for C−C
bonds. The accuracy of binding energies was about ±0.3 eV.
Quantification of surface composition was performed from XPS peak
intensities taking into account relative sensitivity factors provided by
the instrument manufacturer.36 Two different XPS measurements
were performed on each sample, and the average composition was
calculated.
CO2 sorption capacities and kinetic measurements were monitored

on a manometric gas analysis system HTP-IMI Hiden Isochema Inc.
Before the measurement, the samples were outgassed at 150 °C for 12
h. Isosteric heats of adsorption calculations were based on sorption
isotherms measured up to 1 bar at 20, 25, and 30 °C, fitted with the
Toth isotherm model and using the Clausius−Clapeyron equa-
tion.37,38 The CO2/N2 adsorption IAST selectivity was calculated
using the Langmuir adsorption model at different partial pressures of
CO2.

39

■ RESULTS AND DISCUSSION

Structure Evaluation. The efficiency of the ED incorpo-
ration within the HKUST-1 framework and effect on its
structural properties were thoroughly investigated by different
techniques. First comparison of powder X-ray diffraction
(PXRD) patterns shown in Figure 1 indicates that after the ED
modification HKUST-1 framework is preserved without any

significant change of its crystallinity. Furthermore, only a slight
decrease of the unit cell volumes of all modified structures in
comparison with the pristine structure is expected due to the
rigidity of the Cu-BTC framework (for approximately 0.1%,
see Table 1 in Supporting Information). However, more
detailed observations of the characteristic HKUST-1 reflec-
tions show a broadening and decrease of the intensities that are
both consistently pronounced with the increase of the
incorporated ED. This is the indication that the overall
structural disorder is increasing with the added amount of ED.
The comparison of the measured peak shape and intensities is
used as an example on the (222) reflection shown in Figure S1.
Additional information about the materials’ content and

their thermal behavior can be provided by thermogravimetric
analysis (Figure 2). Nonmodified HKUST-1 show two well-

separated weight losses attributed to the solvent and metal-
coordinated water removal up to 150 °C followed by the
framework decomposition in the narrow temperature range
starting at approximately 300 °C. Between these processes,
there is no other weight loss visible. Modified materials, on the
other hand, show an additional weight loss between 180 and
260 °C becoming increasingly pronounced with the amount
added due to the removal of additional organic moieties, which
are apparently present within the modified materials. This
process is more clearly visible on differential plots shown in the
inset of Figure 2. From the weight losses in this specific
temperature range, the amounts of incorporated ethylenedi-
amine can be estimated to be 1.8, 2.6, and 3.1 wt % resulting in
Cu/ED ratios of 0.06, 0.09, and 0.10 for HKUST-1−5ED,
HKUST-1−10ED, and HKUST-1−20ED, respectively. These
results imply that efficiency of ED loading is the highest for
HKUST-1−5ED containing approximately 85% of the loaded
amine. The incorporation efficiency gradually decreases with
the loading, so the HKUST-1−10ED contains around 60% and
HKUST-1−20ED only about 30% of the added ethylenedi-
amine.
The effect of ED modification on HKUST-1 textural

properties was evaluated by N2 sorption isothermal measure-
ments. Figure 3a shows a comparison of N2 sorption isotherms
of pristine HKUST-1 with the modified materials performed at
77 K, Figure 3b corresponding NLDFT pore size distribution

Figure 1. Powder XRD patterns of pristine HKUST-1 (a), HKUST-
1−5ED (b), HKUST-1−10ED (c) and HKUST-1−20ED (d).

Figure 2. Thermogravimetric curves of pristine and modified
HKUST-1 materials. Inset shows derivative gravimetric plots in the
selected temperature range indicated by dashed square.
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in micropore region, whereas selected textural property
parameters deduced from isothermal data are collected in
Table 1. Pure HKUST-1 shows a typical type-I isotherm
revealing its microporous nature with the BET surface area of
1409 m2/g, which is consistent with the literature data.4

Modification with the smallest amount of ED (HKUST-1−
5ED) already significantly decreases the specific surface area to
881 m2/g, which further decreases with the increased amount
of the added ED and contributes to the pore narrowing as well.
Modified materials also show a slight increase in N2 uptake at

relative pressures close to p/po = 1, and the hysteresis of the
desorption branch becomes increasingly pronounced with the
increased amount of added ED. The increasing contribution of
mesopores is evident from the pore volume calculations (Table
1). Mesopore volume values are calculated as the difference
between total and micropore volumes, which are determined
from the single point value at p/po = 0.99 and t-plot analysis,
respectively. Mesopore/micropore volume ratios informatively
show that pristine HKUST-1 possess a negligible amount of
mesopores, whereas in the case of HKUST-1−20ED the

Figure 3. (a) N2 isotherms of pristine and modified HKUST-1 materials measured at 77 K; (b) NLDFT pore size distributions of pristine and
modified HKUST-1 materials.

Table 1. Textural Parameters of HKUST-1 samples

sample SBET
a (m2/g) Vt

b (cm3/g) Vmic
c (cm3/g) Vmes

d (cm3/g) Vmes/Vmic de (nm)

HKUST-1 1409 0.593 0.563 0.030 0.05 1.09
HKUST-1−5ED 881 0.398 0.349 0.049 0.14 1.05
HKUST-1−10ED 838 0.344 0.331 0.063 0.19 1.04
HKUST-1−20ED 762 0.421 0.328 0.092 0.28 1.04

aSpecific surface area was determined from BET analysis. Selected region of relative pressures for BET calculations was based on Roquerol plots.
bTotal pore volume selected from a single adsorption point at p/po = 0.99. cMicropore volume calculated from t-plots. dMesopore volume defined
as a difference between Vt and Vmic.

eAverage micropore diameter determined from NLDFT pore size distribution profiles.

Figure 4. (a) FTIR spectra of pristine as-synthesized and modified HKUST-1 materials; (b) FTIR spectra zoomed in the selected region of
wavenumbers. Dashed lines indicate bands corresponding to C−H and N−H bond vibrations respectively.
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contribution of mesopores represents almost 30% of the total
pore volume. The trend of increasing N2 uptake close to p/po =
1 also implies that cavities within the HKUST-1 crystallites
caused by ED modification process can reach the dimensions
in the macropore region as well. The occurrence of indicated
macro-/mesoporosity was additionally explored by SEM
observations (Figure S2), showing that the shape of the
crystallites is indeed changing significantly with the ED
addition. The highest amount of added ethylenediamine
causes the formation of additional openings within the crystals
with the size up to 1 μm and thus establishes hierarchical
structures expanded over the micro-, meso-, and macropore
range.
The ED modification process apparently causes etching of

the crystal surface most likely as a consequence of the
HKUST-1 being exposed to basic solution causing partial
dissolution of the MOF framework. This was also confirmed
by the detection of Cu2+ cations within the ED-containing
solution after the modification process. For the case of
HKUST-1−20ED with the highest amount of ethylenediamine
in the solution, 1.3 wt % of Cu2+ was leached out of the
framework as determined by ICP-OES. A substantial amount
of meso- and macropores within the crystal establish the
micro-meso-macropore system, which can be on the other
hand beneficial for the diffusion and kinetics of CO2
adsorption.40

The above-described characterization methods provided
information on overall changes of framework structure and
porosity properties after the modification process. To get more
detailed insights into the location of ED within the HKUST-1
framework and its effect on the local environment of metal
centers, several spectroscopic techniques were employed
further on. FT-IR spectra of the pristine and modified
HKUST-1 materials are shown oin Figure 4a. Most distinctive
changes in IR spectra features of pristine and modified
materials, however, can be deduced in the wavenumber range
around 3000 cm−1 (Figure 4b). In the spectra of all ED-
modified HKUST-1, materials bands at 2979 and 2897 cm−1

are visible and can be assigned to C−H bond stretching of the
aliphatic CH2 group. These bands are less apparent on the
spectrum of pure HKUST-1. Instead, it shows more intensive
band at 1930 cm−1, which most likely corresponds to aliphatic
C−H bands originated from the DMF molecules occurring
within the HKUST-1 pores as a solvent. Spectra of the
modified materials exhibit several additional bands at 3163 and
3245 cm−1 attributed to N−H stretching vibrations and at
1012 cm−1 attributed to C−N vibrations, with their intensities
being consistently increasing with the increasing loading of ED
within the MOF matrix. The described bands in the 3100−
3400 cm−1 region resonate at significantly lower wavenumbers
as in the case of free ED with typical vibrations at 3245 and
3380 cm−1,41 which can be also indicated in the spectra of the
modified materials mainly as shoulders. High vibrational shift
toward higher energies suggests that ED moieties are mainly
bonded to free metal sites via NH2 groups, whereas shoulders
at lower energies imply the presence of free ethylenediamine
within the pores as well.
Figure 5 shows Raman spectra of the ED-modified HKUST-

1 materials compared to the pristine MOF. The spectrum of
pristine HKUST-1 shows its characteristic bands, well-
established in the literature.42−45 Among the spectra of the
pristine and modified materials, some relevant differences are
recognizable. First of all, at the highest concentration of ED

(HKUST-1−20ED), new vibrational modes between the
bands at 1544 and 1616 cm−1 have weakly emerged.
Furthermore, as the ED concentration increases, there is a
significant increase in the ratios between the 1006 cm−1 band
and those peaked at lower wavenumbers. Since the bands
involved in such changes arise from the Cu−O vibrational
modes of the paddlewheels and of the C−H groups of the
benzene rings,42,46−48 Raman measurements suggest significant
changes involving both the paddlewheel units and the organic
scaffold, indicating that the introduction of the ED can
produce measurable modifications of the main proprieties of
the crystal.
Figure 6 shows the EPR spectra of pristine HKUST-1 and of

the samples treated with ED acquired at 300 K (a) and 77 K
(b). The EPR spectrum of pristine HKUST-1 obtained at 300
K shows its characteristic large and unresolved signal arising
from the antiferromagnetic coupling established by the Cu2+

pairs of the paddle wheels.42,47−49 Also at 77 K, the spectrum
of HKUST-1 is comparable to those shown in the literature,
showing signals at about 12 and 480 mT due to coupled Cu2+

pairs and another signal at about 330 mT arising from the Cu2+

extra-framework synthesis defects.42,46−48 The introduction of
the ED induces considerable changes in the EPR spectra. In
fact, at both temperatures, as the ED concentration increases,
the growth of a considerably strong signal is observed at the
center of the spectrum, with a very similar line shapes. These
features may reasonably indicate that, as a consequence of the
presence of ED, a part of the paddle wheels loses the
antiferromagnetic coupling of the two Cu2+ ions, and, as a
consequence, they act as noninteracting spins. Anyway, the
presence of the resonances at 12 and 480 mT proves that there
still are large parts of the material with undamaged paddle
wheels. In summary, the EPR data suggest that the
introduction of ED within HKUST-1 induces a relevant
reduction of the symmetry of the material, which significantly
affects its magnetic properties. Such an effect gradually
increases on increasing the content of ED.
Cu K-edge XANES analysis is used to reveal differences in

the chemical state and local symmetry of Cu cations in the
activated HKUST-1 and the samples after the functionaliza-
tion. Normalized Cu K-edge XANES spectra of the samples,
together with the spectra of corresponding Cu reference

Figure 5. Comparison of Raman spectra of pristine HKUST-1 with
the ED-modified materials.
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compounds, are shown on Figure 7a. The energy position of
Cu K-edge is the same in all samples and coincides with the

edge position of Cu2+ reference compounds, confirming that all
Cu2+ cations in the samples are in divalent form, as expected
for crystal structure of HKUST-1.44 The comparison of the Cu
K-edge profiles of the HKUST-1 samples clearly indicates
small differences in the local symmetry of Cu2+ cations
between the activated HKUST-1 sample compared to the ED
functionalized HKUST-1 samples, while all three function-
alized samples HKUST-1−5ED, HKUST-1−10ED, and
HKUST-1−20ED exhibit an identical edge profile. The pre-
edge shoulder at 8986 eV, characteristic for HKUST-1, that
can be attributed to the 1s to 4p dipole excitation,44 is more
pronounced in the case of functionalized samples.
The structural change on the Cu site can be attributed to the

coordination of the amino group of the ED to the Cu2+ cations
in the HKUST-1 framework during the ED functionalization.
The structural change does not depend on the ED loading. To

identify the nature of the structural differences, we used Cu K-
edge EXAFS analysis. Cu K-edge EXAFS analysis is used to
probe the average local structure around Cu cations in the
activated HKUST-1 and all functionalized materials. In Fourier
transform magnitude of the EXAFS spectra (Figure 7b), the
contributions of photoelectron scattering on the nearest shells
of neighbors around the Cu atoms are observed. Qualitative
comparisons of the EXAFS spectra show a small difference in
the average Cu neighborhoods between the pristine HKUST-1
and functionalized samples. The EXAFS spectra of all three
functionalized samples (HKUST-1−5ED, HKUST-1−10ED
and HKUST-1−20ED) are identical, indicating that there are
no structural differences between the samples with different
ED loadings. The comparison of EXAFS spectra is consistent
with XANES results.
Structural parameters of the average local Cu neighborhood

(type and average number of neighbors, the radii and Debye−
Waller factor of neighbor shells) are quantitatively resolved
from the EXAFS spectra by comparing the measured EXAFS
signal with a model signal, constructed ab initio with the
FEFF6 program code.35 The FEFF model is based on the
structure of the hydrated [Cu2C4O8](H2O)2 paddlewheel
cluster determined by XRD on the crystal structure of
HKUST-1.44 Cu2+ cations in the cluster form dimers, where
each Cu atom is coordinated by four oxygens at 1.96 Å, and by
one water molecule at 2.19 Å in the nearest coordination shell.
The Cu−Cu distance in the dimer is 2.64 Å. In next
coordination shell, each Cu is coordinated to four carbon
neighbors at 2.88 Å and four oxygen neighbors at 3.05 Å,
belonging to the four carboxyl groups of the benzene-1,3,5-
tricarboxylate ligand, connecting the Cu dimer cluster. The
FEFF model comprised five single scattering and all significant
multiple scattering paths up to 3.9 Å with 14 variable
parameters: coordination shell distance (Δr) and the
Debye−Waller factors of all single scattering paths, a separate
Debye−Waller factor for multiple scattering paths, and the
amplitude reduction factor S0

2 and the shift of energy origin of
the photoelectron ΔEo, common to all scattering paths. The
shell coordination numbers were fixed to the crystallographic
values, except the coordination number of the O or N neighbor
at 2.19 Å is varied, to detect the presence of coordinated water
molecule in the activated HKUST-1 or nitrogen from
coordinated amino group of the ED. The atomic species of
neighbors are identified in the fit by their specific scattering
factor and phase shift. However, it should be pointed out that
with EXAFS analysis it is not possible to distinguish between O

Figure 6. EPR spectra of HKUST-1 powders with different concentrations of ED at (a) 300 K and (b) 77 K.

Figure 7. (a) Cu K-edge XANES spectra measured on the activated
HKUST-1 sample and the functionalized HKUST-1−5ED, HKUST-
1−10ED, and HKUST-1−20ED. XANES spectra of reference Cu(I)
and Cu(II) compounds (Cu2O, CuO, Cu hydroxide (Cu(OH)2, and
Cu acetate) are plotted for comparison. Vertical dashed line is plotted
at the position of the Cu 1s-4p pre-edge absorption feature (8986 eV)
in HKUST-1 samples. (b) Fourier transform magnitude of k3-
weighted Cu EXAFS spectra of the activated HKUST-1 sample and
HKUST-1−5ED, HKUST-1−10ED and HKUST-1−20ED, calcu-
lated in the k range of 3−16 Å−1 and R range of 1−3 Å. Experiment −
(solid line); model -- (dashed line). Spectra are shifted vertically for
clarity.
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and N as neighbors due to the close similarity of their
scattering factor and phase shifts.
To detect small structural differences in the local Cu

neighborhood between the samples, indicated also by XANES
analysis, and to minimize the uncertainties of fitting parameters
because of correlations between them in the fit of individual
spectra, a parallel fit of the spectra was performed, in which the
variable parameters for all spectra were constrained to
common values, except the coordination number of O or N
neighbors at 2.2 Å is varied for each sample separately. In this

way, very good and stable EXAFS fits (Figure 7b) are obtained
in the R-range of 1.0−3.2 Å and in the k range of 3−16 Å−1.
Best fit parameters are listed in Table 2.
The quantitative EXAFS results confirm the observations

obtained by qualitative comparison of Cu XANES and EXAFS
spectra. The average local structure around Cu2+ cations is the
same for all three functionalized samples (HKUST-1−5ED,
HKUST-1−10ED and HKUST-1−20ED), independent of the
Cu/ED molar ratios, and slightly different from the spectrum
of the activated HKUST-1. In all samples, we found that Cu2+

Table 2. Parameters of the Nearest Coordination Shells around Cu Cations in the Activated HKUST-1 and All Modified
Materials: Average Number of Neighbor Atoms (N), Distance (R), and Debye-Waller Factor (σ2)a

N R [Å] σ2 [Å2] ΔEo/R-factor

Cu
neigh. HKUST-1

HKUST-1
−5,10,20ED HKUST-1

HKUST-1−
5,10,20ED HKUST-1

HKUST-1−
5,10,20ED HKUST-1

HKUST-1
−5,10,20ED

O 4 4 1.963(2) 1.963(1) 0.006(1) 0.006(1) 1 ± 1 eV 0.007 3 ± 1 eV 0.005
N 0.3(1) 2.20(2) 0.006(1)
Cu 1 1 2.64(1) 2.64(1) 0.008(1) 0.008(1)
C 4 4 2.85(1) 2.85(1) 0.006(1) 0.006(1)
O 4 4 3.10(5) 3.10(5) 0.03(1) 0.03(1)

aUncertainty of the last digit is given in parentheses. A best fit is obtained with the amplitude reduction factor S0
2 = 0.95 ± 0.04. The shift of the

energy origin ΔEo and R-factor (quality of fit parameter), are listed in the last column.

Figure 8. XPS spectra of (a) N1s and (b) Cu2p regions.

Figure 9. (a) CO2 isotherms of pristine and modified HKUST-1 materials measured at 25 °C. Closed symbols depict adsorption points, whereas
open symbols represent desorption points. (b) Isosteric heat of adsorption of pristine and modified HKUST-1 materials based on Clausius-
Clayperon calculations.
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cations are bound in Cu dimer cluster characteristic for
HKUST-1.44 All structural parameters of the Cu dimer cluster
(interatomic distances, coordination numbers, and Debye−
Waller factors) agree with previous observations.44 The only
structural difference between pristine and functionalized
samples is the coordination of nitrogen neighbor at 2.20 Å.
In all three samples, we found that on average 0.3 ± 0.2 Cu2+

cations are coordinated to nitrogen neighbors at 2.20 Å, while
in the as-synthesized material this Cu coordination site is
empty.
The Cu−N bond in all functionalized samples can be

ascribed to the amino group of the ED coordinated to the
HKUST-1 framework. The results show that amount of
directly coordinated ED to HKUST-1 framework is not
increasing with the increasing loading of ED. The saturated
coordination of ED to the framework is reached already at the
lowest loading at the Cu/ED molar ratios of 0.07. The
remaining Cu sites in the activated framework are not
accessible for ED molecules.
In order to gain additional clarification about the nature of

ED bonding to Cu2+ centers of HKUST-1 framework, XPS
measurements on the investigated samples were performed as
well. Figure 8a shows XPS survey spectra in N 1s region where
the peak is absent for the parent HKUST-1, whereas its
intensity is increasing with the increased loading of ethyl-
enediamine. Figure 8b presents XPS spectra in Cu binding
energies region showing Cu2p1/2 and Cu2p3/2 peaks with
corresponding plasmons. Parent HKUST-1 shows an intense
Cu2p3/2 peak at a binding energy of 934.2 eV and shakeup
satellites centered at approximately 940 and 943 eV, indicating
an intrinsic Cu(II) state of metal cations within the
structure.50−53 The spectra of modified samples do not show
any significant shifts of the binding energies, which implies that
the oxidation state of Cu remains unchanged during the ED-
modification process.
CO2 Capture Performances. The effect of ED mod-

ification of HKUST-1 on CO2 capture parameters relevant for
postcombustion CO2 was investigated. Low pressure CO2
isotherms measured at 25 °C are represented in Figure 9a.
Pure HKUST-1 exhibits the expected uptake value of 4.1
mmol/g up to 1 bar.3 Modification with even the smallest
amount of ED (HKUST-1−5ED) already decreases the CO2
uptake 40% (2.4 mmol/g), but further deterioration is much
less pronounced as the loading of ED increases. For the
HKUST-1−20ED sample, the CO2 uptake settles at 2.1 mmol/
g. A similar trend was observed for the specific surface area
values deduced from N2 sorption isotherms, indicating that the
CO2 equilibrium capacity is mainly governed by the porosity

or the available micropore volume within the HKUST-1
framework. The modification with the lowest amount of ED
(HKUST-1−5ED) on the other hand has a significant positive
effect on the isosteric heat of adsorption at low surface
coverages as can be observed in Figure 9b. At zero coverage,
the enthalpy of HKUST-1−5ED is enhanced from −20.3 kJ/
mol to −33.4 kJ/mol with respect to pure HKUST-1. Zero
coverage framework-to-CO2 interaction continues to decrease
up to −36.8 kJ/mol for HKUST-1−10ED due to the growing
amount of available amine sorption sites within the MOF
framework. Further loading of ED eventually inhibits the CO2
binding energy as can be seen for the case of HKUST-1−
20ED. At higher concentrations, ED does not only occupy free
metal sites, but apparently, it may also be subjected to at least
partial multilayer adsorption, thus blocking part of the amine
sorption sites.
The ability of the modified HKUST-1 materials to

selectively adsorb CO2 from various compositions of CO2/
N2 binary gas mixture was investigated further. Figure 10a
shows single CO2 and N2 isothermal data from which CO2/N2
selectivity was determined using the IAST theory shown on
Figure 10b. The trend of the separation ability with the
increasing amount of incorporated ED follows the changes in
isosteric heat of adsorption. At a CO2/N2 composition of 0.15/
0.85, which is relevant for the postcombustion capture process,
the selectivity is almost doubled for HKUST-1−5ED with
respect to pristine HKUST-1, and it is further slightly
improved for HKUST-1−10ED. The sample with the highest
amount of ED (HKUST-1−20ED) on the other hand exhibits
a notable deterioration of the separation ability. The tendency
to adsorb CO2 over the N2 is greatly enhanced when a lower
amount of amine sorption sites are employed within the
HKUST-1 framework. With further loading of ED, the
adsorption of N2 becomes more competitive most likely due
to the multilayer adsorption of ethylenediamine and gradual
blocking of Lewis basic sites, which also affects the CO2-to-
framework binding energy as discussed above.
Beside the adsorption capacity and separation ability, the

rapid adsorption rate is another important parameter in order
to evaluate the adsorbent for real-condition capture process
applications. Figure 10c shows the kinetics of CO2 adsorption
for HKUST-1 material compared to ED-modified analogues,
performed with loading from a vacuum to 1 bar at 25 °C. The
adsorption process is evidently faster for the modified
materials, and its rate is increasing with the increasing amount
of ED within the HKUST-1 framework. Adsorption kinetics is
most likely related to the hierarchical porosity, which becomes
increasingly emphasized with the amount of added ED as

Figure 10. (a) Isotherms measured at 25 °C up to 1 bar for CO2 (circles), N2 (triangles), (b) IAST CO2/N2 selectivity as a function of CO2 partial
pressure and (c) adsorption kinetics of CO2 dosing to 1 bar at 25 °C of pristine and modified HKUST-1 materials.
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already discussed earlier in the text. Mesoporosity generated by
etching of framework structure by ED enables better
accessibility and faster diffusion of CO2 toward sorption sites.

■ CONCLUSIONS
HKUST-1 was structurally modified by the generation of
additional amine-based sorption sites in order to investigate
the impact of the modification process on CO2 capture
performances. The nature of ethylenediamine moiety binding
on coordinatively unsaturated metal sites of HKUST-1
framework was evaluated by using different complementary
spectroscopic techniques which strongly indicate high impact
on the local structure environment even at lowest loadings of
ED.
Even though the CO2 equilibrium sorption capacity notably

deteriorates after modification, the enthalpy of adsorption and
CO2/N2 selectivity both are improved for almost 85% in the
case of HKUST-1−10ED in comparison to pristine HKUST-1.
Higher amounts of ED, on the other hand, have a negative
effect on both parameters most likely due to the successive
multilayer adsorption of ED within the HKUST-1 micropores
partially blocking generated sorption sites. Modification of the
HKUST-1 framework with ED causes partial degradation of
crystalline framework forming microporous/mesoporous sys-
tem which notably enhances the adsorption kinetics of CO2
due to the easier diffusion through the adsorbent.
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