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Potassium Nickel hexacyanoferrate Prussian Blue Analogues (K-NiFe-PBAs) offer an excellent platform for effi-
cient CO, capture due to their porous nature and accessible channels. Herein, the effect of Ni:K atomic ratio on
the structure and the CO storage capacity was studied by employing K-NiFe-PBAs with Ni:K ratio of ca. 2.5 and
12. The porosity and the isosteric heat of CO, adsorption can be modulated and optimized by varying the Ni:K
atomic ratio in the PB framework and thus, covering the thermodynamic criterion for easy COxcapture and
release with acceptable energy costs. The synthesized K-NiFe-PBAs containing only trace amounts of K ions
(with Ni:K = 12) shows an adsorption capacity (~3.0 mmol g’1 CO; at 273 K and 100 kPa) comparable to other
well established CO2 adsorbents. In situ FTIR spectroscopy was further employed to elucidate the host-guest
interaction chemistry and the dynamics of K-NiFe-PBAs within CO5 and H,0. The analysis enabled, to the best of
our knowledge, is the first FTIR spectroscopic observation of the high sensitivity of the material to structural
distortions induced by small changes under water vapor pressure. It was found that HyO hardly affects CO4

adsorption and the materials are perspective for CO, capture in the presence of water.

1. Introduction

The steady increasing levels of anthropogenic emissions of carbon
dioxide (CO2) into the atmosphere are one of the most significant envi-
ronmental problems for our society. CO; is the most critical greenhouse
gas affecting climate change [1-3] and also represents an essential future
carbon feedstock. Thus, the control of CO, amount is considered a
challenging research topic. Many governments are establishing joint ef-
forts [4,5] to encourage the development of new technologies for more
efficient CO; capture.

Current CO, capture technologies comprise the use of porous solid-
—state materials that have exceptionally high chemical stability, increased
CO-, adsorption capabilities, and fast sorption kinetics to desorb CO5 under
mild conditions. In this context, various porous materials with appropriate
structural and chemical properties including zeolites [6-8], carbon [9-11],

* Corresponding author.

silica-based materials [12-14], and metal organic frameworks (MOFs)
[15-24] have been widely investigated for CO; capture.

Prussian blue (PB) is a simple coordination polymer. The iron metal
centers in the PB framework can be replaced by various metal ions to form
Prussian blue analogues (PBAs). This opens up large possibilities for
adjusting their properties. PBAs represent a large family of materials with
a general formula AgM(3y) [M’(CN)6]2~nH20(A =Li, K, Na, Cs, Rb; M =
Crot, M2t Fe? /3, Co? /3 Ni2t, Cu?t, Zn2", and M = Fe2+/3+, Co?*/
3*, Cr3+, Mn2+). In a three-dimensional (3D) face-centered cubic PB
network, the metal ions are connected through cyanide bridging ligands
to afford a structure with cavities filled with zeolitic water molecules and
alkali cations. These materials recently have drawn growing attention due
to their superior performance in various applications [25,26], in alkaline
ion batteries [27,28], multivalent ion batteries [29], hydrogen storage
[27,30,31], optics [32], magnets [33,34], and electrocatalysis [35-38].
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In particular, PB and PBAs have shown great potential as efficient
adsorbents for CO; capture [39-41] due to relatively low regeneration
energies, efficient physical adsorption profile, and low—cost precursors.
However, a very limited number of articles were published on COy
adsorption and separation application that utilizes PBAs. There exist
only several reports [39,40,42-46], which mostly focus on the perfor-
mance aspect rather than providing a detailed spectroscopic account on
the nature of the surface species and elucidation of the particular
function of various structural components on the CO; adsorption
mechanism. The high CO5 adsorption capacity of PBAs has mainly been
associated with their high surface area and uniform porosity, which
provide easy access to the active sites.

Furthermore, PBAs are highly sensitive to small structural distortions
induced by external (mechanical) [47,48] or internal (chemical) pressure
[49-51]. Thus, the structure of particular PBAs may undergo specific
structural rearrangements, which involve alterations in the geometry of
the framework through bending of the M'—C=N—M coordination modes
and/or tilting of the [M(CN)¢] units around their crystallographic posi-
tions. Based on this, many of the unusual and intriguing properties of
these materials were explained considering the slight structural distor-
tions. Therefore, many efforts [47,49,52-54] have been devoted to their
experimental detection and quantification. A direct evidence of such
small structural distortions is, however, a challenging task, especially
when the materials exhibit an intrinsic degree of disorder due to the
presence of a variable amount of [M(CN)e] entities, alkali cations, and
water molecules.

In this work, the effect of nickel and potassium content on the
structure and the CO, adsorption properties of KNi hexacyanoferrate
PBAs (K-NiFe-PBAs) was studied by employing samples with different Ni:
K atomic ratios of ca. 2.5 and 12, respectively. The samples were syn-
thesized with substantially different porosity and composition containing
high- or trace amounts of potassium, as a consequence of charge balance.
To study their application as functional materials for efficient CO2 cap-
ture, we performed a series of measurements and analysis of the
adsorption isotherms, the CO, storage capacity and the isosteric heat of
CO; adsorption.

The samples were also studied by using a series of complementary
characterization experiments including specific surface area, pore vol-
ume, pore size distribution, X-ray diffraction (XRD), thermogravimetric
and differential thermal (TG-DTA) analysis, Mossbauer spectroscopy,
and energy dispersion X-ray spectroscopy in conjunction with scanning
electron microscopy (EDX-SEM) to establish a structure & adsorption
relationship.

Finally, in situ FTIR spectroscopy was employed to elucidate the
host-guest interaction chemistry and dynamics of K-NiFe-PBAs with
CO4 and H50. The study enabled, to the best of our knowledge, is the
first FTIR spectroscopic observation of the high sensitivity of the ma-
terial to structural distortions induced by small changes under water
vapor pressure. Moreover, a drastic effect of potassium on the adsorp-
tion properties was established.

2. Experimental
2.1. Synthesis

Two KNi-hexacyanoferrates PBAs with a general formula of KyNiy[Fe
(CN)gl2 nH0 were synthesized via a co-precipitation method. K3[Fe
(CN)e] and Ni(NO3)2.6H20 precursors used in the synthesis were pur-
chased from Sigma Aldrich and were of analytical grade purity. In the
synthetic protocol, 3 mmol of K3[Fe(CN)g] were first dissolved in 50 mL
deionized water at room temperature. Then, an aqueous solution of Ni
(NO3)2.6H20 (2 or 3 mmol in 50 mL water) were added drop-wise to the
above solution. The obtained slurry was stirred continuously for 1 h and
left to stand overnight. The resulting precipitates were separated from the
mother liquor through centrifugation with filtration and subsequently
washed several times with deionized water, and finally dried at 343 K
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overnight. This method was employed to obtain two compounds with a
different Ni:Fe molar ratios of ca. 1:1 and 3:2, respectively. As a conse-
quence, the synthesized K-NiFe-PBAs samples were obtained with a
substantially different Ni:K atomic ratios of ca. 2.5 and 12, and a
composition containing high- or trace amounts of potassium (Table 1).
For brevity, they are denoted in the text as K-rich-NiFe-PBA and K-trace-
NiFe-PBA.

2.2. Characterization techniques

2.2.1. Chemical and structural characterization

The elemental composition of the synthesized K-NiFe-PBAs and
their molar metal stoichiometry were determined by energy dispersion
X-ray spectroscopy in conjunction with scanning electron microscopy
(FEI-Quanta 200 FEG ESEM). The EDX data were collected using an
electron acceleration voltage of 15 kV and a working distance of 10
mm.

The XRD patterns were obtained with a Rigaku diffractometer,
equipped with a Miniflex goniometer and an X-ray source with Cu Ka
radiation, at A = 1.5418 A, 45 kV, and 40 mA. Diffraction patterns of the
samples were recorded in 26 range between 5 and 80° with a step size of
0.04° s~ The patterns were assigned using Joint Committee on Powder
Diffraction Standards (JCPDS) cards supplied by the International
Centre for Diffraction Database (ICDD). The average particle size (D,y)
was determined using the Scherer equation of the three most intensive
diffraction signals.

The powder samples were degassed at 363 K for 24 h prior to Ny
adsorption—desorption isotherms with a Quantachrome Autosorb
IQ-C-MP-AG-AG (USA) analyzer. The analysis was performed using ni-
trogen adsorption data within the relative equilibrium pressure interval of
0.00-1.00 P/Py. The Brunauer-Emmett-Teller (BET) specific surface
areas (SgeT, m?> g’l) were calculated using the BET method, while the total
pore volume (Vp, em® g’l) was estimated in accordance with the Gurvich
rule at a relative pressure ~0.99. The micropore volume (V;, cm® g’l),
the specific surface area of the micropores (Sp;, m? g_l) and the external
specific surface area (Sex, m? g~ ) were evaluated by the V-t-method
[55]. The accuracy of the measurements was established using the t-plots,
presented in Fig. S1, Supplementary Information. Additionally, the pore size
distribution by the Barrett-Joyner-Halenda method and the micropore
distribution by the Dubinin-Astakhov method were estimated.

The thermal stability and dehydration temperature of the synthe-
sized materials were studied via thermogravimetric and differential
thermal analysis by using a Setaram Labsysis Evo 1600 instrument. The
temperature-dependent changes in the heat flow (HF, mW) in parallel
with the TG curves were reordered from the start of the heating at room
temperature to 773 K with a rate of 10 K min! under an N, flow of 20
mL min .

Mossbauer spectroscopic measurements were performed at room
temperature with an electromechanical spectrometer (Wissenschaftliche
Elektronik GMBN, Germany) working in a constant acceleration mode
and using a %’ Co/Rh source. Calibration spectra were recorded by using a
standard a-Fe. WinNormos for Igor Pro software for the quantitative
evaluation of the spectral parameters (least-squares fitting to Lorentzian
peaks) is used. All spectra were fitted using an iterative least squares
minimization algorithm and Lorentzian line shapes to obtain the pa-
rameters of the hyperfine interaction: isomer shift (IS, mm s‘l);
quadruple splitting (QS, mm s, full width at half maximum (FWHM
mm s 1) and relative weight of the partial components (G, %). The fitting
procedure was considered as optimal, in case when there is a high
convergence between the experimental and theoretical (simulated)
spectra (sum of Lorentz lines) at an optimal confidence interval.

2.2.2. Volumetric and breakthrough CO» adsorption studies

The CO; adsorption isotherms were recorded at two different tem-
peratures, 273 K and 286 K, using a static volumetric Quantachrome
NOVA 1200e (USA) analyzer. Prior to the measurements, the samples
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Table 1
Chemical composition and main textural characteristics of the K-NiFe-PBAs samples.
. - Ni/K Sper** Smi** Sext™™ Vo Vi Day***
1 hy 1 * P
Samples Chemical composition ratio mlg ! m g m2 g1 o’ g ! on g1 m
K-rich-NiFe-PBA K1.041yNi2 4s[Fe"yFe" 1 (CN)6]» (] nH,0 2.5 72 14 58 0.14 0.01 22.3
K-trace-NiFe-PBA Ko.24+yNiy gg[Fe' Fe''; ((CN)g]> (] nH,0 12 110 10 100 0.31 0.01 17.6

* Metal molar ratio determined via EDS-SEM; the [] symbol represents the [Fe(CN)e]~ vacancies, generated together with the interstitial cations to produce charge

balance in the framework. The presence of Fe'!

and Fe' ions and their ratio was determined by Mossbauer spectroscopy.

" Sprr— Specific surface area; Sp,; — Surface area of the micropore structure; Sey; — External surface area; V;, — Total pore volume; Vy,; — Pore volume of the micropores,

determined from the N5 adsorption isotherms.

""" Average particle size (D,,) determined by XRD using the Scherer equation of the three most intense diffraction signals.

were degassed at 363 K under vacuum for 24 h. After that, the samples
were exposed to CO, at different temperatures within the relative
equilibrium pressure interval of 0.00-1.00 P/Py (0-100 kPa).

The isosteric heat of CO, adsorption (Qg, kJ mol!) was calculated
using the Clausius-Clapeyron Eq. (1):

() = — (= — ) €))

where T is the temperature, R, the universal gas constant and P, the
pressure.

The experimental set—up used for the breakthrough analysis of CO;
adsorption under dynamic conditions comprises a vertical quartz tube
reactor mounted in an electric furnace, part of the assembly of CATLAB
(Hiden Analytical) instrument. Prior to each measurement, the samples
(approximately 0.1 g of powder sample) were first degassed under a flow
of Ar at 363 K for 24 h. Then, the temperature was decreased to the
lowest possible at 313 K and the samples were exposed to 15 % COz/Ar
for 20 min. In all experiments, the total gas flow rate was held constant
at 20 mL min~!. The inlet gas composition was controlled by using a
system of individual mass flow controllers (Bronkhorst Hi-Tech) and the
effluent from the outlet gas was monitored and analyzed on-line using a
Hiden HPR 20 quadrupole mass spectrometer (MS) equipped with a
heated capillary probe connected directly to the exit of the reactor. The
breakthrough analysis (the first evidence of CO in the outlet gas) was
performed by recording the MS signals with mass to charge ratio (m/e)
equal to 18, 28, and 44 in pressure vs. time mode. The total CO; stored
(mmol g!) during the adsorption was calculated by using Eq. (2):

[COzuas] = (COin)ta — (CO20u)ta ()]

(COy,in)ty is the total integrated CO, concentration at the reactor inlet
during the adsorption period (Cy, mmol g’l), (CO,,0ut)ty is the total
integrated CO; concentration at the reactor outlet during the adsorption
period (C, mmol g ) and ty is the length of the adsorption period (min)
until the saturation point when the system reaches a steady-state level.

2.2.3. Insitu FTIR spectroscopic adsorption studies

The FTIR spectroscopic measurements were carried out in transmission
mode using Nicolet Avatar 6700 FTIR spectrometer equipped with a
Hg-Cd-Te (MCT) detector. The experiments were performed in a batch-
type IR cell equipped with optically polished CaF, windows allowing data
acquisition at low (100 K) or ambient temperatures. The cell was directly
connected to a vacuum-adsorption apparatus with a residual pressure
lower than 4 x 10~ kPa. For the FTIR experiments, samples spread onto
KBr pellets (ca.10 mg cm™2) were used. They were prepared by pressing
the sample powders onto the KBr pellet at a pressure of ~0.5 Tonn cm ™2,
applied for 1-2 min. Then, the pellets were placed inside the IR cell using a
custom-made mobile sample holder allowing insertion of the sample in the
middle of the heated zone of the IR cell. Thus, the spectra were registered
in-situ after each thermal treatment of the sample at different temperatures
and atmospheres. Each FTIR spectrum was acquired within the 4000-800

em ™! spectral region by accumulating 64 scans at a spectral resolution of 2
em ™. The background and gas phase corrections were performed using
the OMNIC software.

The samples were analyzed in non-activated (as-prepared), activated
(dehydrated) and hydrated (pre-adsorbed with 0.5 kPa HyO and then
evacuated at RT) forms. The activation was performed by heating the
pellets at 363 K under vacuum for 1 h to a residual pressure of ~ 4 x
1077 kPa. The FTIR investigations were performed after adsorption of
CO,, and/or HyO-vapor on the samples at RT. Carbon dioxide (CO,
99.998 % purity) was supplied by Messer. FTIR of low-temperature (100
K) '3co (ISOTEC, >99.9 % purity) and 13cl8o (Cambridge Isotope Lab.,
Inc., >99.9 % purity) adsorption were also performed. Prior each
experiment, carbon monoxide was purified by passing through a liquid
nitrogen trap.

3. Results and discussion
3.1. Preliminary structural and textural characterization

3.1.1. Chemical composition and structural analysis via EDX-SEM and
XRD

The synthesis method, described in the experimental section, is
commonly employed to prepare PBAs [39,56,57] with controlled com-
positions and morphologies. This can also be confirmed in the current
study where the final composition of both prepared materials is almost
identical to that pre-set in the synthesis with a Ni:Fe molar ratio, ranging
from ~1:1 to ~3:2. As a consequence of charge balance, the synthesized
K-NiFe-PBAs samples were obtained with a substantially different Ni:K
atomic ratios of ca. 2.5 and 12, respectively, and composition containing
rich- or trace amounts of potassium while the (4K + Ni):Fe ratio was kept
constant. The different stoichiometry between the samples was firstly
evident from the color change from dark green to light brown with
increasing the Ni:K ratio and thus, lowering K—content (x = 1.04 —0.24)
(Table 1) on the basis of charge-balance. Table 1 shows the chemical
composition, which is estimated based on EDX-SEM analysis (Figs. S2
and S3, Supplementary Information). In addition, the Table presents the
main textural parameters determined based on the measurements of Ny
adsorption at 77 K.

The crystalline structures of the obtained solid powdered materials
were determined by X-ray diffraction. The XRD patterns of both K-NiFe-
PBAs samples shown in Fig. S4 (a and b, Supplementary Information),
exhibit strongly pronounced diffraction peaks characteristic of a cubic
crystal structure of Fm3m symmetry [58-60], which is typical of PBAs.
The high intensity of the diffraction peaks and the absence of any
baseline drift reveal the high crystallinity of the samples with only minor
impurities, if any. A more detailed analysis of the XRD data shows,
however, that although no shift is observed, the primary diffraction
signal (200) is considerably broadened and appeared with reduced in-
tensity in the pattern of K-trace-NiFe-PBA compared to K-rich-NiFe-PBA
(Fig. S4(B)). Similar changes in the FWHM were also registered for the
other intense reflections (220, 400, and 420), suggesting the generation
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of materials with different crystallinity due to the different Ni:K ratios.
The three most intense diffraction signals were used to determine the
average particle size (D,y, nm) using the Scherrer equation. The results
presented in Table 1 confirm that the particle size decreases from 22.3
nm to 17.6 nm once Ni:K ratio increased.

3.1.2. N, adsorption and desorption studies

Ny adsorption/desorption isotherms reveal that K-trace-NiFe-PBA
exhibits a porous structure with a much more developed external
specific surface area (~100 m? g’l) and a total pore volume (~ 0.31
em® g 1) as compared to K-rich-NiFe-PBA (Sext ~ 58 m? g™! and Vp~
0.14 cm® g) (Table 1). The adsorption profiles of both samples
transform from a type I isotherm to a type IV one at p/pg ~ 0.5, which
is typical of materials [61] with a mixed micro- and mesoporous
structure (Fig. 1). The adsorption initially proceeds slowly at low
relative pressures (p/po < 0.5) to form a type I isotherm where the
micropore filling occurs. In the intermediate region, p/pg ~ 0.5 -0.95,
the adsorption and desorption branches do not coincide and transform
to a type IV isotherm with a wide H1-shaped hysteresis. The existence
of hysteresis is typical of mesoporous adsorbents where phase changes
such as a pore condensation and/or a multilayer adsorption occur. It is
visible in Fig. 1A (isotherm b) that the total amount of N3 adsorbed on
K-trace-NiFe-PBA is at least two times larger than that on K-trace--
NiFe-PBA (isotherm a). Particularly for K-rich-NiFe-PBA, the values
are considerably reduced in the whole range of relative pressures,
which could be attributed to the presence of larger cavities and thus, a
more accessible and opened pore structure in K-trace-NiFe-PBA
compared to K-rich-NiFe-PBA. Pore size distribution profiles presented
in Fig. 1B also support this thesis. The three-modal shape of the pore

200

A —/— (@) K-rich-NiFe-PBA 1
v
ﬁ 1601 —W— (B) K-trace-NiFe-PBA v7
& / ®
220 10} Type IV isotherms
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~ —>
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g 801 v/ {Z;ﬁ;é’éﬁ
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Fig. 1. Panel A. Experimental isotherms of adsorption and desorption of N, at
77 K and Panel B. Pore size distribution — meso- and micropores (inset): (a) K-
rich-NiFe-PBA and (b) K-trace-NiFe-PBA.
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size distribution of both samples with characteristic features indicates
the presence of both micro- and meso-pores.

K-trace-NiFe-PBA framework mainly consists of mesoporous chan-
nels with larger dimensions (peak with maxima observed at ~9.6 nm,
profile b) compared to K-rich-NiFe-PBA (peaks at ~3.8 and ~5.6 nm,
profile a). These results clearly show that the porosity of the cyanide
KNiFe-PBAs framework correlates with the concentration of alkali K™
ions and it can readily be adjusted by varying the Ni:K atomic ratio.
Thus, in the case of K-rich-NiFe-PBA, the higher alkali content dictates
the formation a fully occupied cubic framework enclosing much smaller
cavities. In contrast, with the K-trace-NiFe-PBA the alkali ions occu-
pancy is much lower and this creates larger cavities in the framework.

The cage-like structure of both K-NiFe-PBAs systems is composed of
cavities between the contiguous nanoparticles, thus forming a system of
mesoporous channels with a diameter which varies between 3.8 and 9.6
nm. The narrow porous volume distribution of about 1.6 nm in the pore
size is attributed [62,63] to the nanoparticles that exhibit certain micro-
porosity. The porous nature of the materials can be explained with the
presence of vacancies in the cubic crystal structure - gaps in the lattice that
correspond to missing hexacyanoferrate [Fe(CN)g] 3~ jons which form
pores in the framework. This is consistent with many fundamental studies
[64,65] where it is shown that the actual PBAs crystal structures contain
vacancies corresponding to absent hexacyanometallate [M'(CN)g] 3-/4-
units. Their concentration and networking ordering control the porosity
and the pathways through which the PBAs are able to reversibly transport
ions or small molecules [64]. Thus, the differences in the surface area and
pore volume of the samples is likely due to a combination of different
factors including the concentration of the vacancies, the amounts of po-
tassium ions inserted into the structure, interparticle spacing and internal
voids. This could be an indication that in the case of K-trace-NiFe-PBA
which has a more developed mesoporous structure the number of the va-
cancies generated in the absence of any significant amounts of interstitial
K" cations is considerably higher compared to that of K-rich-NiFe-PBA.

3.2. Thermal stability and degree of hydration determined via
thermogravimetric analysis

The thermal stability and dehydration temperature of the compounds
were determined via TG-DTA analysis. The temperature-dependent
changes in the heat flow (HF, mW) in parallel with the TG curves are
presented in Fig. S5(A) and S5(B) (Supplementary Information), respectively.

The analysis reveals that the profiles of both samples follow similar
trends in the evolution of the HF and the weight-loss, which occur in
three steps. Similar to the thermal behavior of many other PBAs reported
in the literature [66], the first two steps take place almost simulta-
neously and they correspond to the release of the crystal water in the
cavities of the framework and the water molecules coordinated to un-
saturated metal sites. In parallel with the TG curves, the changes in the
HF were registered in the whole range of temperatures (308-723 K) as
endothermic signals with a maximum at ~400 K with a shoulder at
~363 K caused by the heat consumed during the water desorption
process. The sample weight loss corresponding to the second step for
both samples was found to be ~16.7 % for K-rich-NiFe-PBA and ~18.3
% for K-trace-NiFe-PBA.

The third final stage above 450 K is attributed to the gradual endo-
thermic decomposition and destruction of the cyanide framework. It
should be noted that the maximum temperature required for water
removal is almost the same for both samples. The changes in the HF
were, however, found to be strongly affected by the water content. The
HF signal intensity increases notably during the endothermic process of
dehydration of K-trace-NiFe-PBA compared to that of K-rich-NiFe-PBA
(Fig. S5). This trend indicates that the water content increases as the Ni/
K atomic ratio increases, as expected. It should be noted that the alkali
metal ions, which reside in the tetrahedral holes of the cubic unit cell,
limit the accessibility of the microchannels for water molecules.
Therefore, the higher number of water molecules in K-trace-NiFe-PBA
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can also be attributed to the lower number of potassium content (x =
0.24) compared to K-rich-NiFe-PBA (x = 1.04).

3.3. Mossbauer spectroscopic analysis of iron in hydrated NiFe-PBAs

Local electronic state of iron (i.e., the oxidation and the spin state of
the Fe ions) in K-NiFe-PBAs was further elucidated with Mossbauer
spectroscopy. The spectra reordered at room temperature for both
samples in hydrated (non-activated) forms are presented in Fig. 2. The
main spectral parameters are determined using an iterative least squares
minimization algorithm and Lorentzian line shapes (Table 2).

The applied spectral fitting clearly reveals a combination of two
components in both compounds: a quadrupole doublet (denoted in blue
as Db1l) and a singlet (in red, S2), indicating that both frameworks
exhibit mixed—valence Fe(III)/Fe(II) structure. The values of the isomer
shift and the quadrupole splitting of the doublets for both samples
(Table 2) are typical of the hexacyanoferrate(Ill) anion [67,68] in a
Prussian blue structure and refer to the presence of Fe(III) ions in their
low-spin states (&3 ¢-The singlet-line component with its parameters of
the hyperfine interaction also reveals the presence of Fe(II) ions [58,66,
68] in their low-spin states (i3 ¢ due to strongly electron donating cy-
anide ligands.

It can also be seen that the spectra of the quadrupole doublet are
dominant for both samples, which indicates that both compounds
contain mostly low—spin Fe(III) ions with small amounts of low-spin Fe
(ID) ions. Furthermore, the experimentally obtained spectrum of K-rich-
NiFe-PBA (Fig. 2A) has a more asymmetric shape compared to that of K-
trace-NiFe-PBA (Fig. 2B) since the higher—energy component of the
doublet (Db1) is more intense than the lower—energy one. The intensity
of the singlet-line component (areas under the S2 spectrum line) in-
creases compared to the doublet one. In contrast to the K-rich-NiFe-PBA,
the doublet spectrum of K-trace-NiFe-PBA becomes more symmetrical
and its intensity increases compared to the singlet one. This change in
the symmetry of the Mossbauer spectra indicates that the quadrupole
doublet of Fe(Ill) is dominant in both samples and the samples are
characterized by a different Fe(III)/Fe(Il) ratio. As presented in Table 2,
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Fig. 2. Experimentally obtained and simulated (theoretically calculated)
Mossbauer spectra of the samples in hydrated (non-activated) form: Panel A. K-
rich-NiFe-PBA; Panel B. K-trace-NiFe-PBA.

Table 2
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Main spectral parameters (least-squares fitting to Lorentzian peaks) determined
from the Mossbauer spectra reordered at room temperature for K-NiFe-PBAs in

hydrated form.

Samples Components 15 Qs FWHM G
P P mms~! mms~! mms~! %
o Dbl - Fe(IlD) ~0.21 0.39 0.37 76
Kerich-NiFe-PBA S2- Fe(Il) 0.12 0.00 0.37 24
) Dbl - Fe(IlD) ~0.17 0.45 0.30 84
KtraceNiFePBA o) peqn) —0.08 0.00 0.96 16

the analysis of the relative weight of the partial components (G, %)
shows that ~24 % of the total iron into the K-rich-NiFe-PBA structure
was in the Fe(II) state while it is ~16 % for K-trace-NiFe-PBA.

3.4. CO2 adsorption behaviour

The CO, adsorption isotherms of K-NiFe-PBAs were recorded at two
different temperatures (273 K and 286 K) to evaluate the CO, storage
capacity and the isosteric heat of CO, adsorption (Qs, kJ mol ™). The
results from the measurements are presented in Fig. 3A while the surface
coverage-dependent changes in the enthalpy upon the adsorption are
shown in Fig. 3B. In addition, the breakthrough curves of 15 % CO; in
the feed gas obtained at 313 K under dynamic conditions are displayed
in Fig. 3C.

As observed from Fig. 3A, both isotherms of K-trace-NiFe-PBA are
characterized by a steeper rise compared to those of K-rich-NiFe-PBA
and the amount of CO, adsorbed is significantly higher in the whole
range of pressures for the adsorbent with the trace amounts of potas-
sium. Furthermore, none of the measured isotherms of K-trace-NiFe-PBA
reach a plateau of steady-state, which indicates that a maximum satu-
ration is not achieved yet and the mesopores are not completely filled at
these conditions. Thus, the CO5 adsorbed amount could be enhanced
further at pressures higher than 100 kPa. A remarkable uptake of ~2.6
mmol g CO, is obtained for K-trace-NiFe-PBA, which is comparable to
other well established CO, adsorbents, e.g., zeolite 13X (~4.5 mmol g'l)
[69], activated carbon (AC) (~2.9 mmol g’l) [70], and different MOFs
(MIL-101 ~3.6 mmol g"!; MOF-5 ~2.1 mmol g!; ZIF ~3.5 mmol g ™)
[16,71,72], all are measured at ambient temperatures and 100 kPa. A
more systemized information about the CO, storage capacity, the nature
of the adsorption sites and their distribution on the MOF-based materials
can be seen into several recently published review papers [17,73].

Since the adsorption capacity decreases with increasing the temper-
ature, the sorption process is an exothermic and mostly controlled by
physisorption. However, the effect is more discernible for K-rich-NiFe-
PBA while K-trace-NiFe-PBA is characterized with no significant changes
in the adsorption capacity at 273 and 287 K (Fig. 3A). This profile is in
good agreement with the porous nature of the studied samples since K-
trace-NiFe-PBA has a more developed mesoporous structure, which re-
sults in stronger attractive electrostatic interactions between the CO,
molecules adsorbed inside the larger channels.

The proposed explanation for the enhanced adsorption in K-trace-
NiFe-PBA is also in a reasonably good agreement with the data presented
in Fig. 3B, which displays the surface coverage-dependent changes in
the COy adsorption enthalpy. The heat released during the storage
process for K-rich-NiFe-PBA is considerably higher compared to that of
K-trace-NiFe-PBA, indicating that the thermodynamic characteristic of
the interaction of the adsorbents with CO4 can be modulated and opti-
mized via increasing the Ni:K ratio. At low CO; coverages, the Qg values
of K-rich-NiFe-PBA and K-trace-NiFe-PBA were estimated at the same
amount of CO, adsorbed (~ 0.32 mmol g’l) to be 56.2 and 23.8 kJ
mol}, respectively.

This remarkable difference can be rationalized assuming the exis-
tence of a fraction of very energetic sites for CO5 adsorption on K-rich-
NiFe-PBA. Evidently, this phenomenon should be associated with the
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Fig. 3. Panel A. Adsorption isotherms of CO, at 273 K and 286 K within the relative pressure interval of 0-100 kPa; Inset: Zoom showing the isotherms at pressure up
to 25 kPa. Panel B. Isosteric heat of CO, adsorption of K-NiFe-PBAs samples, activated at 363 K for 24 h; Panel C. Breakthrough curves of 15 % CO, in feed gas
obtained at 313 K under dynamic conditions; (Co, C, mmol g'1 are the CO, concentrations at the reactor inlet/outlet).

higher content of potassium. The observation is also discussed below,
and here we note that it was recently reported [74] that K" cations
effectively embedded in the porous MOFs can act synergistically to
generate highly specific binding sites for trapping CO5 and can enhance
the selective sorption and isosteric heat. Fig. 3B also shows that with
both samples the isosteric heat of adsorption gradually diminishes with
the surface coverage increase. This indicates that the heterogeneity of
both surfaces affords a multilayer CO, adsorption process and thus, a
gradual decrease in the interaction between the adsorbate CO, mole-
cules and the surface. The Qg values for K-trace-NiFe-PBA were esti-
mated to be of only around 2-3 kJ mol™, which reveals that at high
coverages the CO, adsorption occurs mostly physically and the material
can easy capture and release CO, with acceptable energy costs.

The results were also in good agreement with the data presented in
Fig. 3C, which displays the CO5 uptake behavior under dynamic con-
ditions at 313 K. In these experiments, the breakthrough profile of K-

rich-NiFe-PBA is detected almost immediately when the exposure is
initiated while that of K-trace-NiFe-PBA is delayed. Particularly, K-trace-
NiFe-PBA reaches a full saturation of ~ 0.7 mmol g CO, within ~ 2
min, which is about two times higher than the adsorption capacity of K-
rich-NiFe-PBA (~0.38 mmol g’1 CO»). This is consistent with the pres-
ence of a greater concentration of framework vacancies within the K-
trace-NiFe-PBA compared to K-rich-NiFe-PBA. Thus, the enhanced CO4
capture indicates that the cavity size within the mesoporous structure
and the surface area play important roles in the adsorption efficiency of
Prussian blue systems.

3.5. In situ FTIR spectroscopic adsorption studies
Further insight regarding the nature of the surface species and the

host—guest interaction chemistry and dynamics of K-NiFe-PBAs with
CO2 and H20 was obtained via in-situ adsorption FTIR analysis.
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3.5.1. FTIR spectra of the as-prepared and dehydrated K-NiFe-PBAs

The FTIR spectra of the as-prepared (non-activated) K-NiFe-PBAs
samples (a, ¢) and those evacuated at 363 K (b, d) are presented in Fig. 4.
For convenience, the insets of the Figure show the spectra (b, d) in the
v(0O—H) (left) and v(C=N) (right) stretching regions.

The spectra (a and c) of both as-prepared K-NiFe-PBAs materials reveal
similar IR features consistent with earlier reports [58,60,66,75-81]. The
non-activated samples (exposed to air) contain a distinct band at ca. 3645
em™! and a broad feature extended from 3800 to 3200 cm ™! and centered
around 3400 cm ™. All these bands are attributed to the OH stretching
modes of water molecules on the surface of PB particles. The sharper band
at around 3645 cm ™ corresponds to isolated OH groups attached to PB
structures or water molecules having an isolated OH moiety. The broad
band is due to H-bonded OH groups from adsorbed water and probably
H-bonded OH groups. Two IR bands at ca.1610 cm™! and 1654 cm™!
correspond the §(H—O—H) bending modes, which indicates the presence
of two types of adsorbed water molecules: i) water in the cavities and ii)
coordinated water molecules to complete the coordination sphere of the
unsaturated nickel or iron ions. An additional feature at ca. 1415 cm™! is
also registered, which suggests the presence of small amounts of nitrates
[82] coordinated to the alkali ions originating from the preparation
technique. The higher intensity of the band in the spectrum (a) is consis-
tent with the higher potassium content.

Additional information can be obtained by the analysis of the ¥(CN)
stretching region since the CN stretching modes are sensitive to the
coordination and the oxidation state of the metal ion [83]. The [Fe
(CN)6]3’ ion in an aqueous solution shows v(CN) modes at 2080 em L.
In particular, for K-NiFe PBAs, the Fe(II)-CN—Ni(II) coordination
mode exhibits a CN stretch at 2165 em ™!, while it is at 2095-2085 cm ™!
for Fe(II)-CN-—Ni(II) [58,60,66,78-81]. The difference is due to the
enhanced o-donating and reduced n—accepting ability of cyanide to-
wards Fe(III) ions compared to Fe(II) ones.

Analysis of the spectra of our samples indicates that both samples
contain two prominent bands in the cyanide region, with maxima located
at 2163 and 20972089 cm! (Fig. 4, spectra a,c). These bands are
unambiguously associated with Fe(III)—CN—Ni(II) and Fe(II)-~CN—Ni(II)
moieties, respectively (see also Fig. S6, Supplementary Information). Thus,
the IR spectra demonstrated that the samples contain both Fe(III) and Fe
(ID) species, which is consistent with the Mossbauer spectroscopic data.
Moreover, the relative intensity of the lower—frequency band associated
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with Fe(II) is higher with the sample having a higher fraction of Fe(Il),
according to the Mossbauer results. Note, however, that the extinction
coefficient of the bands at 2097-2089 cm™! is expected to be higher
compared to the Fe(III)-related bands, due to enhanced back n-donation.
Therefore, the high intensity of the bands at 2097-2089 cm™! cannot be
related to a higher concentration of Fe(Il) than of Fe(IIl) cations.

A careful inspection of the spectra reveals additional features. A
shoulder at 2052 cm ! is well discernible with K-rich-NiFe-PBA while a
shoulder at a lower frequency and with a lower intensity is detected
with K-trace-NiFe-PBA at around 2033 cm . The features are assigned
to the presence of terminal cyanide Fe(II)—~C=N- ligands as the dif-
ference in the intensities is consistent with the stoichiometry of the
samples having different Fe(II)/Fe(II) ratio. In addition, there is a weak
band at 1945 cm™! which is assigned to NO coordinated to the iron
species [84] and resulting from CN oxidation. This indicates that the
synthesized K-NiFe-PBA compounds containing ferrous complexes may
undergo partial oxidation when exposed in air.

Once samples are dehydrated, the v(OH) band at 3643 cm ! and the
broad signal at ca. 3408 cm ™! disappears and new small features at
3685, 3657, and 3628 em! developed instead (see the inset on the left).
Since the modes at 3685 and 3657 cm ™! blue-shift when H-bonding is
almost eliminated they could be attributed to the v(OH) stretching vi-
brations of isolated OH groups that are coordinated to Ni(II) sites. The
water molecules and the residual nitrates are easily removed from K-
trace-NiFe-PBA. The bands at 1608, 1654, 1412, and 1323 cm™! in
spectrum (d) almost entirely vanished after evacuation while the bands
in the spectrum (b) of K-rich-NiFe-PBA remained almost unaffected
probably due to diffusion limitations within the narrow pores.

Importantly, the prominent bands at ca. 2163 and 2097 cm™! are
slightly affected by water. As observed from the inset on right of Fig. 4,
evacuation leads to broadening and a blue shift of the bands. The effect is
more discernible with K-trace-NiFe-PBA (spectra c and d), where water
molecules in the structure are almost completely removed. The sensi-
tivity of the v(C=N) stretching modes of K-trace-NiFe-PBA to the coor-
dination mode suggests that the structure may undergo rearrangements
and alterations in the geometry of the framework upon dehydration.
Different PBAs have been reported to be sensitive to small structural
distortions induced by external (mechanical) [47,48,52] or internal
(chemical) pressure [49-51,54]. A combination of different techniques
was used to understand and explain this behavior while the host-guest
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Fig. 4. FTIR background spectra of the as-prepared (non-activated) K-NiFe-PBAs samples (a, ¢) and those activated after evacuation at 363 K for 1 h (b, d). The insets
of the figure show the spectra in the v(O—H) (left) and V(C=N) (right) stretching region.
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interaction chemistry and dynamics of K-NiFe-PBAs within H,0 and CO,
have not been addressed previously. Thus, further information was ob-
tained using in-situ adsorption FTIR analysis.

To summarize the data, the structure of both as-synthesized K-
NiFe-PBAs, of nominal composition KXH,NiH[FeHyFeIHl_y(CN)6] O
n-HyO can be described including Ni(NC)¢ and M(CN)g entities
(M=Fe'", Fel") that are linked by sharing of cyanide bridging groups
and forming a three-dimensional cubic framework of linearly
repeating —NC—M—CN—Ni—NC units. In addition, the presence of
terminal cyanide Fe(I)-C=N- ligands, the number of which in-
creases with the Fe''/Fe!!! ratio, is also possible. They can be randomly
distributed through the surface in vicinity to K ions where small
fraction of Fe(III) ions can be reduced to Fe(II). This is consistent with
other reports in the literature [85] where it is shown that in contrast to
the bulk PBAs, the molecular PBAs may contain both bridged and
terminal cyanide groups. In the later case, the nitrogen atoms of the
terminal cyanide ligands can be utilized as a Lewis base or a hydrogen
bond acceptor site to extend the structure. Thus, their presence is
usually an indication that the PBAs are sensitive and response to
chemical stimuli and extensions of the molecular structure. They are
typically orientated in a trans position in respect to the plane of metal
atoms.

Both K-NiFe-PBAs systems contain a small fraction of Fe(II) ions
which concentrations vary depending on the potassium and Ni content.
This was unambiguously proven by the Mossbauer data and showed
that the reduction of some Fe(III) ions occurs (probably by CN species
or autoreduction) in order to achieve a stable structure. It can be
explained considering the reactions that may occur during the co-
precipitation method. In the synthesis, KsFe(CN)g disassociates into
K* and [FeIII(CN)6]3’ ions in the acidic aqueous solution of Ni
(NO3)2.6H20 (pH ~ 4). Thus, when Ni%* ions are presented into the
mixed solution, the residual [Fe™(CN)¢]3~ ions react with Ni?* and K*
ions, following Eq. (3):

2 11 3- -
Nijy,) + [Fe" (CN)g] , + 3K(,) +2NO5
— KNi"[Fe"(CN), | O nH:0 + 2K{,, +2NOy ©)

However, potassium ions inserted into the Ni[Fe™(CN)¢] [] nH,0
structure may lead to a reduction of small fraction of Fe'! ions, to form
the final product, according to Eq. (4):

KNi" [Fe" (CN), | 0 nH:0 + K,

+NOy < Koy Ni' [FelFelll (CN);| CInHLO (5) + NOj @

3.5.2. Hy0O-induced distortion of the framework of K-trace-NiFe-PBA upon
adsorption at room temperature

In an attempt to understand the effects induced by small changes in
the pressure, a K-trace-NiFe-PBA sample (preliminary evacuated at 363
K) was contacted with water vapour (0.5 kPa equilibrium pressure) at
ambient temperature for 20 min to reach equilibrium. Then, the spectra
were acquired upon a decrease in the equilibrium pressure and evacu-
ation upon vacuum treatment. The spectral changes occurring upon
dehydration are illustrated in both Fig. 5A and B, showing the FTIR
original and the difference spectra in the v(C=N) stretching region,
respectively. The insets of the figure show the spectral changes in the
v(O—H) stretching (left) and 8(H20) deformation (right) regions.

As observed, the spectrum (a) of the hydrated material (0.5 kPa H,O
equilibrium pressure, Fig. 5A) is characterized with well-shaped and
relatively narrow bands at 2168 and 2097 cm . The gradual decrease in
the HyO pressure upon dehydration (spectra b-1) led to an overall
broadening of the CN bands which appear with more developed high-
frequency shoulders. It is known that the PBAs can interact with water
molecules [86] through H-binding. Such interaction may influence the
electronic density of the CN bonds and therefore, this sensitivity could

Journal of CO2 Utilization 50 (2021) 101593

o o]

R 9 a2 A o2 9

[ 2 3 o &

| c? 1 d 8 1
- AL

= k

3675 3430 3185 8 O g 1760 1600
Wavenmubers /cm’” < & O( o Wavenmubers /cm’”

)

Absorbance /a.u.

.

R

Q

Q

3

Rl Q o

5 4 3

|%2] o o

< 1101 ™

< t N

i 2192> H,O pressure decreasing
1 | 1 | L 1 L 1 1
2280 2220 2160 2100 2040

-1
Wavenmubers /cm
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modify the position of Y(C=N) stretching bands. However, the analysis of
the data presented in Fig. 5A shows the strengthening of only some of the
CN bonds which is opposite to the expectations if they were affected by
direct interaction with water. Thus, this indicates that the CN bonds
became more heterogeneous which is a strong indication that the ge-
ometry of the framework has undergone slight structural distortion, as a
consequence of the dehydration.

To obtain more detailed information, we also analyzed the differ-
ence spectra presented in Fig. 5B. These spectra are produced by sub-
tracting the original background spectra of the hydrated material and
those upon evacuation at ambient temperature from that obtained after
the sample was activated at 363 K. As it can be seen here, the adsorption
leads to the development of a set of negative bands in the v(C=N)
stretching region immediately after the introduction of 0.5 kPa Hy0 to
the system. Thus, at high water coverage, in the spectrum two strong
bands with maxima at 2192, 2130, a shoulder at ~2149 cm ™, and two
weak features at 2077 and 2051 cm™! are registered. The gradual
decrease of the water vapor pressure (spectra b-k) leads to an overall
progressive blue—shifts and attenuation of the intensities of the features
until their almost complete disappearance. Finally, after prolonged
evacuation, the initial spectrum of the activated sample (k) was almost
fully restored. This indicates that most of the water molecules are
weakly and reversibly adsorbed. The adsorption also gives rise to a
couple of OH-stretching modes, presented in the spectra as a broad
feature (the inset on the right) with a maximum at ca. 3400 cm !
attributed to H-bonded hydroxyl groups.
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The results demonstrate that the porous K-trace-NiFe-PBA frame-
work sensitively responds to the water vapor pressure. The spectra show
an overall red shift of the v(C=N) modes with an increasing the H,O
pressure. This behavior suggests that the lattice expands slightly, the
framework space volume increases, thus affecting the M—CN bonds. The
sensitivity of the v(C=N) stretching vibrations is consistent with previ-
ous studies [87,88] where it is shown that the bands in this fingerprint
region can be used to determine the effect of the adsorption on the pore
dimensions of different flexible cyanide—based MOFs. It should be noted,
however, that in the latter case due to the flexibility of the ligands longer
than the CN bonds, the structural changes are much more pronounced
and the interaction with the guest molecules may cause phase transition.

A schematic illustration of the HyO-induced expansion of the frame-
work of KNi hexacyanoferrate PBA, consistent with our FTIR spectro-
scopic studies, is presented in Scheme 1. The process can be described to
occur simultaneously by filling both the micro- and mesoporous channels
of the material, and as a consequence, this results to expansion of the
mesoporous structure.

PBAs are known [89] to behave as molecular sponges, exhibiting a
strong affinity for water. The moisture sensitivity, however, could cause
capacity fading during the CO, storage process. On the other hand,
completely removing of water may introduce some extra complexity due
to the structural rearrangements and alterations in the geometry of the
framework. In particular, some studies based on single crystal X-ray
structural analysis [90] show that removing coordinated water may
results in octahedral — tetrahedral structural transformation. In addition,
different PBAs have been reported to be sensitive to small structural
distortions induced by external (mechanical) [47,48] or internal
(chemical) pressure [49-51]. Although such slight distortions in PBAs in
some cases are not easy detectable, a combination of different tech-
niques based on X-ray [91], neutron diffraction [92] and X-ray mag-
netic circular dichroism [53] was used to understand and explain this
behavior.

3.5.3. CO3 adsorption at room temperature on hydrated/dehydrated K-
NiFe-PBA

The porous NiFe-PBA framework containing minor amounts of alkali
metals is highly sensitive to structural distortions induced by small
changes under water vapor pressure. This sensitivity could affect the CO5
adsorption. Therefore, additional studies of CO, adsorbed on K-trace-
NiFe-PBA and K-rich-NiFe-PBA materials were also conducted. In these
experiments, CO5 (5 kPa) was adsorbed at ambient temperature and kept
in contact with the sample for 20 min to reach an equilibrium. Then, the
spectra are acquired upon a decrease in the equilibrium pressure and
evacuation. The spectral changes are followed as a function of the
decrease in CO, coverage in the samples pre-activated at 363 K. Similar
experiments were also performed on the K-trace-NiFe-PBA sample pre-
covered with 0.5 kPa HyO at RT. Fig. 6A displays the FTIR spectra in
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the v(CO,) stretching region on both samples: under 5 kPa equilibrium
pressure (spectrum a) and evolution of the spectra during decrease of the
pressure (b-g) and evacuation (spectra h - j).

Adsorption of CO2 (5 kPa equilibrium pressure) on dehydrated K-
trace-NiFe-PBA initially leads to the development of a strong band in the
Y(COy) region at 2338 cm ™! along with the respective “hot” band at ca.
2328 cm ! and 13CO, feature registered as satellite of the principal band
at ca. 2272 cm™L. An overall blue shift of the band at 2338 cm ™ to 2340
em™! and a monotonic attenuation of the intensities of all features until
their almost complete disappearance is observed with a gradual decrease
in the CO4 pressure (spectra b—j). These bands can be assigned based on
former literature reports [17,93-96]. The most intense band detected at
2338 cm™! at high coverages and its shift to a higher frequency with a
decrease in pressure is assigned to the formation of weakly sorbed CO4
species captured in the cavities of the framework. This indicates that the
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Fig. 6. Panel A. FTIR spectra in the v(CO,) stretching region of adsorbed CO, at
ambient temperature — 5 kPa equilibrium pressure (spectrum a) and evolution
of the spectra during decrease of the pressure (b-g) and evacuation (spectra h —
j) on the dehydrated K-trace-NiFe-PBA and K-rich-NiFe-PBA. The inset shows
the background spectra in the v(OH) stretching region of the samples evacuated
at 363 K before the CO, adsorption. The spectra are background and CO,
gas—phase corrected.
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Scheme 1. Schematic illustration of the H,O-induced expansion of the mesoporous structure of nickel hexacyanoferrate PBA with small amounts of K* ions.
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intermolecular dispersion interaction may have significant contribution
to the vibrational frequency shift in the porous materials and the CO5
adsorption occurs mostly in the pores rather than on the external surface.
In contrast to the K-trace-NiFe-PBA, the CO; adsorption on K-rich-Ni-
Fe-PBA is much more suppressed and the bands corresponding to the CO,
adsorbed species appeared with considerably reduced intensity. More-
over, the features after evacuation remained almost unaffected. The re-
sults are also in good agreement with the data described above in terms of
the remarkable differences in the isosteric heats of adsorption and
confirm that the presence of potassium in high concentrations leads to
generation of highly basic sites strongly trapping CO». Thus, the process
of regeneration of the adsorbent would require higher energy compared
to that of K-trace-NiFe-PBA.

It should be noticed that CO5 used in the adsorption experiments
contains small amounts of water vapor which could be accumulated on
the sample at the high CO5 equilibrium pressures. Thus, similar to the
sensitivity in the presence of water (as presented in Fig. 5), the v(C=N)
characteristic bands were affected also by the CO, adsorption, particu-
larly in the case of K-trace-NiFe-PBA. The process is accompanied by the
appearance of a set of negative features in the v(C=N) stretching region
at 2212, 2202, 2148, 2080, and 2058 em™! (shoulder) and several
positive bands in the v(OH) region (the inset of Fig. 6A), at 3698, 3663,
3603 cm !, and a broad feature at ca. 3443 cm ™! (Fig. S7, Supplementary
Information). However, comparing the intensities of the V(C=N) bands in
Fig. S5, the results indicated that the water-induced expansion of the
framework in this case is very negligible compared to that occurring
under high H,0 vapor pressure (Fig. 5).

This suggests that pre-adsorbed water could affect/hinder the CO;
uptake. Thus, we carried out a comparative study of CO2 adsorption on
almost fully dehydrated (evacuated at 363 K for 1 h) and hydrated K-
trace-NiFe-PBA material (Fig. 7).

In order to minimize the effect of the presence of water vapor in the
adsorbate, in these experiments, precisely controlled small doses of CO5
equivalent to ~ 5 x 10~3 pmol each were successively introduced onto
dehydrated (A) and water- pre-loaded sample (B) until an equilibrium
pressure of 5 kPa CO was reached in the IR cell. Analysis of the FTIR
spectra presented in Fig. 7 reveals that the introduction of the first small
doses of CO5 in both cases leads to the appearance of the principal bands
at 2338 cm ™! along with the respective “hot” band at 2328 cm ™.

The CO; adsorption on the sample (A) when majority of the frame-
work space volume is water—free (inset of Fig. 7) starts with the for-
mation of physically adsorbed CO- species similar to the experiments
preformed on almost fully hydrated material (B) without any significant
differences. With further increase of the CO, doses, the features gradu-
ally increase in intensity. This behavior shows that HyO hardly affects
the CO, adsorption and these types of materials are perspective for CO5
capture in the presence of water. It can also be suggested that the
water—induced expansion of the framework may provide an additional
space volume for accommodating CO5 molecules and thus, to ensure
certain conditions for CO, capture.

The host-guest interaction chemistry and dynamics of the K-NiFe-
PBAs systems within CO, water and their adsorption behavior can be
explained considering their different composition and porosity. In the
case of K-trace-NiFe-PBA, the structure is composed of cavities between
the contiguous nanoparticles, thus forming a system of mesoporous
channels with larger dimensions compared to that of K-rich-NiFe-PBA.
This suggests that the presence of higher number of [Fe(CN)¢] ~ vacancies
generated in the absence of any significant amounts of interstitial K*
cations plays a major role in the adsorption. The process can be described
to occur simultaneously by filling both the micro- and mesoporous
channels of the material. In the case of K-rich-NiFe-PBA, the presence of
K" ions may contribute as active binding sites for trapping CO5 stronger,
however, the higher alkali content leads to pore blocking of the structure
and capacity fading during the CO4 storage process. These arguments are
also supported by the analysis of the adsorption isotherms, the COy
storage capacity and the isosteric heat of CO, adsorption.
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Fig. 7. FTIR spectra (a-1) in the v(COy) stretching region of adsorbed CO; at
ambient temperature on almost fully dehydrated (evacuated at 363 K for 1 h)
(A) and hydrated K-trace-NiFe-PBA material (H,O-pre-loaded) (B) after each
precisely controlled small dose of CO, equivalent to ~ 4.8 x 10~> ymol and the
spectrum (m) at an equilibrium CO, pressure of 5 kPa. The inset shows the
background spectra in the v(OH) stretching region of the sample before the CO,
adsorption. The spectra are background and CO, gas—phase corrected.

Due to the moisture sensitivity, the CO, adsorption can be affected by
the overwhelming competitive adsorption of water molecules for identical
adsorption sites. Thus, to obtain information on the presence of unsatu-
rated metal centers, we performed FTIR analysis of low-temperature CO
adsorption. Carbon monoxide is one of the most commonly used IR probe
molecules and gives information on the existence and state of different
surface acid and metallic sites [97]. We utilized the '*CO and '*c'®0
isotopologues in order to shift down the carbonyl frequencies and to avoid
the hindrance from the overlapping contributions of the CN stretching
vibrations. The experiments were performed on the K-trace-NiFe-PBA
pre-activated at 363 K.

As presented in Fig. S8, in both cases the adsorption does not lead to
the appearance of any intense carbonyl bands, ie. the amount of the
accessible unsaturated metal ions is low. A careful inspection of the
spectra reveals that the band at 2054 cm ™! disappeared and a new band
broader at 2024 cm ™! was formed instead. Because the bands position
are not isotope sensitive, we attribute this phenomenon to a CO-induced
shift of the cyanide band at 2054 cm ™! to 2024 cm ™. In addition to this,
it can be seen that the adsorption of 13CO (panel A, spectrum a) leads to
the appearance of a low-intensity shoulder at around 2130 cm™'. The
feature shifted to ~2071 cm~! when '3C'®0 (Panel B, spectrum a,) was
adsorbed and the isotopic shift factor was consistent with the theoreti-
cally calculated one [98]. These two bands correspond to a 12¢160
carbonyl band at 2171 cm L. The spectral changes during the adsorption
can be clearly seen in the insets of Fig. S8, where the background cor-
rected spectra after each small dose of carbon monoxide and the spec-
trum (a) at an equilibrium pressure of 0.5 kPa are presented. According
to summarized literature data [97], the bands at 2130 em~! (*3C0) and
at 2071 cm ™! (*3C®0) could be assigned to Fe?>"-CO or Ni2-CO species.
It should be underlined that the respective metal sites are connected
with the CN species responsible for the appearance of the cyanide band
at 2054 cm™!. In conclusion, the CO adsorption proceeds through the
formation of a small amount of carbonyl species. However, the amount
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of the Lewis acid sites is negligible and their existence has very minor
effect and do not play a crucial role in the adsorption of CO5 and HO.

4. Conclusions

Two different K-containing nickel hexacyanoferrate Prussian Blue
Analogues (K-NiFe-PBAs) with a cubic crystal structure were synthe-
sized via a co-precipitation method. The composition analysis via
EDX-SEM reveals that the as-synthesized compounds are characterized
with substantially different Ni:K atomic ratios of ca. 2.5 and 12 and
composition containing rich— or trace amounts of potassium due to the
charge balance. The FTIR spectroscopy studies reveal the presence of
two main coordination units of Fe(III)—CN—Ni(II) and Fe(II)—CN—Ni(II)
building the structure. The Mossbauer spectroscopy also shows that the
changes in the composition by increasing the Ni:K ratio reflects mostly in
a noticeable decrease of the fraction of Fe(Il) at the expense of Fe(IIl)
ions. The structure of both as-synthesized K-NiFe-PBAs, of nominal
composition KHyNiH[FeHyFeIH]_y(CN)ﬁ] [0 n-HyO can be described
including Ni(NC)g and M(CN)g entities (MZFeIH, Fe'l) that are linked by
sharing of cyanide bridging groups and forming a three-dimensional
cubic framework of linearly repeating -NC-M-CN-Ni-NC units. In
addition, the presence of terminal cyanide Fe(I[)-C=N- ligands, the
number of which increases with the Fe'l/Fe!!! ratio, is also possible. They
can be randomly distributed through the surface in vicinity to K* ions
where small fraction of Fe(IIl) ions can be reduced to Fe(II). The porous
nature of the materials is explained with the presence of Fe(CN)s]s’
vacancies, generated together with the interstitial cations to produce
charge balance in the framework. The porosity of the K-NiFe-PBAs was
found to correlate with the content of alkali K™ ions inserted into the
framework and it can readily be adjusted via charge balance. Thus, the
number of the vacancies can be tuned by varying the Ni:K atomic ratio in
the Prussian blue framework. In the case of K-trace-NiFe-PBA which has
a more developed porous structure the number of the vacancies is
considerably higher compared to that of K-rich-NiFe-PBA. The higher K
content dictates the formation of a fully occupied cubic framework
enclosing much smaller cavities. In contrast, with the K-trace-NiFe-PBA
the alkali ions occupancy is much lower and this creates larger cavities
in the framework.

The kinetics of Ny adsorption and desorption is typical of materials
with a mixed type micro- and mesoporous structure. The enhanced
surface area and the pore size in K-trace-NiFe-PBA are attributed to more
accessible channels obtained when the majority of the framework space
volume is free of potassium cations.

The CO; adsorption isotherms clearly demonstrate that the synthe-
sized K-trace-NiFe-PBA material offers an excellent alternative as an
efficient adsorbent for CO, capture. The achieved CO, adsorption ca-
pacity of ca. 3.0 mmol g~! CO, at 287 K and 100 kPa is comparable with
other well-established CO, adsorbents. The isosteric heat of adsorption
can easily be modulated and optimized via changing the Ni:K ratio thus,
covering the thermodynamic criterion for capture and release of CO,
with acceptable energy costs. Initially, at low COy coverages, the heat
released during the CO; storage on K-trace-NiFe-PBA is estimated to be
significantly lower (~ 23.8 kJ mol™) compared to that of K-rich-NiFe-
PBA (~ 56.2 kJ mol™), indicating that the presence of K cations
inserted in the PB framework may act synergistically to generate highly
basic binding sites for trapping CO; stronger. The multilayer COy
adsorption leads to a gradual decrease of the host-guest interactions and
the CO; adsorption at high coverages occurs mostly physically.

In situ FTIR spectroscopy was employed to elucidate the host-guest
interaction chemistry and dynamics of K-NiFe-PBA systems within CO5
and H,0. The analysis of the vibrational ¥(C=N) modes indicates that
the Prussian blue network containing trace amounts of K undergoes
slight distortions upon HO adsorption. As a consequence, the lattice
expands, leading to an increase of the framework space volume. The CO4
adsorption when majority of the framework space volume is water—free
starts with the formation of physically adsorbed CO species similar to
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that on almost fully hydrated material without any significant differ-
ences. This behavior showed that HoO hardly affects the CO, phys-
isorption and these types of materials are perspective for CO, capture in
the presence of water. In the case of K-trace-NiFe-PBA, the presence of
higher number of [Fe(CN)g]™ vacancies generated in the absence of any
significant amounts of interstitial K cations play a major role in the
adsorption. The process can be described to occur simultaneously by
filling both the micro- and mesoporous channels of the material. On the
other hands, in the case of K-rich-NiFe-PBA, the presence of K* ions may
contribute as active binding sites for trapping CO5 stronger, however,
the higher alkali content leads to pore blocking of the structure and
capacity fading during the CO; storage process. The amount of the Lewis
acid sites is negligible and their existence has very minor effect and do
not play a crucial role in the adsorption of CO2 and H»O.
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