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A B S T R A C T   

In this paper, electrodeposited films belonging to the Prussian Blue Analogues (PBAs) family, namely, nickel- 
hexacyanoferrate (NiHCF) and copper-hexacyanoferrate (CuHCF), were employed as a host material for rare 
earth elements (REE), and the reported insertion/release study reveals a recovery capability for such valuable 
metals. The ion insertion/release was accomplished by adopting an electrochemically-driven process. A 
reversible intercalation was observed while considering both heavy and ligth rare earth elements. The amount of 
REEs inserted/released over the process and its kinetic evolution during the process were also studied by a 
chemometric approach. For CuHCF, it was seen that the intercalation of heavy rare earth elements occurs easily 
respect to the light ones, suggesting a possible selectivity among these ions.   

1. Introduction 

Metal-hexacyanoferrates or Prussian Blue Analogues (MHCFs or 
PBAs) are an important class of mixed-valence compounds of great in
terest because of their electrocatalytic, ion-exchanging, ion-sensing, and 
photomagnetic properties [1], as well as for battery material, recently 
[2,3]. The conventional method to prepare PBAs includes simple 
chemical [4] or electrochemical deposition [5]. Among the metal hex
acyanoferrates, nickel hexacyanoferrate (NiHCF) and copper hex
acyanoferrate (CuHCF) are the most commonly used for alkali cations 
insertion capabilities. They are particularly used for trivalent cations 
intercalation [6–10] and as excellent candidates for cation selective 
extractions [11–15]. Indeed, the distinctive architecture of PBAs, char
acterized by a cubic framework with large zeolite-like interstitial sites, 
make these compounds able to easily accommodate cations (generally 
an alkali metal) during the redox reactions also ensuring the electro
neutrality of the compound. PBAs are suitable materials for host/guest 
chemistries, displaying high coulombic efficiencies during the insertion/ 
release processes depending on the kind of ion inserted. The high- 
specificity of the current or voltage applied with the associated elec
trode potential is the foundation of the preferential electrosorption of 
ions [16]. 

PBAs are suitable for the electrochemically switched ion exchange 

(ESIX) technique, which was recently used for environmental applica
tions, such as the selective removal of radioactive Cs+ [14], or separa
tion of Cu2+ [17], Ca2+ [18] and Ni2+ [19]. Each PBA shows different 
characteristic by changing metal sites (M = transition metal) in the 
lattice [20], particularly, the capability to intercalate a specific cation. 
In this context, because their distinctive electrochemical signature and 
unique structure, PBAs could be potentially considered excellent can
didates for the uptake/release of REEs, and the first example has been 
proposed [21]. 

Rare earth elements (REEs) have been acquired importance because 
of their growing applications both in traditional and high-tech industries 
[22,23]. Their global demand and consumption have been rapidly 
increasing with the concomitant development of technological devices. 
The difficult mineral extraction coupled to the limited supplies and their 
specific location in some areas, lead to the necessity of innovative re
covery processes [24]. 

In this paper, electrodeposited films of CuHCF and NiHCF were 
adopted for the study of the REEs insertion and release processes, by 
using an electrochemically-driven one for their recovery. Not only the 
quantification of the amount of inserted REEs is highlighted but also a 
study of the kinetic behaviour during the insertion/release process is 
revealed, by using a chemometric approach of the CVs data. 
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2. Materials and methods 

2.1. Chemicals 

All chemicals were reagent grade from Sigma-Aldrich (NiCl2, Ni 
(NO3)2, K3Fe(CN)6, Er(NO3)3), Alfa-Aesar (Gd(NO3)3, La(NO3)3, Dy 
(NO3)3), Merck (KNO3) and Acros (Cu(NO)3)2. All experiments have 
been performed in air, at room temperature, and with bi-deionized 
water. 

2.2. Apparatus 

Electrochemical measurements were performed by using a Model 
660c (CH Instruments) electrochemical workstation and a standard 
three-electrode electrochemical glass cell (10 mL). The substrate mate
rial of working electrode was glassy carbon GC (diameter ≈ 3 mm) or 
graphite foil GF (0.10 mm thick, 99.9%, Goodfellow), and a Pt counter 
electrode was used. All potentials were recorded vs. Ag/AgCl in satu
rated KCl. The glassy carbon (GC) electrode was polished with a 0.05 μm 
alumina slurry on a cloth and then rinsed with water. 

2.3. Preparation of NiHCF-modified electrodes 

NiHCF film was deposited from a solution that contains 1.0‧10− 3 M 
NiCl2 ‧6H2O, 1.0‧10− 3 M K3Fe(CN)6, and 1.0 M KNO3 as supporting 
electrolyte at native pH, through scan between 1.0 V and 0.0 V [9]. 

2.4. Preparation of CuHCF-modified electrodes 

The electrodeposition was carried out at − 0.80 V using a solution of 
0.05 M Cu(NO3)2 and 0.1 M KNO3 as supporting electrolyte for 20 s, then 
the electrode was rinsed and soaked in 1.0‧10− 3 M K3Fe(CN)6 and 0.1 M 
KNO3 for 300 s at + 0.6 V. This method was chosen as it appears more 
suitable for multivalent ion intercalation [8], also ensuring a very good 
chemical stability. 

2.5. Preparation of NiHCF powders 

Nickel-hexacyanoferrate powders were synthesized by a simple co- 
precipitation method and enriched by 1 M Dy(NO3)3 as already re
ported [9]. 

2.6. Electrochemical procedure 

The electrochemical behavior in presence of different rare earth 
cations (Er(NO3)3, Gd(NO3)3, La(NO3)3, Dy(NO3)3) was investigated by 
recording CVs in various supporting electrolytes following the protocol: 
firstly, a CV (10 cycles) was recorded in a KNO3 0.1 M (solution A), then, 
other 10 cycles were recorded in a mixture REEs cations 0.1 M (solution 
B), finally, last 10 cycles scans were repeated in 0.1 M KNO3 (solution C). 
This procedure was repeated three times (step1, step2, step3) using the 
same cell solution, in order to highlight the kinetic behavior. 

2.7. MP-AES Analysis 

MP-AES analysis was performed on an Agilent 4100 instrument. The 
Agilent MP Expert software was used to automatically subtract the 
background signal from the analytical signal. The detailed MP-AES 
operating conditions are showed in Table S1. 

The calibration standards were prepared in the range of 5–5000 ppb 
using a multielement standard solution in a matrix of 5% HNO3. The 
wavelengths used are displayed in Table S2. 

2.8. XAS data collection and analysis 

X-Ray Absorption experiments were performed at synchrotron 

Elettra in Basovizza (Italy) at the XAFS beam line [25]. The storage ring 
operated at 2.0 GeV in top-up mode with a typical current of 300 mA. 
XAS data were collected at Fe and Ni K-edges and Dy L3-edge in trans
mission mode using ionization chambers filled with a mixture of Ar, N2, 
and He to have 10%, 70%, and 95% of absorption in the I0, I1, and I2 
chambers, respectively. X-Ray absorption spectroscopy spectra were 
deglitched, calibrated, and normalized. The pre-edge background was 
removed by subtraction of a linear function extrapolated from the pre- 
edge region, and the XANES spectra were normalized at the unity by 
extrapolation of the atomic background. The EXAFS analysis was per
formed by using the GNXAS package [26] that considers Multiple 
Scattering (MS) theory. More details are available as SI. 

2.9. Chemometric analysis 

The chemometric analysis was carried out by the EFA Multivariate 
Curve Resolution (MCR) technique using the Unscrambler X version 
10.2, 2009–2012, CAMO softwares and Matlab by TheMathWorks Inc. 
1984–2020 with MCR-ALS 2.0 toolbox [27]. The procedure involves a 
voltammograms sequence: 30 cycles in KNO3, 30 cycles in REE mixture 
(uptake REE), 30 cycles in KNO3, 30 cycles in REE mixture (uptake REE), 
30 cycles in KNO3, again 30 cycles in a KNO3 clean solution. 180 cycles 
in KNO3 were recorded as background. Even though the first REEs 
intercalation (step 1) caused a reduction in charge capacity, the next 
exchange processes which account for 160 cycles, led to a 50% retention 
in charge capacity. 

3. Results and discussion 

In this section, we present at first the electrochemical behaviour of 
the electrodeposited PBAs, elucidating their REE insertion/release 
capability and as well as proving the structural site where RE ions are 
located. Then, we delve into the quantification of the recovered REE. 
This is followed by a chemometric examination applied to the CV data, 
which provides the kinetic details of the REE insertion/release process. 
Cyclic voltammetry is the most common electrochemical technique 
employed in the investigation of PBAs [8–10]. This choice is motivated 
by its ability to simulate the reduction and oxidation reaction of FeII/III 

and it also offers a fast diagnosis of the intercalation process by the 
cycles. Furthermore, for the adopted protocol, including the chemo
metric studied, CV was needed to assess the kinetic behaviour of the 
system, complemented by the application of chemometric techniques. 

To the side of the REE chemistry, four specific rare earth elements 
(dysprosium, lanthanum, erbium, and gadolinium) were chosen. This 
selection is based on the classification of REEs according to their 
chemical properties, resulting in three distinct groups: heavy (HREE, Dy 
to Lu), middle (MREE, Sm, Gd, Tb, Eu) and light (LREE, La, Ce, Pr, Nd) 
[28]. Therefore, we are proposing a study focused on the distinguishing 
characteristics, particularly the variation in ionic radii size, between the 
light rare earth elements (LREE) and heavy rare earth elements (HREE). 

3.1. Electrochemical behaviour of NiHCF and CuHCF as a host material 

To elucidate the distinctive morphological features observed in the 
cyclic voltammetry (CV) of NiHCF and CuHCF, a brief description is 
needed. NiHCF CV shows a shoulder due to the two different specie: K- 
rich and Ni-rich [29]. On the other hand, the second reduction peak 
showed in CuHCF CV is related to the Cu(II)/Cu(I) reduction process 
[30]. The electrodeposition of NiHCF and CuHCF on GCE was carried 
out following a precise protocol detailed in the SI. This approach 
enabled the investigation of the CuHCF and NiHCF electrochemical host 
capabilities concerning various RE cations. This protocol permitted the 
assessment of the K+ replacement with the tested RE cations and, in the 
last step, to check the process reversibility. This procedure was applied 
to several rare earth elements cations, namely, La3+, Gd3+, Dy3+ and 
Er3+. 
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In view of the previous report [29], the following approximate for
mulas can be assigned to two predominant forms of electrodeposited 
NiHCF films: K2NiII[FeII(CN)6] and KNiII1.5[FeII(CN)6]. Ciabocco et al. [9] 
showed the NiHCF capability to intercalate easily trivalent cations as 
well as monovalent cations. Furthermore, CuHCF was electrodeposited, 
being KCuII[FeIII(CN)6]2 and K2CuII[FeII(CN)6]2 the two phases related to 
the two peaks at ca. + 0.8 V. Similarly, CuHCF was studied as ionic 
exchange framework for mono, di-valent and trivalent cations 
[6,8,19,20], supported by wide characterization studies [8,31], which 
highlight no substitution in the lattice during the intercalation. Hence, 
both of them can be used as a membrane for the reversible ion 
intercalation. 

Both PBAs shows a well-defined shape during CVs: Fig. 1B shows CV 
scans of CuHCF recorded in potassium nitrate before (black line) and 
after (red line), the test in dysprosium nitrate (blue line). The complete 
overlap of the CVs recorded in K+ is striking and underlines the 
reversibility of the process. The voltammogram recorded in Dy(NO3)3, 
similar to the other REE tested (Fig. 1D), reaches a potential stability in 4 
cycles, which is slower compared to the K+ electrolyte. 

Fig. 1A shows the reversible process toward to the erbium nitrate 
intercalation/release in NiHCF film. The first 10 cycles recorded in 
KNO3 (black line) are almost coincident with the last (red line) recorded 
after performing 10 cycles in a solution containing Er3+ cations (blue 
line); thus, the alignment unequivocally confirms the perfect cation 
exchange reversibility. From Fig. 1A it seems that the insertion of 
erbium occurs faster than the potassium uptake, as observed by the 
relatively different peak potential shift in their respective CVs. This 
attitude might highlight the different kinetic control between mono- 
charge and tri-charge cations during the intercalation/deintercalation. 

For this reason, the kinetic behaviour was investigated in depth using a 
chemometric approach, detailed in Section 3. Generally speaking, a 
perfect reversibility is observed with all the investigated cations. 

Furthermore, in order to check the accommodation of REEs into a 
specific crystalline site, a XAS analysis (Fig. 2) was carried out on NiHCF 
powders obtained by the coprecipitation methods, enriched with Dy salt 
as a representative example. 

By using the strong selectivity of the XAS for the atomic species, all 
the three metals environment can be checked out and revealed, namely 
the Fe, Ni and the Dy. As expected, a six orthogonal -Fe-CN-Ni- structural 
framework is observed, where Fe and Ni alternatively occupy vertex 
position of a cubic network. This can be seen from the typical XANES 
curves taken at the Fe and Ni K-edges of Fig. 2 [32,33] and also by the 
EXAFS analysis reported in the SI. Specifically, the six Fe-C, the C ≡ N, 
and the Ni-N distances are 1.903(6), 1.175(10) and 1.95(3) Å, respec
tively. Of more importance is the determination of the Dy coordination 
site. The EXAFS analysis has indicated a dysprosium first-shell coordi
nation site as formed by of 2.2(4) oxygen atoms at 2.30(2) Å, plus a 
second interaction due to carbon or nitrogen at 3.61 Å and finally a Dy- - 
Fe(Ni) long interaction at 4.35 Å. The full picture indicates unambigu
ously that the Dy occupies intercalation site at the centre of the cube 
(Fig. 2, panel F), in position that are frequently called “zeolitic position” 
[34], allowing the easy intercalation /release of guest ions in metal 
hexacyanoferrates. 

Fig. 3 displays the comparison of the CV curve of NiHCF powder and 
of the electrodeposited one, which we have further used in this paper, 
showing the same CV shape. This feature, together with the electro
chemical reversibility data (Fig. 1) and the XAS data, excludes any 
possible Ni or Fe substitution in the hexacyanoferrate structural network 

Fig. 1. CVs at 0.1 V s− 1 of GCE modified with A) NiHCF film in 0.1 M KNO3 and 0.1 M Er(NO3)3 solutions at native pH; B) CuHCF film in 0.1 M KNO3 and 0.1 M Dy 
(NO3)3 solutions at native pH; C) NiHCF in 0.1 M KNO3, 0.1 M RE(NO3)3 and D) CuHCF thin film in 0.1 M KNO3, 0.1 M RE(NO3)3 (RE = La, Dy, Gd, Er), solutions and 
in mixture containing rare earth cations at native pH. 
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as a consequence of the metal ion insertion. Generally, during the CV 
scans of the investigated rare earth cations, we never observed a partial 
substitution of Ni, coordinated to the N atom, by the guest cations. A 
possible partial substitution in the case of PB was suggested [35] in one 
case, where the N-coordinated iron was partially replaced by Ni2+ or 
Cd2+ when a cycling polarisation step was performed in solutions con
taining these cations. 

The dependence of CVs upon the concentration has been further 
studied for each rare-earth cation in the 1.0 – 1.0 × 10-2 M range in order 
to assess the role of the rare earth cation in the electrochemical process. 
The redox mechanism involves the rare earth cations insertion during 
reduction and its release during oxidation, according to the following 
reactions: 

Ni1.5
[
FeIII(CN)6

]
+ 1/3A3+ + e− ⇄A1/3

[
Ni1.5FeII(CN)6

]
(1)  

Cu3
[
FeIII(CN)6

]

2 + 1/3A3+ + e− ⇄A1/3
[
Cu3FeII(CN)6

]

2 (2) 

The Nernst equation for reactions (1) and (2) reads (in volts): 

E = E0 +

(
0.059

3
log [A3+]

)

(3)  

where A is one of the rare earth ions between erbium, lanthanum, 
dysprosium, or gadolinium. All the experiments, therefore, confirm the 

Fig. 2. XAS analysis of DyNiFe(CN)6 material. XANES spectra at Ni K-edge (panel A), L3-edge of Dy (panel B) and Fe K-edge (panel C). EXAFS analysis at L3-edge of 
Dy (panel D) and Fe K-edge (panel E) in terms of individual contribution to the total EXAFS signals, and crystallographic structure (panel F). The Dy atom is located at 
the cube centre in yellow (zeolytic position). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. CVs overlay of NiHCF-powders (black line) and NiHCF-film (red line) in 
KNO3 0.1 M at 0.1 V s− 1 vs Ag/AgCl. (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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insertion/de-insertion mechanism of the tested REEs as proved by the 
Nernstian slope values very close to the theoretical one of 19 mV, ex
pected for trivalent cations. The related data were showed in SI. This 
phenomenon arises as a consequence of the zeolitic structure of the PBA 
characterized by open channels whose chemical-physical characteristics 
constitute the driving force for ion discrimination. Furthermore, the 
nature and the size of the ion play a key role in influencing their 
insertion into the structure. 

To fully check the electrochemical behaviour of the both electro
deposited PBAs, several CVs were recorded in 0.1 M La(NO3)3, Gd 
(NO3)3, Dy(NO3)3 and Er(NO3)3 solutions at 0.1 V s− 1 and in a mixture 
containing all the investigated rare earth elements (the last cycle is re
ported in Fig. 1C and 1D). Both for CuHCF and NiHCF, no shape 
modification occurs during the REE insertion, but only a potential shift 
takes place, as reported for other cations [8,9]. 

By analysing the peak position, it became evident that we could draw 
comparisons between the CV of mixed cations and that of a specific 
cation, regardless the nature of the rare earth cations involved. In most 
cases, substituting K+ ions with another cation led to significant alter
ations in peak shape and position. These shifts in peak potentials can be 
attributed to either the hydrated cation’s radius, as previously observed 
in other Prussian Blue-type compounds [36] or to the ionic potential 
(ratio of ionic charge/radius) as reported by [37]. Moreover, the po
tential shift is also influenced by both the ionic radii and the metal 
composition of the PBA. Specifically, CuHCF, due to its higher potential, 
exhibits a greater propensity for the intercalation of hydrated ions when 
compared to NiHCF [20]. 

On one hand, the cyclic voltammograms (CVs) of NiHCF (Fig. 1C) 
demonstrated the excellent reversibility of the process and exhibited the 
expected potential shift for each tested REE. In addition, the distinctive 
shape of the CVs hinted at the potential preference of NiHCF for inter
calating dysprosium as a preferred REE. On the other hand, the CVs of 
CuHCF (Fig. 1D) did not exhibit a distinct shape, suggesting the absence 
of a preferred ion for intercalation. Thus, a further investigation was 
needed to quantify the ion intercalated. 

3.2. MP-AES analysis 

In order to quantify the amount of REEs up-taken by PBAs, MP-AES 
analysis were carried out on an Agilent 4100 instrument. To obtain an 
adequate quantity to be tested at MP-AES, the protocol was transferred 
from GC to GF, where an electrode surface area of ~ 1.5 cm2 was 
reached (ca 95% increase). Thus, increasing the electroactive area, the 
quantity of the ion intercalated increased accordingly. In particular, a 
specific protocol was adopted (Fig. 4), i.e.: three steps were carried out, 
where each step consists of 10 CV scans recorded in potassium nitrate 
(solution (A)), 10 CV scans recorded in a REEs mixture (solution (B)), 10 
CVs recorded in potassium nitrate again (solution (C)). For each step 1 
mL of the solution (C) was examined by MP-AES. The related CV scans 
were reported in the SI. 

Even though several wavelengths were tested (see the SI), the best 
one was selected: dysprosium (353.171 nm), erbium (390.631 nm), 
lanthanum (433.374 nm). 

An adequate reproducibility and quantifying for gadolinium were 
not attainable for all of the wavelengths chosen, even though 

interference were not anticipated [38]. 
The results showed in Table 1 indicate the RE ion concentration in 

mM (average concentration from two data set) for each protocol step in 
the mixture and the related calculated selectivity coefficient. The ions 
amount is comparable for both PBAs. In the case of CuHCF, its REE- 
intercalation capability is shown in Fig. 5A. Here, the concentration of 
each REE remains relatively stable during the first two steps and 
consistently increases in the last step. The high concentration of 
dysprosium and also to some extent erbium, indicates that CuHCF in
tercalates preferentially heavier ions even from the first step. 
Conversely, lanthanum concentration is found to be lower than the 
others. Kinetically, the quantity of ions progressively increases during 
each step, therefore ten cycles are needed to uptake roughly the same 
quantity. Unlike CuHCF, NiHCF shows a different behaviour from a ki
netic point of view. The REEs concentration does not follow a linear 
increase: it is lower at the beginning and becomes very high toward the 
end. Thus, more than 10 cycles are needed for a stable intercalation. The 
reason why it occurs, may be due to the rearrangement of the lattice due 
to the accommodation of cations into the structure during the scans. 
NiHCF intercalation capability results different from the CuHCF one and 
the selectivity capacity of each PBA was evaluated by the selectivity 
coefficient (K), calculated by the Eq. (4), where the Cx is the concen
tration of one ion and Cmix is the total concentration of the REEs mixture 
in each protocol step [39]. 

Kx =
Cx

Cmix
(4) 

The interesting feature of CuHCF was its capability to intercalate 
dysprosium and erbium rather than lanthanum, with a 1:10 ratio during 
the first two steps but a 1:2 ratio was reached at the end of the pro
cedure. The selectivity coefficient (Fig. 5C) suggests that the dysprosium 
intercalation occurs easily rather than the lanthanum one, which might 
be due to the different size: the lanthanum ionic radii is bigger than the 
other ones, whose size are comparable (Table 2). Instead, during the first 
two steps the NiHCF shows a particular capability to intercalate 
dysprosium and erbium, and at the end (Step 3) also lanthanum was 
intercalated (Fig. 5C), indeed its amount increases. 

The distinctive behaviour of the two PBAs towards lanthanum 
intercalation could be associated to the diverse way to accommodate 
hydrated, fully dehydrated, or partially- hydrated cations. Indeed, data 
literature reports that the insertion of hydrated alkali metal ions is easier 
in CuHCF over NiHCF [16]. In addition, being light rare earth ions 
nonahydrates, unlike the heavy rare earth ions which are octahydrates 
(forming anionic complex) in aqueous solution [41], that could be a 
discerning feature for their intercalation. 

Fig. 4. The schematic procedure followed for the MP-EAS analysis.  

Table 1 
RE ions concentration evaluation (MP-AES data) during the protocol using 
NiHCF and CuHCF thin films on Grafoil, and related selectivity coefficient 
calculated by Eq. (4).    

CuHCF CuHCF NiHCF NiHCF 

Protocol 
Steps 

IONS Concentration 
(mM) 

K, 
Selectivity 
coefficient 

Concentration 
(mM) 

K, 
Selectivity 
coefficient 

1 Dy3+ 0,924 0,584 0,746 0,468 
2 Dy3+ 1,174 0,588 0,697 0,456 
3 Dy3+ 2,196 0,452 3,224 0,393 
1 Er3+ 0,527 0,333 0,531 0,333 
2 Er3+ 0,64 0,321 0,453 0,297 
3 Er3+ 1,634 0,336 2,539 0,31 
1 La3+ 0,132 0,083 0,318 0,199 
2 La3+ 0,181 0,091 0,377 0,247 
3 La3+ 1,030 0,212 2,434 0,297 
1 Cmix 1,583  1,595  
2 Cmix 1,995  1,527  
3 Cmix 4,86  8,197   
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3.3. Chemometry: Multivariate curve resolution method 

The different NiHCF profile obtained by the CV data were examined 
from a kinetic point of view, as MP-AES data suggested a non-linear 
kinetic profile. This approach uses the multivariate curve resolution- 
alternating least squares (MCR-ALS) method, which is a method for 
analysing multivariate data affected by an evolutionary change, applied 
on different datasets [42,43]. MCR-ALS method was adopted because it 
enables the detection of the number of species and the evolution of their 
concentration during a defined evolutionary process [44]. The goal of 
the MCR is to decompose the data matrix, X, in a column profiles of 
concentration matrix, C, by a row profile of the components (voltam
mograms) matrix, V, of the analysed mixture: X = CVt. The hypothesis 
is that the rank of a data matrix corresponds to the number of the true 
substances in the mixture. Principal Component Analysis (PCA) is 
generally used to find the rank of a data matrix and decompose it into 
the product of two abstract factor matrices. EFA (Evolving factor anal
ysis) applies this property of PCA analysing submatrices of X of 
increasing dimension; in this way EFA permits to define the field of 
existence of the single species, that is a first approximation of matrix C. 
Using this approximation of the concentration profiles and the data 
matrix X, it is possible to compute the matrix V by the least squares 
method. Iterating with some constraints it is possible to refine by 
Alternating Least Squares (ALS) the decomposition of matrix X. The 
REEs extraction/separation procedure is based on an exchange process, 
in which K+ was exchanged by REE and afterward a REE was released, 
allowing the reinsertion of K+. A voltammograms sequence of NiHCF 
thin film on GCE was carried out using the protocol described in the 
experimental section. 

We adopted several constraints for the MCR-ALS analysis: firstly, the 
closure condition, that provide the mass balance conservation, and 
additionally the non-negativity of the concentration profiles. The 
application of EFA technique allows to define the presence of several 
species and their evolution (in terms of concentration). By adjusting one 
or more parameters, providing the mass balance conservation (closure 
condition). For our aim, this closure condition ensures that the total 
charge remains constant, signifying that the same amount of electrode 
material is involved in reactions throughout the recorded cycles. Fig. 6B 
shows 180 cycles of the NiHCF modified electrode in 0.1 M KNO3 so
lution: the voltammogram shape changes with the increasing of the 
cycles number. Indeed, if on one hand the cathodic peak intensity at ca 
+ 0.55 V decreases, on the other hand the peak at ca. + 0.40 V increases. 
Furthermore, the charge decrement over the time is due to the loss of the 
electrode material. 

In order to mitigate the possible loss of electroactive material and 
therefore ensuring the closure conditions, the voltammograms were 
normalized by keeping the charge constant. For clarity, only the 
cathodic process of the voltammograms was presented. (Fig. 6D). 

The presence of a clear isosbestic point (at ca. 0.45 V) in the cathodic 
span, as show the inset of Fig. 6B, is due to the morphological evolution 
of the voltammograms indicates the progressive changing from the K- 
rich-specie to the Ni-one [29]. This particular characteristic is confirmed 
by the calculated concentration obtained from the MCR-ALS analysis 
(Fig. 6A). Then, the 180 cycles of REEs extraction procedure were 
analysed. In Fig. 6C the overlapped and charge normalized cathodic CVs 
(180 cycles in total) were reported. 

The gradual increase in the number of cycles induces a progressive 
transformation in the peak morphology, mirroring the behaviour 
observed in NiHCF with KNO3, as discussed earlier. The CVs recorded in 
the mixture of REEs, after the first cycles, the morphology of the vol
tammograms remains constant. The concentration profiles reported in 
Fig. 6C were calculated by EFA, by fixing three species: K-rich-NiHCF, 
Ni-rich-NiHCF, the NiHCF containing REE. To this elaboration data was 
overlapped the curves obtained from the background elaboration (dot 
curves). A close inspection of Fig. 6C highlights the six different steps 
examined: 

Fig. 5. Concentration of REEs A) CuHCF B) NiHCF - data obtained by MP-AES. C) Selectivity coefficient calculated for each REE on CuHCF and NiHCF.  

Table 2 
Ionic radii and hydration enthalpy values of dysprosium, lanthanum and erbium 
[40].  

cations radius (Å) ΔHhyd (KJ.mol− 1) 

La3+ 1.06 − 3285 
Dy3+ 0.91 − 3577 
Er3+ 0.89 − 3621  
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• 1st Step (cycles 1–30) in KNO3: in the first 30 cycles only two species 
are discernible: the K-rich-specie (blue line- curve 1), the predomi
nant specie, and Ni-rich specie (green line - curve 2).  

• 2nd Step (cycles 31–60) in REEs mixture: starting from the 31st cycle 
a new specie (orange line- curve 3) appears while, concurrently, the 
curves 1 and 2 almost completely disappear. The curve 3 shows some 
fluctuation before reaching a steady state.  

• 3rd Step (cycles 61–90) in KNO3: here, the curve 3 immediately 
decays to zero, suggesting that only two cycles required for the REEs 
releasing and the re-uptake of K+. The intensity of curves 1 and 2 are 
inverted.  

• 4th Step (cycles 91–120) in REEs mixture: the situation is analogous 
to the one observed in the 3rd step.  

• 5th Step (cycles 121–150) in KNO3: the curve 3 immediately decline 
to zero, therefore the releasing of REEs occurs. The curve 1 still de
creases and the curve 2 still increases.  

• 6th Step (cycles 161–180) in KNO3: here, a stabilization of the curve 
1 (decreasing) and curve 2 (increasing) occurs. 

It worth noting that the evolution of the curves 1 (blue) and 2 (green) 
matches with the dot curves (black and red dot curves), obtained by the 
180 cycles recorded in KNO3, showing a perfect overlapping of the dot 
curves. Thus, the release of REEs occurs faster than their uptake. The 
delay in the REEs uptake can be related to its accommodation into the 
hexacyanoferrate lattice, which may depend on the size of the REE. This 

explains that the different starting behaviour of dysprosium/erbium and 
lanthanum is probably due to the larger ionic radii [45] of lanthanum, 
which is less easily intercalated into the structure, as already evidenced 
from the MP-AES data. 

4. Conclusions 

In summary, this paper focuses on the electrochemical performance 
of NiHCF and CuHCF thin films as hosts for the rare earth elements. Both 
PBAs exhibit reversible intercalation of RE ions without any metal 
substitution in the crystalline site, as confirmed by results obtained by 
applying the high selectivity of the X-ray Absorption Spectroscopy (XAS) 
probe. 

The quantification of the recovered REEs and the variation of indi
vidual ion concentrations over time were determined using MP-AES 
analysis. The experiments revealed that NiHCF initially had a prefer
ence for intercalating smaller ions (Dy3+ and Er3+), then an indiscrim
inate intercalation have occurred. The amount of intercalated RE cations 
increased nonlinearly over the cycles. 

In contrast, CuHCF showed an easier intercalation of the heavy rare 
earth elements rather than the light ones and their amount increased 
linearly over time. The peculiar NiHCF kinetic behaviour, as revealed by 
the MP-AES data further explored through MCR-ALS analysis of their 
respective CVs. This analysis confirmed both the presence of another 
species during the redox process (REE over the Ni-rich and K-rich 

Fig. 6. A) Calculated concentrations profiles of Ni-rich-specie (red) and K-rich-specie (black). B) CVs of NiHCF film. 180 cycles recorded in KNO3 0.1 M on GCE. 
Inset: cathodic voltammograms overlapping cycle 1–180. C) Concentration profiles calculated fixing 3 species. The dot curves show the overlapping of the K-rich- 
NiHCF (red), Ni-rich-NiHCF (black) obtained by the 180 cycles in KNO3 elaboration. The green, orange and blue lines show the three species calculated concentration 
from MCR-ALS. D) Overlapped cathodic voltammograms, charge normalized. The six phases are marked by different colours. CVs of NiHCF recorded in: KNO3 (1st 
step) - black line, Mixture (2nd step) - red line, KNO3 (3rd step)- green line, Mixture (4th step)- blue line, KNO3 (5th step)- cyan line, clean-KNO3 (6th step) - magenta 
line. (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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species), and the slow REE uptake, as already anticipated by the CVs. 
Additionally, the chemometric analysis emphasized that the intercala
tion of RE ions occurs more gradually than their release, likely due to the 
time needed for the lattice accommodation during the redox process. 

Overall, these findings provide a relevant step forward for the 
identification of methods for the REEs enrichment and recovery from a 
multicomponent matrix. The electrochemical approach here proposed is 
proven to be effective. 
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