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A B S T R A C T

Prussian blue analogues (PBAs) are low-cost porous materials with promising potential in gas separation, owing 
to their abundance of open metal sites. To access these open metal sites PBAs need to be activated through 
removal of water from the porous structure. However, the conditions required for effective activation and their 
structural consequences remain poorly understood, with existing effective methods being costly. Therefore, to 
gain insights in the activation process and its effects on structure, we systematically investigated the effect of 
activation temperature on three different ferricyanide-based PBAs (FePBA, CoPBA, and CuPBA) using a simple 
nitrogen flow activation procedure. We successfully synthesised these structures and optimised the activation 
procedure for micropore capacity and crystallinity. Infrared spectroscopy as well as CO2 and CO adsorption 
measurements revealed that, even under optimised conditions, water remained within the PBAs, with only a 
limited number of open metal sites accessible. At higher activation temperatures, micropore capacity and 
crystallinity decrease. This hydrophilicity, however, also showed positives, for example in the application of 
PBAs as desiccants. CuPBA, specifically, boasts a water adsorption of 355 mg g− 1 at a relative humidity of ≤10%, 
competitive with zeolites and silica per weight unit, but higher per volume unit. Overall, however, while PBAs 
offer promise for gas adsorption owing to their high surface area and low cost, practical utilisation of their open 
metal sites remains challenging due to their strong affinity for water.

1. Introduction

Due to the increasing population and wealth levels in the world, 
more and more resources are expended, resulting in more emissions of 
industrial waste gases [1,2]. Polluting and useful chemicals should be 
separated out of these waste gas streams in order to achieve a cleaner 
environment and better resource utilisation. In view of climate goals, 
this separation should have a low energy consumption as well as a high 
selectivity for the target chemicals. One such a separation technique for 
gas separations, which has the potential to be used as a lower energy cost 
alternative to cryogenic distillation, is adsorption [3]. Adsorption has 
the additional advantage of having a large library of porous materials 
available such as porous carbons [4], zeolites [5], metal-organics 
frameworks [6], etc. This range of materials allows for the targeting of 
specific properties and material features to obtain a more selective 
separation. Coordinatively unsaturated metal sites, also called open 
metal sites, are such a feature which can adsorb many of the typical 

gases in waste streams: CO2 [7], CO [8], NOx [9], etc., due to their strong 
interactions.

One class of materials that can contain open metal sites are Prussian 
blue analogues (PBAs). PBAs are coordination polymers consisting of 
transition metal cations and metal cyanide anions with structures 
similar to the eponymous pigment [10,11] with the generalised chem
ical formula of CxM1[M2(CN)6]1-y⋅◇y⋅wH2O [12–14]. In this formula Cx 
indicates alkali metal ions, M1 indicates transition metal cations, [M2 
(CN)6]n–

1-y are the hexacyanometallate anions, ◇y are the hex
acyanometallate vacancies, and wH2O are the water molecules in the 
PBA. We will generally refer to the PBA structures in this paper by the 
shortened M1[M2(CN)6]1-y ⋅◇y notation for easier legibility.

By choosing the correct ratios and oxidation states of the reactants, 
insoluble microporous PBAs can be produced [11] which have a 
network of linked voids created by M(CN)6vacancies (Fig. 1) [14]. Other 
than porosity, having these vacancies is additionally advantageous due 
to the maximum of 6 open metal sites that are created per vacancy. This 
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amounts to a theoretical open metal concentration of up to 1 per formula 
unit (M1II[M2III(CN)6]2/3⋅◇1/3) or 5 mmol g− 1 which is similar to the 
highest concentrations found in typical metal-organic frameworks [15] 
and higher than found in metal-exchanged zeolites [16]. Another 
advantage of PBAs compared to other tailorable porous solids is that 
they can be made from very abundant materials through a facile aqueous 
precipitation reaction [10,11,17,18]. This makes PBAs promising for 
large-scale, industrial applications.

PBAs with their abundant open metal sites do have one major 
drawback, however, which is the potential inaccessibility of these sites 
due to the presence of coordinated water. Water is known to interact 
strongly with open metal sites [19,20] and microporous materials are 
known to retain water due to capillary effects [21,22]. Water, thus, 
competitively adsorbs on the same open metal sites as desired target 
molecules from waste gas streams [8,9,23]. This means that the presence 
of humidity will negatively affect the adsorptive separation on PBAs. 
Moreover, water will already be present from the synthesis which means 
activation, i.e., the removal of water from the pores, is an important 
aspect in the feasibility of utilising the open metal sites in PBAs.

Previous research on gas adsorption in PBAs has shown that 

obtaining accessible open metal sites is possible by using high vacuum 
with long degassing times (≥24 h) while strenuously keeping the PBAs 
isolated from the atmosphere [17,24] In many other cases, however, 
little attention is paid to whether the activation procedure fully removes 
water and whether the structure is retained after activation [18,25–28]. 
Another issue is that the aforementioned successful activation procedure 
is often unviable for large scale applications due to the required high 
vacuum and long degassing times. Therefore, we investigated whether 
microporous PBAs could be activated while optimising their micropore 
structure using a simple sub-24 h N2-based activation procedure. This 
research aims to provide insight into the feasibility of accessing open 
metal sites in PBAs, while taking into account effects on the structure 
due to the removal of water.

We chose to perform this research using [Fe(CN)6]3–-ions, as this is 
the cheapest and most readily available [M2III(CN)6]3–-ion, to create 
M1II[M2III(CN)6]2/3⋅◇1/3 PBAs with inherent microporosity. As the 
other metal (M1II) in these PBAs, we chose Fe2+, Co2+, and Cu2+ as these 
are transition metals which lead to interesting structural characteristics 
in PBAs. Co should lead to the prototypical M1II[M2III(CN)6]2/3⋅◇1/3 

PBA with a space group of Fm3m, which will serve as a baseline to the 
other PBAs. Cu is interesting due to Cu-based PBAs having the highest 
reported storage capacity for H2 compared to other PBAs [25]. Unlike 
the other two structures, Fe will not show an inherent pore network such 
as shown in Fig. 1. This is caused by the difference in the most stable 
oxidation state between the dissolved ions (Fe2+ and Fe(CN)6

3− ) and the 
solid PBA (Fe3+ and Fe(CN)6

4− ). In the end, this change in oxidation 
states of the individual ions, which create the PBA, leads to a 
FeIII[FeII(CN)6]3/4⋅◇1/4 PBA [14,29], in which only structural defects, 
rather than the inherent charge-balancing [Fe(CN)6]3–-vacancies that 
can be found in M1II[M2III(CN)6]2/3⋅◇1/3 structures, lead to an 
extended micropore network [14]. The Fe-based PBA is interesting as a 
general comparison to the Co- and Cu-based PBAs, but it also shows if 
our methodology is more generally applicable.

2. Experimental section

2.1. Materials

FeSO4 ⋅7H2O (≥99%), CoSO4 ⋅7H2O (≥99%), CuSO4 ⋅5H2O 
(≥98.0%), and K3[Fe(CN)6] (≥99%) were purchased from Sigma- 
Aldrich and used without further purification.

2.2. Synthesis of PBAs

MPBAs (MII[FeIII(CN)6]2/3⋅◇1/3, M = Co, Cu and FeIII[FeII(CN)6]3/ 

4⋅◇1/4, ◇ = [FeIII(CN)6]n– vacancy with n = 4 for Fe and 3 for Co and 
Cu-based PBAs) were synthesised by dropwise addition of K3[Fe(CN)6] 
(8.231 g, 25 mmol, 1 equiv.) dissolved in 250 ml of demiwater, into 
MSO4⋅xH2O (75 mmol, 3 equiv.) in 250 ml of demiwater at 50 ◦C under 
stirring. After complete addition of the K3[Fe(CN)6]-solution, the 
mixture was left to stir at 50 ◦C for another 2 h. The resulting solids were 
separated by centrifugation (4000 RCF, 5 min) and washed with fresh 
demiwater 3 times by redispersing and centrifuging. The solids were 
then dried in a vacuum oven at 60 ◦C until dry.

2.3. Methods

Powder X-ray Diffraction (PXRD) was performed on a Bruker 
Advance D8 with a Cu Kα source and a Ni monochromator.

Elemental composition was determined by Mikroanalytisches Labo
ratorium Kolbe, Germany. C, H, and N were determined using an Ele
mentar Model Vario Mikro CHNS analyser. Fe, Cu, Co, and K were 
determined by a Spectro Model Spectro Acros ICP after microwave 
digestion in a CEM MARS 6.

Degassing for N2, CO2, and CO adsorption was performed on a 

Fig. 1. Schematic image of MII[FeIII(CN)6]2/3 ⋅◇1/3 PBAs based on ref. [14].

Fig. 2. Normalised PXRDs of the as-synthesised PBAs compared to a simulated 
pattern. The simulated pattern is reproduced using single crystal data of Prus
sian Blue from ref. [32]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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Micromeritics SmartPrep with a heating rate of 5 ◦C min− 1 under a flow 
of N2. Degassing was done for 15 h at various temperatures for the N2 
adsorption of the PBA samples to investigate temperature effects on the 
degassing: FePBA (60, 90, 100, 110, 120, 140 ◦C), CoPBA (60, 90, 100, 
110, 120, 140 ◦C), and CuPBA (60, 100, 110, 120, 130, 140 ◦C). In case 
the degassing temperature was 90 ◦C or higher, a pre-drying step was 
performed at 90 ◦C for 1 h before the final degassing temperature to 
prevent samples from being damaged by rapid evaporation of water in 
the pores. Degassing for CO2, CO, and H2O adsorption were done at the 
optimal temperatures as determined by N2 adsorption (FePBA, 100 ◦C; 
CoPBA, 100 ◦C; CuPBA, 120 C). Due to the high vacuum under which 
water adsorption is performed, these samples were additionally 
degassed under vacuum in a Micromeritics VacPrep for 1 h at their 
optimal temperature and overnight thereafter at 25 ◦C.

N2 and CO2 adsorption isotherms were measured on a Micromeritics 
TriStar II at 77 K and 298 K, respectively. H2O adsorption isotherms 
were obtained on a Micromeritics 3Flex at 293 K. CO adsorption was 
performed on a Micromeritics ASAP 2020C at 303 K. Sample size for N2, 
CO2, and H2O adsorption was around 150 mg before degassing, while a 
larger sample of ≥350 mg was used for CO adsorption. BET values were 

calculated from the N2 adsorption data for the optimally degassed 
samples according to the Rouquerol criteria [30] in the BETSI pro
gramme [31].

DRIFTS was measured on a Thermo Nicolet Nexus FT-IR equipped 
with a Harrick Praying Mantis and a high temperature reaction chamber 
with ZnSe windows. All DRIFTS measurements were performed at 25 ◦C 
with a flow of 30 mL min− 1 N2 against a KBr background measured 
under the same conditions. The in-situ drying followed the same pro
cedure as was used for the degassing for the N2 adsorption. Under the 
aforementioned N2 flow, the samples were heated to 90 ◦C for 1 h with a 
heating rate of 5 ◦C min− 1, after which they were heated with a heating 
rate of 5 ◦C min− 1 to their optimum temperature (FePBA, 100 ◦C; 
CoPBA, 100 ◦C; CuPBA, 120 ◦C) which was kept for 15 h and then left to 
naturally cool to 25 ◦C.

SEM measurements were performed using a JEOL JSM-IT700HR.
TEM measurements were performed in a JEOL TEM-1400Plus elec

tron microscope using Cu-supported continuous carbon grids.
Thermogravimetric analysis (TGA) was performed on a Mettler 

Toledo TGA/SDTA851e under 100 mL min− 1 of N2 with an isothermal 
step at 30 ◦C for 10 min followed by a heating step with a rate of 1 ◦C 

Fig. 3. SEM and TEM images of as-synthesised FePBA (a,b), CoPBA (c,d), and CuPBA (e,f). The scale bar is 1 μm and 500 nm for the SEM and TEM images, 
respectively.
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min− 1 from 30 to 250 ◦C.

3. Results and discussion

Fig. 2 shows the results of the synthesis of the FePBA, CoPBA, and 
CuPBA. It is clear that all PBAs show the same overall structure as 
Prussian blue, as the major peaks at 17.5, 25, 36, 40 and 44◦ match that 
of the simulated 3 pattern. Both CoPBA and CuPBA show a high degree 
of crystallinity with well-defined peaks without much broadening. 
FePBA, on the other hand, does show significant amounts of broadening 
which is indicative of a smaller crystallite size compared to the CoPBA 
and CuPBA and might be caused by a more defective FeIII

4 [FeII(CN)6]3 
structure rather than a MII[FeIII(CN)6]2/3⋅◇1/3 structure due to the 
suboptimal reactant stoichiometry and oxidation states for this structure 
[29].

The SEM analysis of the as-synthesised particles (Fig. 3a, c, and e) 
shows that the synthesised PBAs all show relatively anhedral particles 
which clump together in larger aggregates. The TEM measurements 
(Fig. 3b, d, and f) confirm that in FePBA and CoPBA the particles are all 
amorphous, while CuPBA has a mixture of anhedral and cubic particles 
which was not visible in the SEM results. The TEM images also show that 
the particle size of FePBA is much smaller than the similarly sized CoPBA 
and CuPBA particles, which is in agreement with the results of the PXRD.

The elemental composition is similar to the expected values 
(Table S1). In terms of atomic ratios this can be translated to: FePBA (C: 
H:N:Fe:K, measured 1:2.30:0.96:0.35:0.03, expected 1:0:1:0.39:0 from 
Fe4[Fe(CN)6]3), CoPBA (C:H:N:Fe:Co:K, measured 1:2.33:1.04:0.16:0. 
24:0.01, expected 1:0:1:0.17:0.24:0 from Co3[Fe(CN)6]2), CuPBA (C:H: 
N:Fe:Cu:K, measured 1:2.33:1.04:0.17:0.20:0, expected 1:0:1:0.17:0. 
25:0 from Cu3[Fe(CN)6]2). While the ratios of the expected elements are 
largely close to the expected values, there is also H and K present. The H 
content can simply be attributed to the presence of water, while K comes 
from K+-ions which are known to potentially intercalate in the PBA 
structure. However, the K+ concentrations are small and we do not 
expect major effects on the overall results.

The thermogravimetric analysis (Fig. 4) shows a typical decrease in 
relative weight with some plateaus at which weight loss is minimal. 
These plateaus appear at around 150, 110, and 90 ◦C for FePBA, CoPBA, 
and CuPBA, respectively, with weight losses between 15 and 25%. 
However, the plateaus are relatively sloped and choosing a degassing 
temperature purely based on the TGA still leaves uncertainty on the 

removal of water and the structural stability of the PBAs. Hence, we 
chose to systematically vary the degassing temperature to obtain the 
highest microporosity. After the degassing, N2 adsorption and PXRD 
were performed to observe degassing related changes in the structures 
(Fig. 5 and Table S2).

The N2 sorption isotherms of FePBA (Fig. 5a) show a sharp increase 
in adsorbed N2 at a relative pressure below 0.1 and a clear continuous 
increase with relative N2 pressure beyond that point up to a relative 
pressure of 0.8. A clear hysteris is also visible in the desorption part of 
the measurement between a relative pressure of 0.9 to 0.4. These ob
servations in the isotherms are indicative of clear mesoporosity with 
some microporosity. The mesopore capacity stays constant for activa
tion temperatures up to 100 ◦C as can be seen in the constant slope of the 
isotherm between 0.1 and 0.8 relative pressure. Above 100 ◦C, on the 
other hand, the mesopore capacity starts to increase as seen by the 
increasing slope in the adsorption isotherm between 0.1 and 0.8 relative 
pressure. cm3 g− 1 STP using a degassing of 60 ◦C to 64 cm3 g− 1 STP at 
100 ◦C (see Table S2 for values and methodology), after which it again 
decreases. This leads to an overall capacity that increases between 60 ◦C 
and 100 ◦C from 120 to 145 cm3 g− 1 STP. Degassing temperatures above 
100 ◦C cause an overall loss of capacity due to a higher decrease in 
micropore capacity than the gain in mesopore capacity until these ef
fects equal at about 120 ◦C. Above 120 ◦C, the overall capacity then 
increases again due to the dominant effects from the increasing meso
pore capacity, resulting in a maximum adsorption capacity of 150 cm3 

g− 1 STP. If we compare the results from the N2 adsorption with the PXRD 
(Fig. 5d), we can see that the overall structure of the FePBA is retained. 
While there are some small changes in the peak intensities and FWHM 
values (Table S3), no clear structural degradation is visible.

CoPBA (Fig. 5b, e), on the other hand, has a largely microporous 
structure with limited mesoporosity which can be seen by the sharp 
increase in adsorbed N2 at P/P0 < 0.1 and the slight slope in the isotherm 
between a relative pressure of 0.1 and 0.8, respectively. The micropore 
volume lies around 150 cm3 g− 1 STP which is stable within about 15 
cm3 g− 1 STP over the temperature range of degassing. The sharp in
crease in adsorption at P/P0 ≥ 0.8 can be attributed to N2 condensating 
in the narrow voids between nanoparticles (Fig. 3c and d). The 
maximum micropore capacity, while maintaining framework crystal
linity, is achieved at a degassing temperature of 100 ◦C. Unlike FePBA, 
no mesopores are generated at higher degassing temperatures; instead, 
micropore capacity decreases above 100 ◦C. Crystallinity is preserved up 
to 100 ◦C, as evidenced by the intensity and sharpness of the PXRD 
peaks. Beyond this temperature, a slight reduction in peak intensity and 
an increase in FWHM (Table S3) are observed, indicating a progressive 
loss of crystallinity. These results suggest that degassing temperatures 
exceeding 100 ◦C begin to degrade the framework structure.

Similarly to CoPBA, CuPBA (Fig. 5c, f) shows mostly microporosity 
as can be seen by the sharp increase in adsorbed N2 at P/P0 < 0.1 with a 
similar, albeit smaller, increase in adsorption due to condensation of 
adsorbate between small particles (Fig. 3e and f) at P/P0 ≥ 0.8. Unlike in 
CoPBA, however, there is a strong effect of the degassing temperature on 
the porosity of CuPBA. The micropore volume increases from 57 cm3 g− 1 

STP using a degassing temperature of 60 ◦C to a maximum of 211 cm3 

g− 1 STP at a degassing temperature of 120 ◦C. Above that temperature, 
however, the structure completely collapses which is indicated by both 
the almost complete loss of N2 adsorption and the loss of crystallinity in 
the PXRD at degassing temperatures of 130 C and above. At a degassing 
temperature of 120 ◦C and below, the overall crystallinity is well- 
maintained with some small variations in peak intensity and FWHM 
values (Table S3). These crystallographic changes are, however, not 
accompanied by significant morphological changes as can be observed 
in the TEM analysis after degassing (Figure S8 and S9).

We conclude that the optimal degassing procedures to obtain the 
highest micropore capacity for FePBA, CoPBA, and CuPBA are at 100 ◦C, 
100 ◦C, and 120 ◦C, respectively, with BET values of 271, 635, and 890 
m2 g− 1 (Figs. S1–S4 and Table S4). If this corresponds to successful water 

Fig. 4. Thermogravimetric analysis of PBA samples, 1 ◦C min− 1 under 100 mL 
min− 1 N2.
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removal from the open metal sites, a strong interaction with CO2 should 
ensue [33,34].

Fig. 6 shows the CO2 adsorption isotherms for the three PBA’s acti
vated at the optimal temperatures. The uptake at 120 kPa lies at 1.6, 1.8, 
and 2.6 mmol g− 1 for FePBA, CoPBA, and CuPBA, respectively, which is 
substantial. However, the Henry coefficient around 0.03 mmol g− 1 

kPa− 1 for the initial uptake is rather modest, indicating the lack of strong 

interaction between CO2 and the PBA, indicative of a lack of available 
open metal sites. The significant CO2 adsorption at high partial pressure 
is likely physisorption of CO2 via van der Waals interactions with the 
small micropores. Indeed the trend in total uptake at 120 kPa (CuPBA >
CoPBA > FePBA) also corresponds to the trend in micropore volume (see 
Fig. 3a–c). This serves as a first indication that we have not fully 
removed water from the open metal sites.

Fig. 5. N2 adsorption at 77 K and PXRD results of FePBA (a,d), CoPBA (b,e), and CuPBA (c,f). Temperature in the figures indicates the degassing temperature. Closed 
and open symbols indicate the adsorption and desorption branches of the isotherm, respectively.
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In addition, water removal was assessed in-situ via DRIFTS mea
surements during the activation procedure at the optimised tempera
tures (see Methods). Fig. 7 shows the large spectral features associated 
with water, such as the peak at 3700 cm− 1 (non-hydrogen bonded O-H 
stretch vibration), the broad peaks at 3500-2750 cm− 1 (hydrogen 
bonded O-H stretch vibration), and the peaks around 1600 cm− 1 (H-O-H 
bending vibrations), in all PBAs before the drying procedure. After the 
in-situ drying procedure, the intensity of these signals decreases 
strongly, indicating the removal of water. However, in all cases water 
signals in the region of 3700 cm− 1 to 2275 cm− 1 are still clearly present 
in the spectra, indicating that while a substantial amount of the bulk 
water was removed, complete removal was not achieved using the 
drying procedure. Even when using degassing temperatures above the 
point where each respective PBA starts structurally deteriorating, water- 
related IR signals can still be seen in the DRIFTS graph, indicating that 
the N2-based degassing method will not fully remove water even at 
higher temperatures (Figs. S5–S7: XRD, N2-sorption and FTIR spectra for 
FePBA and CoPBA activated at 220 ◦C and CuPBA at 130 ◦C).

As a final measurement to conclude whether some of the open metal 
sites can still be accessed, physisorption and chemisorption of CO was 
measured, since CO is known to interact with many open metal sites, 
potentially competitively, in the presence of water. Moreover, if the 
PBAs are capable of selectively adsorbing CO it will be of interest in the 
usage for the CO/N2 separation for which there is no industrially rele
vant method yet [8]. The CO adsorption measurement consists of two 
consecutive adsorption isotherm measurements per sample. The first 
one is performed after degassing at the optimised temperature. After this 
measurement, vacuum is applied for 1 h at the measurement tempera
ture to desorb physisorbed CO, but not chemisorbed CO. After this 
vacuum treatment a second adsorption measurement is started. This 
results in two isotherm lines, the difference between which is presumed 
to be the chemisorption part of the total adsorption, while the second 
adsorption isotherm is presumed to be the physisorption part.

Fig. 8 shows the results of the CO adsorption measurements. The 
overall adsorption from the first measurement at 120 kPa by CuPBA is 
on the same order of magnitude as the best performing CO adsorbents 
known [8] at 1.24 mmol g− 1, while CoPBA and FePBA adsorb a more 
modest 0.43 and 0.26 mmol g− 1, respectively. Similarly to the CO2 
adsorption, the overall CO adsorption follows the trend of micropore 
capacity (CuPBA > CoPBA > FePBA) with no strong adsorption visible in 

terms of Henry coefficient of 0.005, 0.01, and 0.02 mmol g− 1 kPa− 1 for 
FePBA, CoPBA, and CuPBA, respectively. When looking at the differ
ences between the first and second CO adsorption measurement, inter
esting observations can be made. In the case of FePBA and CoPBA, a 
significant, constant difference between the first and repeat measure
ments can be seen, indicating 0.08 and 0.02 mmol g− 1 of chemisorption 
as well as 0.40 and 0.18 mmol g− 1 of physisorption at 120 kPa, for 
FePBA and CoPBA, respectively. For CuPBA, we observe differences 
between the two measurements which are not consistent across the 
pressure range. We can see a higher initial increase in CO uptake at low 
pressures (<45 kPa) in the second measurement compared to the first. 
After this point we see a lower uptake in the second measurement 
compared to the first one. We presume this phenomenon occurred due to 
the vacuum step between the two measurements, in which additional 
adsorbed gases are removed. We hypothesise that this 1 h high-vacuum 
step removed some of the bound water leading to the increase at low 
pressures, while more strongly bound CO that remains after the vacuum 
step leads to the overall lower adsorption at higher pressures. If we as
sume that the difference at 120 kPa is the overall chemisorption, that 
would mean a value of 0.09 mmol g− 1 of chemisorption and 1.15 mmol 
g− 1 of physisorption at 120 kPa.

If we compare the chemisorptive adsorption values with the ex
pected amount of open metal sites, we can see that there is a large dif
ference. Experimentally, we observe chemisorption values of 0.02, 0.08, 
and 0.09 mmol g− 1 for CoPBA, FePBA, and CuPBA, respectively. Theo
retically, however, we expect to see 6 open metal sites per [Fe(CN)6]3– 

removed from the structure for a perfect (M1II[M2III(CN)6]2/3 ⋅◇1/3) 
crystal. This translates to 1 open metal site per formula unit, which is 
equal to about 5 mmol open metal site per gram of PBA. Not all open 
metal sites, however, would necessarily chemisorb CO. Previous work 
has shown a strong interaction between Co2+-sites and CO through IR 
and CO adsorption studies [35]. Fe3+ and Cu2+ ions, on the other hand, 
generally do not have such strong interactions with CO even though 
significant physisorption can still occur [8]. However, due to the elec
tron donating presence of the N-side of the CN− ligands we expect a 
reduced effective charge on these metal ions, which may help strengthen 
the metal-CO interaction [25,36], potentially leading to a strong enough 
binding to be observed through our CO adsorption measurement. 
Nevertheless, the large difference between the measured and theoretical 
maximum CO adsorption indicates that only a small percentage of the 
total open metal sites was successfully activated and water-free. This 
result shows that water cannot be fully removed through a simple 
N2-based activation procedure, and that the degree to which CO can 
competitively adsorb in the presence of water is very limited.

The water adsorption isotherms of the different PBAs are shown in 
Fig. 9. The overall uptake at a relative pressure of 1 is about 22, 35, and 
25 mmol g− 1 for FePBA, CoPBA, and CuPBA, respectively. In all cases, 
we can see a sharp, large uptake of water at very low relative pressures 
(<0.05), indicating that in addition to water adsorbed on open metal 
sites, water condensation into the micropores already occurs at very low 
humidity levels. We can also see some additional uptake between a 
relative pressure of 0.05 and 0.9 with some hysteresis in the desorption 
curve, which is most prominent in FePBA. This is in line with the higher 
mesopore capacity of FePBA: for increasingly larger mesopores 
condensation is expected at increasingly high relative humidity [37]. All 
tested PBAs exhibit pronounced hydrophilicity, as evidenced by the 
sharp uptake of water at low relative pressure. Comparison of the N2 and 
water isotherms highlights this behaviour. The N2 isotherms yield 
micropore volumes of 0.099, 0.248, and 0.327 mL g− 1 for FePBA, 
CoPBA, and CuPBA, respectively (Table S2). In contrast, the water iso
therms at a relative pressure of 0.1 show adsorption values of 10.8, 15.8, 
and 18.5 mmol g− 1, corresponding to 0.195, 0.286, and 0.334 g g− 1 for 
FePBA, CoPBA, and CuPBA, respectively. These results demonstrate that 
at a relative pressure of 0.1 (10% relative humidity), the micropores are 
already saturated with water. Consequently, even under optimal acti
vation, PBAs are unsuitable for gas adsorption in humid environments, 

Fig. 6. CO2 adsorption at 298 K on the PBAs after the optimal degassing pro
cedure. Closed and open symbols indicate the adsorption and desorption 
branches of the isotherm, respectively.
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as water condensation rapidly renders the micropore space inaccessible 
to other molecules. Notably, the water uptake of PBAs is comparable to 
that of high-performing zeolites used for drying applications, which 
typically adsorb around 0.4 g g− 1 [38]. CuPBA exhibits a water 
adsorption capacity of 0.335 g g− 1 at a relative pressure of 0.1. Given the 
lower volume per mass of PBAs compared to zeolites, PBAs warrant 
further evaluation as candidate materials for drying applications where 
compact volumes are advantageous.

4. Discussion

Through a set of experiments such as CO2 and CO adsorption, we 
have shown that we are only able to obtain a small amount of open metal 
sites in the PBAs via a N2 flow based degassing procedure. Through 
DRIFTS with in-situ degassing we were also able to conclude that there is 
still a significant amount of water present in the samples after degassing.

Comparing our results with literature on adsorption in PBAs, we can 
see that activation in these materials is indeed not a trivial matter. Only 
the research done by the Long group on Cu[Co(CN)6]2/3⋅◇1/3 is 
conclusive on the removal of water and the retention of the structure, as 
well as the location of the adsorption sites for H2 gas [17,24]. To obtain 
these results, however, a degassing procedure of 48 h under high vac
uum with vacuum transfer steps was required.

These requirements are contrary to other adsorptive materials with 
open metal sites such as MOFs or zeolites. While the open metal sites in 
those materials are still highly hydrophilic and contact with water 
should be avoided, the actual degassing can be done using a N2 flow 
method similar to the one we employed due to their better thermal 
stability which allows higher degassing temperatures [5,39].

Investigations on gas adsorption in PBAs showcase a general lack of 
attention paid to the effects of degassing on the structures of PBAs. For 
example, degassing temperatures are chosen without showing 

Fig. 7. DRIFTS measurements of the PBAs before and after the in-situ drying procedure.
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verification of the complete removal of water [18,25–27]. Sometimes, 
multiple temperatures are used for seemingly similar materials for un
explained reasons [18,25,27]. In a similar vein, material properties after 
activation using techniques such as IR or XRD are often not reported [17,
18], and generally the complete removal of water is assumed through 
the outgas rate [17,18,25] which is the rate at which gases are coming 
off the sample under vacuum. However, this is not a truly conclusive 
metric since it only accounts for weakly bound water and not necessarily 
for strongly bound water. Similarly, the outgas rate does not indicate 
whether structural degradation takes place.

These assumptions about activation can then lead to unexpected 
behaviour and underestimated adsorption compared to full activation. 
One example is the physisorption of CO2 [26] in PBAs rather than the 
expected chemisorption when open metal sites are water-free [33,34]. 
This is similar to what we observed in our CO2 adsorption experiments 
when water was still present on the metal sites (Fig. 6). In some other 

adsorption applications such as the adsorption of NH3, the presence of 
water is not as noticeable since NH3 can react with water into NH4OH 
which masks incomplete activation [27,28]. Lastly, the effect of 
degassing on the structure, if reported in the first place, is typically only 
done through XRD comparison with the as-synthesised material [27,28] 
or is done to show chemical stability rather than thermal stability [26,
27]. However, these tests do not capture the full effect of the degassing 
temperature on the porosity which we can show through our investi
gation combining XRD and N2 adsorption (Fig. 5).

Our results, therefore, indeed indicate that, depending on the evac
uation conditions, reduction in crystallinity and micropore capacity as 
well as incomplete water removal might be a regular occurrence in PBA- 
related research. This observation points to a general need to better 
describe i) degassing procedures, ii) their effects on the structure via 
post-activation measurement of N2 adsorption and X-ray diffraction, and 
iii) the presence of water. The latter can be done via infrared spectros
copy and the use of probe molecules that strongly adsorb on open metal 
sites, as done in this work. TGA, by itself, on the other hand, is not 
sufficiently clear and accurate in determining the degassing temperature 
for these materials. Our TGA results do not show no clear, flat plateaus 
that match the results of the optimal degassing temperature determined 
by N2 adsorption and PXRD, meaning that a poor choice of degassing 
temperature, resulting in a suboptimal adsorption capacity, is easily 
made.

That being said, to retain the structure while completely removing 
water from the open metal sites, cumbersome vacuum procedures are 
likely needed. Similarly, any streams in contact with the PBAs should be 
meticulously dry as well due to the highly hydrophilic nature of the 
materials (Fig. 9). These requirements will potentially limit the use of 
the open metal sites in PBAs for industrial commercial adsorptive sep
arations. If we focus on the hydrophilic properties, however, then using 
the PBAs as drying agents, similar to zeolites could be of interest, 
especially if smaller desiccant volumes and therefore higher densities 
are required.

5. Conclusion

We performed the first systematic study on the effect of the degassing 
temperature on the structure, performance, and, in particular, the 
accessibility of open metal sites using a N2-based degassing procedure in 
three distinct PBAs based on the [Fe(CN)6]3– ion: FePBA, CoPBA, and 
CuPBA. The activation procedure for each PBA was optimised using a 
systematic sub-24-h degassing under N2, allowing us to investigate how 
degassing temperature influences pore structure, crystal integrity, and, 
most critically, the activation of open metal sites. Our results indicate 
that increasing the degassing temperature initially enhances micropore 
capacity up to an optimal point, beyond which further temperature in
creases lead to a decrease in microporosity. For CoPBA and CuPBA, this 
reduction coincides with deterioration of the crystalline structure, 
whereas the crystallinity of FePBA appears to remain intact, initially. 
The temperatures corresponding to maximum micropore capacity were 
found to be 100 ◦C for FePBA, 100 ◦C for CoPBA, and 120 ◦C for CuPBA.

Using these optimised conditions, CO2 adsorption measurements 
revealed no strong interactions and DRIFTS analyses after in-situ 
degassing confirmed that residual water remained in the PBAs. How
ever, CO adsorption demonstrated that a small fraction of open metal 
sites was accessible, indicating partial activation and likely water-free 
sites. Consequently, while sub-24-h N2 flow-based degassing can ach
ieve partial activation, complete activation of the tested PBAs is not 
attainable under these conditions.

These findings highlight that PBA activation is a non-trivial process. 
Careful control of degassing conditions is essential to both expose open 
metal sites and preserve structural integrity, which is critical for gas 
adsorption applications. In practice, this may necessitate prolonged 
vacuum degassing to effectively remove moisture and ensure the 
adsorbent remains dry, as well as reliable methods for assessing 

Fig. 8. CO adsorption at 303 K in chemisorption mode after the optimal 
degassing procedure.

Fig. 9. Water adsorption at 293 K of the optimally degassed PBAs. Closed and 
open symbols indicate the adsorption and desorption branches, respectively.
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adsorbent dryness. In gas separation applications, such extensive vac
uum treatment may pose practical limitations for the use of PBAs. 
Additionally, to fully exploit open metal sites, the humidity of the 
adsorption gas must be minimized to prevent competitive adsorption 
and water retention. Notably, water condenses in the micropores even at 
low relative humidity, reaching gravimetric adsorption capacities 
comparable to those of zeolites and volumetric capacities exceeding 
them. This suggests that microporous PBAs hold significant potential for 
drying applications, particularly where compact adsorbent volumes are 
desirable.
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low–relative humidity and high–capacity water adsorption in a bibenzotriazole 
metal–organic framework, J. Am. Chem. Soc. 145 (46) (2023) 25233–25241, 
https://doi.org/10.1021/jacs.3c08335. URL, https://pubs.acs.org/doi/10.1021 
/jacs.3c08335.

[22] J.J. Oppenheim, M. Dincǎ, isoreticular curves: a theory of capillary condensation 
to model water sorption within microporous sorbents, J. Am. Chem. Soc. 146 (30) 
(2024) 20615–20626, https://doi.org/10.1021/jacs.4c02743. URL, https://pubs. 
acs.org/doi/10.1021/jacs.4c02743.

[23] A. Rajendran, G.K.H. Shimizu, T.K. Woo, The challenge of water competition in 
physical adsorption of CO2 by porous solids for carbon capture applications – a 
short perspective, Adv. Mater. 36 (12) (2024) 2301730, https://doi.org/10.1002/ 
adma.202301730. URL, https://onlinelibrary.wiley.com/doi/abs/10.1002/adma. 
202301730.

[24] M.R. Hartman, V.K. Peterson, Y. Liu, S.S. Kaye, J.R. Long, Neutron diffraction and 
neutron vibrational spectroscopy studies of hydrogen adsorption in the prussian 
blue analogue Cu3[Co(CN)6]2, Chem. Mater. 18 (14) (2006) 3221–3224, https:// 
doi.org/10.1021/cm0608600. URL, https://pubs.acs.org/doi/10.1021/ 
cm0608600.
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