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solution. Reversible electrochemical inser-
tion of ions into materials would present 
a valuable alternative to these existing 
technologies because of the ease of cycling 
and reuse. 

 Moreover, the reversible insertion of 
monovalent ions has been thoroughly 
explored because of its relevance to inter-
calation battery electrodes, including 
electrodes for nickel-metal hydride and 
lithium-ion batteries. [ 11,12 ]  The fi eld of 
multivalent ion intercalation has begun 
to attract signifi cant research interest 
recently. [ 13–15 ]  However, the insertion of 
divalent or trivalent ions (such as Mg 2+  
or Al 3+ ) into materials has proven diffi -
cult; extensive research into magnesium-
ion insertion batteries has shown that the 
additional charge concentration (the ratio 
of formal charge to ionic radius) on these 
ions leads to poor insertion kinetics. [ 16,17 ]  

 Prussian Blue (PB) open framework 
materials have recently demonstrated 

excellent ion insertion properties, [ 18–22 ]  including the reversible 
insertion of divalent alkaline earth ions. [ 23,24 ]  These properties 
are primarily a result of the hydrated PB crystal structure. PB 
analogues possess a well-known perovskite-like face-centered 
cubic crystal structure in the  Fm- 3 m  space group. [ 25,26 ]  Extensive 
crystallography work on PB analogues suggests that carbon–
coordinated iron (III/II) and nitrogen–coordinated copper (II) 
ions reside in the corner sites of the copper hexacyanoferrate 
(CuHCFe) structure, which correspond to the B sites of the 
analogous perovskite structure ( Figure    1  a). The cyanide ligands 
that join iron and copper ions provide structural stability and 
nanoscale porosity within the crystal structure. Insertion ions 
reside in and around the interstitial sites, [ 25–27 ]  which typi-
cally correspond to the perovskite A sites (Figure  1 a). Within 
ferricyanide vacancies (Figure  1 b), oxygen atoms from water 
molecules coordinate to the dangling copper ions, and inter-
stitial water molecules reside in and around the A sites. [ 27–30 ]  
Ions inserting into PB analogues likely remain at least partially 
hydrated, [ 31 ]  and larger hydrated ions may diffuse through open 
channels created by these ferricyanide vacancies. [ 32 ]  Large open 
A sites (4.6 Å diameter) and 〈100〉 channels (3.2 Å diameter) 
allow for the rapid and reversible insertion of a variety of ions. 

  The physical and electrochemical properties of PB analogues 
have been explored thoroughly. [ 25,26,28,33–42 ]  Electrodeposited 
thin fi lms of PB exhibit properties that make them useful as 

 The reversible electrochemical insertion of multivalent ions into materials has 
promising applications in many fi elds, including batteries, seawater desali-
nation, element purifi cation, and wastewater treatment. However, fi nding 
materials that allow for the insertion of multivalent ions with fast kinetics and 
stable cycling has proven diffi cult because of strong electrostatic interactions 
between the highly charged insertion ions and atoms in the host framework. 
Here, an open framework nanomaterial, copper hexacyanoferrate, in the 
Prussian Blue family is presented that allows for the reversible insertion of 
a wide variety of monovalent, divalent, and trivalent ions (such as Rb + , Pb 2+ , 
Al 3+ , and Y 3+ ) in aqueous solution beyond that achieved in previous studies. 
Electrochemical measurements demonstrate the unprecedented kinetics of 
multivalent ion insertion associated with this material. Synchrotron X-ray 
diffraction experiments point toward a novel vacancy-mediated ion inser-
tion mechanism that reduces electrostatic repulsion and helps to facilitate 
the observed rapid ion insertion. The results suggest a new approach to 
multi valent ion insertion that may help to advance the understanding of this 
complex phenomenon. 

  1.     Introduction 

 The extraction, exchange, and separation of ions in solu-
tion have been studied extensively due to their importance in 
numerous applications, including seawater desalination [ 1–3 ]  
and delithiation, [ 4 ]  element purifi cation, [ 5,6 ]  and wastewater 
treatment. [ 7–10 ]  Many of the primary methods for desalina-
tion and wastewater treatment employ either fi ltration mem-
branes [ 2 ]  or adsorbents [ 9 ]  that extract a wide variety of ions from 
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electrochromic materials. [ 43–45 ]  PB analogues have shown 
promise as intercalation battery electrodes in a variety of 
aqueous and organic electrolytes. [ 18–22,46–54 ]  While divalent alka-
line earth ions have been shown to reversibly insert into nickel 
hexacyanoferrate with long cycle life and low hysteresis, [ 23 ]  in 
this work we demonstrate insertion of a range of divalent tran-
sition metal and trivalent rare earth ions in copper hexacyano-
ferrate with unprecedented kinetics and reversibility that may 
be facilitated by ferricyanide vacancies. In doing so, we estab-
lish successful ion insertion with a much wider range of ions 
than that achieved in previous studies. Copper hexacyanofer-
rate serves as a valuable model system for studying the complex 
phenomenon of multivalent ion insertion.  

  2.     Results and Discussion 

  2.1.     Synthesis 

 CuHCFe was synthesized by dropwise precipitation of copper 
nitrate and potassium ferricyanide in aqueous solution fol-
lowing a method previously reported in the literature; [ 19 ]  specifi c 
details can be found in the Methods section. This procedure cre-
ates polydisperse nanoparticles of crystalline CuHCFe ranging 
from 20 to 90 nm in diameter (Figure  1 c). The extremely low 
solubility of Prussian Blue analogues [ 26 ]  leads to the creation of 
a high amount of disordered ferricyanide vacancies (usually at 
least 25%) upon precipitation of the material. [ 25,26 ]  Elemental 
analysis and thermogravimetric analysis (TGA) of the CuHCFe 

precipitate yields a chemical formula of 
K 0.03 Cu[Fe(CN) 6 ] 0.65 ·2.6H 2 O, which suggests 
that the material is nearly fully oxidized in 
the as-synthesized state. The partial reduc-
tion refl ects the tendency of fully oxidized 
CuHCFe to be reduced in water. Detailed 
TGA data can be found in Figure S1, Sup-
porting Information. 

 The maximum theoretical specifi c capacity 
is limited by the amount of iron (III) that can 
be reduced to iron (II) upon ion insertion. 
The chemical formula predicts a maximum 
capacity of ≈70 mA h g −1  if all iron ions are 
reduced, but in practice, specifi c capacities 
closer to 50 mA h g −1  are often observed. As a 
result, all C rates cited are based on a capacity 
of 50 mA h g −1  (e.g., 1 C = 50 mA g −1 ). Incon-
sistency in the ferricyanide vacancy concen-
tration, varying amounts of hydration, and 
incomplete reduction/oxidation of the mate-
rial upon insertion/extraction of different 
ions may contribute to differences in specifi c 
capacity across experiments.  

  2.2.     Crystallography 

 X-ray diffraction (XRD) samples with inserted 
ions were prepared by electrochemically 
reducing CuHCFe electrodes with high mass 

loading (20 mg cm −2 ) in the presence of 1  M  solutions of either 
rubidium nitrate, lead (II) nitrate, or yttrium nitrate at pH 2. 
These ions were chosen as model systems because they have 
high atomic numbers ( Z ), which increases their sensitivity to 
X-rays, and because they demonstrate highly reversible electro-
chemistry. Mechanisms that enable the insertion of multivalent 
ions would be especially evident in Pb–CuHCFe and Y–CuHCFe 
because of their electrochemical reversibility. High-resolution 
synchrotron XRD was performed on powder samples at the 
Stanford Synchrotron Radiation Laboratory (SSRL) with a wave-
length of λ = 1.034 Å for Rb–CuHCFe and Pb–CuHCFe and 
with a wavelength of 0.952 Å for Y–CuHCFe. Distinct diffrac-
tion peaks can be observed throughout the full Q range of the 
experiments ( Figure    2  a–c), and all peaks can be indexed with 
the  Fm- 3 m  space group. The same phase is preserved at dif-
ferent concentrations of insertion ions, as shown in Figure S2, 
Supporting Information. The cubic lattice parameters for the 
refi ned structures are  a  0  = 10.066, 10.041, and 10.058 Å for 
Rb–CuHCFe, Pb–CuHCFe, and Y–CuHCFe, respectively. For 
all three ions, the lattice parameter decreases linearly as ions 
are inserted (Figure S3, Supporting Information). The relative 
peak intensities of Rb–CuHCFe and Pb– CuHCFe differ signifi -
cantly, which refl ects differences in site locations and occupan-
cies of ions. Electron microprobe analysis (EMPA) of reduced 
electrodes (Figure S4, Supporting Information) confi rms the 
electrochemical insertion of multivalent ions. 

  Rietveld refi nement of the XRD data for CuHCFe fully 
reduced with Rb + , Pb 2+ , and Y 3+  confi rms that the  Fm- 3 m  space 
group accounts for all observed diffraction peaks (Figure  2 a,c). 
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 Figure 1.     a) The so-called “soluble” Prussian Blue structure has no vacancies, and insertion 
ions can only reside in A sites in the center of each cubic sub-cell. The nominal chemical for-
mula in the oxidized state is KCuFe(CN) 6 * x H 2 O. b) The so-called “insoluble” Prussian Blue 
structure includes Fe(CN) 6  vacancies on ¼ of the iron sites. Water molecules (not shown) 
coordinated to the copper atoms shield charge, and insertion ions can potentially insert into 
both A and B sites. The B sites can be thermodynamically favorable for certain insertion ions 
because coordinated water molecules shield charge from the insertion ion. The nominal chem-
ical formula in the oxidized state is K 0.25 Cu(Fe(CN) 6 ) 0.75 * x H 2 O. c) The scanning electron image 
shows polydisperse nanoparticles of CuHCFe ranging from 20 to 90 nm (scale bar = 200 nm).
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Occupancies ( g ) of iron, carbon, and nitrogen ( Tables    1  – 3 ) 
are constrained to 0.65 (corresponding to a 35% ferricyanide 
vacancy content) based on the results of elemental analysis (see 
above). Water molecules coordinated to the dangling copper 
ions adjacent to ferricyanide vacancies are represented by 
oxygen atoms on the 24 e  sites with a fi xed occupancy of 0.35 
(all vacant nitrogen sites are fi lled by oxygen). Positions and 
thermal parameters of the nitrogen and oxygen atoms on the 

same 24 e  sites, of the iron and insertion ions on the same 4 a  
sites, of the oxygen and insertion ions on the same 8 c  sites, and 
of the oxygen and insertion ions on the same 32 f  sites were 
constrained to be equal. Figure S5, Supporting Information, 
presents a schematic of sites within the structure. 

    Rubidium is included in the model in the iron vacancy 4 a  
sites and the central 8 c  interstitial sites at (¼, ¼, ¼). Larger 
monovalent ions (such as Rb) typically reside in these central 
sites because their ionic size provides geometrical stability 
within the large interstitial sites in the structure. [ 55 ]  The Rb 
occupancy on the 4 a  sites was freely refi ned, while the occu-
pancy on the 8 c  sites was constrained based on the Rb:Cu ratio 
measured with EMPA (Figure S4, Supporting Information) 
minus the Rb content refi ned on the 4 a  sites. This was neces-
sary because an indeterminate amount of water molecules may 
share the same interstitial sites as rubidium. The occupancies 
for oxygen from water molecules were freely refi ned. The Rb:Cu 
ratio from EMPA is roughly double that expected based on the 
measured electrochemical capacity of Rb–CuHCFe, and it may 
be a result of a partially irreversible insertion of Rb ions into the 
structure facilitated by a reduction of Cu(II) to Cu(I). Similar 
behavior (the formation of Cu(I) or irreversibility in CuHCFe) 
has been observed in some CuHCFe studies, [ 56–58 ]  but it is not 
yet clear why only Rb–CuHCFe exhibits this behavior and not 
Pb–CuHCFe or Y–CuHCFe. Ongoing XANES studies on the 
chemical states of Fe and Cu in both fully and partially rubidi-
ated CuHCFe may help clarify some of these observations. 
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 Figure 2.     Synchrotron X-ray diffractograms (black dots) with Rietveld 
refi nement fi ts (red line) exhibit different relative peak intensities upon 
chemical insertion of a) Rb + , b) Pb 2+ , and c) Y 3+  ions. The relatively 
high X-ray cross-sections of rubidium, lead, and yttrium accentuate the 
changes in diffraction peaks upon insertion of ions in different sites.

  Table 1.    The Rietveld refi nement for fully reduced CuHCFe with Rb +  
inserted shows Rb +  located primarily at the traditional A (8 c ) sites. 

Atom Site  g  x  y  z  U  iso 

Fe 4 a 0.65 0 0 0 0.0150(9)

Rb 4 a 0.042(4) 0 0 0 0.0150(9)

Cu 4 b 1.00 0.5 0.5 0.5 0.0225(5)

Rb 8 c 0.574 0.25 0.25 0.25 0.0742(5)

O 8 c 0.125(9) 0.25 0.25 0.25 0.0742(5)

C 24 e 0.65 0.1809(7) 0 0 0.011(2)

N 24 e 0.65 0.2830(5) 0 0 0.132(3)

O 24 e 0.35 0.2830(5) 0 0 0.132(3)

  Table 3.    The Rietveld refi nement for fully reduced CuHCFe with Y 3+  
inserted shows Y 3+  located at both the off-center A (32 f ) sites and Fe 
vacancy (4 a ) sites. 

Atom Site  g  x  y  z  U  iso 

Fe 4 a 0.65 0 0 0 0.028(1)

Y 4 a 0.088(4) 0 0 0 0.028(1)

Cu 4 b 1.00 0.5 0.5 0.5 0.0330(7)

C 24 e 0.65 0.1815(7) 0 0 0.018(2)

N 24 e 0.65 0.2902(5) 0 0 0.169(4)

O 24 e 0.35 0.2902(5) 0 0 0.169(4)

Y 32 f 0.0115 0.222(2) 0.222(2) 0.222(2) 0.06(1)

O 32 f 0.232(2) 0.222(2) 0.222(2) 0.222(2) 0.06(1)

  Table 2.    The Rietveld refi nement for fully reduced CuHCFe with Pb 2+  
inserted shows Pb 2+  located at both the off-center A (32 f ) sites and Fe 
vacancy (4 a ) sites. 

Atom Site  g  x  y  z  U  iso 

Fe 4 a 0.65 0 0 0 0.035(1)

Pb 4 a 0.109(3) 0 0 0 0.035(1)

Cu 4 b 1.00 0.5 0.5 0.5 0.038(1)

C 24 e 0.65 0.1859(6) 0 0 0.015(1)

N 24 e 0.65 0.2862(8) 0 0 0.190(4)

O 24 e 0.35 0.2862(8) 0 0 0.190(4)

Pb 32 f 0.027 0.2252(3) 0.2252(3) 0.2252(3) 0.130(2)

O 32 f 0.042(2) 0.2252(3) 0.2252(3) 0.2252(3) 0.130(2)
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 Lead and yttrium are included in the model on both the octa-
hedral 4 a  sites (where the ferricyanide vacancies are located) and 
on the off-center 32 f  sites (shared with oxygen from interstitial 
water molecules). Attempts to refi ne lead and yttrium on the cen-
tered 8 c  interstitial sites produced fi ts with high thermal parame-
ters, which correspond to disorder away from the central 8 c  sites. 
This off-centering (occupancy on the 32 f  sites) may be especially 
prevalent for lead and yttrium because of the high charge con-
centrations and expected levels of hydration versus those of 
rubidium (consistent with actual refi nement results). The occu-
pancy on the 4 a  site could be refi ned without constraints since 
all other contributions to scattering on the same site are known 
and fi xed. On the other hand, the lead and yttrium occupancy on 
the 32 f  sites was fi xed based on the amount of lead or yttrium 
refi ned in the 4 a  site subtracted from the total concentration 
of lead or yttrium determined using EMPA on the same sam-
ples (Figure S4, Supporting Information). This 32 f  occupancy 
could not be freely refi ned because an indeterminate amount of 
oxygen from interstitial water molecules also shares the same 
site. Refi nement statistics for Rb–CuHCFe ( R  wp  = 4.1%, χ 2  = 
7.7), Pb–CuHCFe ( R  wp  = 3.0%, χ 2  = 8.4), and Y–CuHCFe ( R  wp  = 
5.2%, χ 2  = 4.7) indicate strong agreement between the observed 
data and the Rietveld model. The residuals of the fi ts confi rm 
that the large χ 2  values are a result of high counting statistics 
and not poor crystallographic models. [ 59 ]  

 The refi ned models point to an interesting and novel differ-
ence between monovalent Rb +  and multivalent Pb 2+  and Y 3+  
ion insertion in CuHCFe. Rubidium ions mostly insert into 
the central interstitial sites, which is the commonly accepted 
view of ion insertion in PB analogues. [ 41,60 ]  However, lead 
and yttrium ions occupy both off-center interstitial sites (the 
32 f  sites) and the octahedral B sites (4 a  sites) formed by ferri-
cyanide vacancies. The occupancies of lead and yttrium on the 
vacancy sites are more than double that of rubidium, and the 
difference is strikingly greater when considering the fraction of 
total capacity accommodated by insertion into the vacancy sites 
(3.5% for Rb–CuHCFe versus 34% and 49% for Pb–CuHCFe 
and Y–CuHCFe, respectively, after accounting for the differing 
site multiplicities). The divalent charge on a lead ion and the 
trivalent charge on an yttrium ion attract larger hydration 
shells due to the stronger electrostatic interaction between the 
charged ions and the dipoles of water molecules (compared 
to the hydration shell of a rubidium ion). The difference in 
hydration is consistent with the refi nement of more oxygen 
from water molecules in Pb–CuHCFe and Y–CuHCFe than in 
Rb–CuHCFe. As a result, hydrated lead and yttrium ions have 
a larger effective radius than hydrated rubidium ions, even 
though unhydrated lead and yttrium ions have a smaller ionic 
radius than unhydrated rubidium ions. [ 61,62 ]  

 Lead and yttrium ions may occupy the iron vacancy sites 
within CuHCFe because the larger size of these sites allows lead 
and yttrium to be either more hydrated or adjacent to more coor-
dinated water molecules within the structure than they would 
otherwise be in an interstitial site. The larger hydration shell 
would provide a greater thermodynamic stability for lead and 
yttrium ions in the vacancy sites than for rubidium ions due to 
the extra shielding of the multivalent charges on lead and yttrium. 
Such a mechanism would allow lead and yttrium ions to reside 
in vacancy sites that would otherwise be thermodynamically 

unfavorable relative to the interstitial sites. The vacancy sites 
are too large for bare ions to reside in easily. Further, we note 
that this shielding mechanism is similar to that postulated for 
the charge shielding observed in magnesium-ion battery elec-
trodes [ 17 ]  and suggests that such screening/shielding effects may 
be more prominent in many multivalent ions, which is con-
sistent with chemical intuition.  

  2.3.     Electrochemistry 

 We have previously reported on novel electrochemistry for 
reversible insertion of divalent alkaline earth ions in nickel hex-
acyanoferrate. [ 23 ]  In our present experiments, we have expanded 
upon that work, and we can now report insertion of a wide 
variety of divalent and trivalent ions from the transition metal 
and rare earth families in copper hexacyanoferrate with unprec-
edented electrochemical performance. We further show how 
the structural details of ion insertion into copper hexacyanofer-
rate described above provide an understanding of aspects of the 
electrochemical performance. 

 Cyclic voltammograms (CVs) demonstrate reversible inser-
tion of many different divalent ions in CuHCFe ( Figure    3  a,b). 
Both the insertion voltages and the qualitative shapes of the 
CVs vary signifi cantly as a function of the insertion ion. The 
presence of multiple cathodic and anodic peaks at different volt-
ages in the data suggests that there are multiple electrochem-
ical processes at work during divalent ion insertion. Our Riet-
veld refi nement of high-resolution XRD data has conclusively 
demonstrated insertion of Pb 2+  and Y 3+  ions in both A and B 
sites in the structure, and it appears that the multiple CV peaks 
correspond to divalent ions inserting into these electrochemi-
cally distinct sites in the structure, although  in situ  XRD is 
required to demonstrate this conclusively. Conversely, the inser-
tion of Rb +  in Prussian Blue analogues exhibits one distinct CV 
peak (Figure S6, Supporting Information) [ 40 ]  which is typical for 
insertion of alkali ions in these materials and also consistent 
with refi nement results of crystallographic data. 

  Galvanostatic cycling at 5 C (corresponding to a 12 min 
charge or discharge) refl ects the rapid kinetics associated with 
inserting divalent ions into CuHCFe (Figure  3 c). The character-
istic S-shaped sloping potential profi le refl ects the single-phase 
insertion reaction for all ions in CuHCFe. More than 50% of 
the specifi c capacity observed at C/5 is retained when cycling 
these divalent ions at 5 C; detailed data on the rate dependence 
of each insertion ion can be found in Figures S7 and S8, Sup-
porting Information. The voltage hysteresis at half charge for 
a 5 C cycling rate ranges from 50 mV for Ni 2+  to 141 mV for 
Co 2+ , which is remarkably low for divalent ion insertion. Water 
molecules provide charge shielding that allows for effi cient dif-
fusion of divalent ions, and the observation is consistent with 
the higher levels of hydration seen in our Rietveld refi nements 
in Pb–CuHCFe and Y–CuHCFe versus that of Rb–CuHCFe. In 
comparison, the voltage hysteresis is usually at least 300 mV 
for Mg 2+  insertion at rates below C/5 in many magnesium-ion 
battery cathodes (V 2 O 5 , MnO 2 , MnSiO 4 , and others). [ 17,63,64 ]  
This is not a direct comparison of material properties since 
most of these magnesium-ion electrode studies are performed 
in organic electrolyte, which also contributes to poor kinetics 
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of ionic diffusion. Nevertheless, both the specifi c capacity 
retention and low voltage hysteresis demonstrate the excellent 
kinetics of divalent ion insertion in CuHCFe. 

 The size of CuHCFe crystallites (Figure S9, Supporting 
Information) should not have a noticeable impact on the rates 
of ion insertion because of the rapid diffusion of ions within 
the crystal. In fact, the diffusion constants of ions within 
nickel hexacyanoferrate, a closely related Prussian Blue ana-
logue, are almost as high as those in aqueous solutions. [ 65 ]  
Moreover, other Prussian Blue analogues with crystallite sizes 
up to 500 nm have demonstrated rapid ion insertion, [ 21 ]  so the 
CuHCFe morphology should not have a signifi cant impact on 
its kinetics. 

 Extended galvanostatic cycling of divalent ions at 5 C over 
2000 cycles demonstrates the high structural integrity of 
CuHCFe ( Figure    4  a–d) even after such extended cycling. In the 
case of Ni 2+  and Zn 2+ , there is a large initial drop in capacity 
before the capacity decay stabilizes, which suggests diffi culty 
in reversibly inserting these ions into all available sites in the 
structure. There is no evidence to suggest a change in crystal 
structure or decrease in crystallinity after cycling. One pos-
sible explanation for the capacity fade may involve swapping of 
insertion ions with framework metal ions, which has previously 
been observed in CuHCFe. [ 57 ]  The partially transformed Prus-
sian Blue analogue may not be as electrochemically active as 
CuHCFe, which could account for the capacity fade. However, 
the morphology and structure would remain nearly unchanged 
after this happened, so it is diffi cult to isolate the mechanism of 
the capacity fade conclusively. 

  Cu 2+  and Pb 2+  do not exhibit this ini-
tial capacity decay, which is why they retain 
much more of their initial capacity after 2000 
cycles. In the case of Cu 2+  in CuHCFe, the 
insertion voltage shows a strong temperature 
dependence (consistent with past work), [ 66 ]  
and the daily fl uctuations in ambient tem-
perature in the lab lead to the fl uctuations in 
capacity in the cycling data. The Cu 2+  inser-
tion voltage is almost 200 mV higher than 
the insertion voltages of the other divalent 
ions (Figure  3 ), which means that inserting 
Cu 2+  in the structure is more thermodynami-
cally favorable. These electrochemical proper-
ties, which are unique to Cu 2+  insertion in 
CuHCFe, may indicate that insertion ions 
are directly interacting with the copper ions 
on the B sites in the framework. However, 
the current understanding of ion insertion 
in PB analogues [ 31,32,41,42,67 ]  provides no com-
prehensive explanation for why electrochem-
ical properties vary so signifi cantly with the 
choice of insertion ion. The Rietveld refi ne-
ment results presented above suggest that 
vacancies and water molecules may facilitate 
ion insertion, but the detailed mechanism 
of ion insertion in PB analogues remains a 
topic of ongoing study. 

 The average coulombic effi ciency 
(Figure  4 a–d) stays above 99% for all the 

divalent insertion ions, which refl ects slow side reactions and 
a remarkably high chemical stability of the electrodes and elec-
trolytes during high-rate cycling. The overall energy effi ciency 
of the full cell, calculated versus an activated carbon negative 
electrode, is very stable and remains above 80% for Cu 2+ , Zn 2+ , 
and Pb 2+ . This is a result of the low voltage hysteresis for diva-
lent ion insertion, which does not change appreciably over 2000 
cycles. The energy effi ciency for Ni 2+  insertion starts below 80% 
and decreases further, which correlates with the rapid drop in 
specifi c capacity with cycling and suggests diffi culty in revers-
ibly inserting Ni 2+ . 

 All of the physical and structural properties that make 
CuHCFe ideal for monovalent and divalent ion insertion enable 
the reversible electrochemical insertion of a wide variety of 
trivalent insertion ions as well, which has never before been 
observed in any material. Cyclic voltammograms demonstrate 
reversible insertion of six different trivalent ions, most of which 
come from the rare earth series of elements ( Figure    5  a,b). 
The shapes of the voltammograms are generally more poorly 
defi ned than those of monovalent and divalent ion insertion, 
and trivalent ions appear to insert gradually over a wider range 
of voltages. Each voltammogram exhibits multiple cathodic 
and anodic peaks separated by 100 to 300 mV, which suggests 
a complex insertion mechanism with more thermodynami-
cally distinct insertion sites for each ion. This may correspond 
to variations in the level of dehydration required for ions to be 
inserted into different sites within the structure. The refi nement 
results suggest much greater levels of hydration in Y–CuHCFe 
than in Rb–CuHCFe or Pb–CuHCFe, which is consistent with 
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 Figure 3.     a,b) Cyclic voltammograms (1 mV s −1  sweep rate) demonstrate reversible insertion 
of a variety of divalent ions in CuHCFe. c) Galvanostatic cycling of divalent ions in CuHCFe 
at 5 C shows low voltage hysteresis and retention of specifi c capacity even at a high charge/
discharge rate.
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this observation. The CVs of Ce 3+ , Nd 3+ , and Sm 3+  are strikingly 
similar (Figure  5 b), which refl ects the chemical similarity of 
many of the rare earth elements. 

  Galvanostatic cycling of trivalent ions at 5 C demon-
strates the rapid kinetics of trivalent ion insertion in CuHCFe 
(Figure  5 c). Over 60% of the specifi c capacity observed at C/5 is 
retained when cycling these trivalent ions at 5 C; detailed data 
on the rate dependence of each insertion ion can be found in 
Figure S6–S8, Supporting Information. The voltage hysteresis 
at half charge for a 5 C cycling rate ranges from 36 mV for Y 3+  
to 124 mV for Al 3+ , which is remarkably low for trivalent ion 
insertion and even lower than the hysteresis observed for diva-
lent ion insertion. This may be enabled by the especially high 
level of hydration in Y–CuHCFe confi rmed by the refi nement 
results. Extended cycling of Y 3+  at 5 C demonstrates structural 
stability over time, which results in retention of specifi c capacity 
with cycling and coulombic effi ciency over 99.5% (Figure  5 d). 

 CuHCFe exhibits extremely rapid kinetics for multivalent 
ion insertion. K + , Pb 2+ , and Y 3+  exhibit the fastest and most 
reversible electrochemistry out of the monovalent, divalent, and 

trivalent ions, respectively, that were studied. 
Increasing the galvanostatic cycling rate by 
a factor of 50, from C/5 to 10 C, decreases 
the specifi c capacity by less than 15% for 
all of these ions (Figure  5 e–g). The voltage 
hysteresis remains at less than 120 mV at 
10 C, even with complete insertion or extrac-
tion of the ions in only 6 min. In the most 
optimal cases, increasing the oxidation state 
of the insertion ion from +1 to +2 or +3 
has a negligible impact on insertion chem-
istry in CuHCFe (performance is consistent 
with a previous study of Mg 2+  insertion in 
CuHCFe), [ 24 ]  which is counterintuitive since 
the charge state is usually the strongest 
determining factor of electrochemical inser-
tion in other materials. Taken together, these 
observations suggest a high degree of charge 
screening, likely from water molecules in the 
hydration shell or in the structure (consistent 
with the refi nement results), which mini-
mizes the electrostatic interaction between 
the insertion ion and the host ions that make 
up CuHCFe. 

 The unhydrated crystal ionic radii of the 
multivalent insertion ions in octahedral 
geometry [ 62 ]  range from 0.675 Å for Al 3+  to 
1.33 Å for Pb 2+  ( Table    4  ). In all cases, the radii 
are smaller than the 1.6 Å channel radius in 
CuHCFe, so if the ions are not hydrated, all of 
these ions should be able to diffuse through 
the 〈100〉 channels. However, these ions are 
most likely at least partially hydrated since 
there appears to be a high degree of charge 
screening that enables the rapid insertion 
kinetics of divalent and trivalent ions. This is 
supported by the Rietveld refi nement results, 
which suggest that divalent and trivalent ions 
require additional hydration to remain in the 

structure. It is unclear if hydrated insertion ions are diffusing 
through alternative pathways, such as the proposed ferricyanide 
vacancy pathway, [ 32,67 ]  if ions are hydrated only along the 〈100〉 
axes during diffusion, [ 39 ]  or if both mechanisms contribute to 
ionic diffusion in CuHCFe. 

  The insertion voltage for these multivalent ions varies widely, 
from 0.76 V versus SHE for Al 3+  to 1.13 V versus SHE for Cu 2+  
(Table  4 ). A graphical comparison of the ion insertion voltages 
can be found in Figure S10, Supporting Information. The ion 
insertion voltage is determined by the change in free energy 
of hydration of the ion upon insertion and the change in free 
energy due to the changing bonding environment upon inser-
tion. [ 39,42 ]  The free energy of hydration correlates with the inser-
tion voltage for monovalent ions, [ 42 ]  but the trend does not hold 
for divalent or trivalent ions. In addition, many of the multi-
valent ion CVs exhibit multiple cathodic and anodic peaks at 
distinct voltages, which is consistent with ions inserting into 
multiple distinct crystallographic sites (consistent with the 
structural results) or undergoing different degrees of dehydra-
tion during insertion. [ 39 ]  The variations in insertion voltage and 
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 Figure 4.     Retention of specifi c capacity and coulombic effi ciency over 2000 cycles at 5 C for 
a) Ni 2+ , b) Cu 2+ , c) Zn 2+ , and d) Pb 2+  refl ects the stability of the material during insertion/
extraction of multivalent ions. e) Energy effi ciency versus activated carbon negative electrodes 
remains above 80% after 2000 cycles for all ions except nickel and illustrates retention of low 
voltage hysteresis after extended cycling.



FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 10) 1401869wileyonlinelibrary.comAdv. Energy Mater. 2015, 1401869

www.MaterialsViews.com
www.advenergymat.de

0.4 0.6 0.8 1 1.2

−0.5

0

0.5

1

Potential (V) vs SHE

S
pe

ci
fic

 c
ur

re
nt

 (
A

/g
)

 

 

Al3+

Y3+

La3+

a 

0.4 0.6 0.8 1 1.2

−0.5

0

0.5

1

Potential (V) vs SHE

S
pe

ci
fic

 c
ur

re
nt

 (
A

/g
)

 

 

Ce3+

Nd3+

Sm3+

b 

c 

0 10 20 30 40 50 60
0.4

0.6

0.8

1

1.2

1.4

Specific capacity (mAh/g)

P
ot

en
tia

l (
V

) 
vs

 S
H

E

 

Y3+

Ce3+

Al3+

Nd3+

La3+

Sm3+

0 500 1000 1500 2000
0

10

20

30

40

50

60

Cycle #

S
pe

ci
fic

 c
ap

ac
ity

 (
m

A
h/

g)

0 500 1000 1500 2000
0.9

0.92

0.94

0.96

0.98

1

C
ou

lo
m

bi
c 

ef
fic

ie
nc

y

Y3+ 

d 

0 20 40 60
0.4

0.6

0.8

1

1.2

1.4

Specific capacity (mAh/g)

P
ot

en
tia

l (
V

) 
vs

 S
H

E

 

C/5
1C
2C
5C
10C

K+ 

e 

0 20 40 60
0.4

0.6

0.8

1

1.2

1.4

Specific capacity (mAh/g)

P
ot

en
tia

l (
V

) 
vs

 S
H

E

 

 
C/5
1C
2C
5C
10C

Pb2+ 

f 

0 20 40 60
0.4

0.6

0.8

1

1.2

1.4

Specific capacity (mAh/g)

P
ot

en
tia

l (
V

) 
vs

 S
H

E

 

 C/5
1C
2C
5C
10C

Y3+ 

g 

 Figure 5.     a,b) Cyclic voltammograms demonstrate reversible insertion of a variety of trivalent ions in CuHCFe. c) Galvanostatic cycling of trivalent 
ions in CuHCFe at 5 C shows low voltage hysteresis and retention of specifi c capacity even at high charge/discharge rates. d) Stable cycling of Y 3+  over 
2000 cycles with high coulombic effi ciency refl ects the ease of insertion of highly charged ions in CuHCFe. The initial capacity may be lower than that 
in the galvanostatic experiments because of diffi culty in consistently determining the mass of each electrode. Galvanostatic cycling experiments of 
e) K + , f) Pb 2+ , and g) Y 3+  in CuHCFe demonstrate that increasing the charge of insertion ions does not necessarily lead to worsened kinetics.
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kinetics of different multivalent ions refl ect the complex mech-
anisms at work during multivalent ion insertion, and these 
mechanisms remain a topic of ongoing study.   

  3.     Conclusion 

 CuHCFe nanoparticles can be synthesized by dropwise addi-
tion of precursors in aqueous solution at room temperature. 
The material is cubic and highly crystalline yet contains a sig-
nifi cant concentration of ferricyanide vacancies that play an 
essential role in ion insertion. Rietveld refi nement of synchro-
tron X-ray diffraction data shows that Rb + , Pb 2+ , and Y 3+  insert 
into different sites in the crystal structure, which suggests that 
ions can insert into CuHCFe through multiple pathways. Elec-
trochemical cycling demonstrates the reversible and unprece-
dented insertion of both divalent transition metal and trivalent 
rare earth ions into CuHCFe with high rates and low hysteresis. 

 Our experimental results suggest that the presence of fer-
ricyanide vacancies and water molecules in the structure both 
play signifi cant roles in allowing for the reversible insertion of 
multivalent ions. The insertion of Pb 2+  and Y 3+  into ferricyanide 
vacancies, along with previous work on the role of vacancies as 
a cation diffusion path, [ 32 ]  suggest that vacancies help to enable 
insertion of multivalent ions. Vacancies can also redistribute 
concentrated charge in the structure [ 68 ]  and stabilize the cubic 
PB phase. [ 69 ]  Water molecules and partially hydrated insertion 
ions in the structure can reduce the activation energy for inter-
facial charge transfer during insertion [ 31 ]  and assist ionic diffu-
sion through the material. [ 67 ]  These features provide PB mate-
rials with their remarkable electrochemical properties. 

 Preparing CuHCFe samples with varying vacancy contents 
and measuring their electrochemical properties would help 
to confi rm the role of vacancies in facilitating multivalent ion 
insertion. Unfortunately, synthesizing low-vacancy CuHCFe is 
challenging because of its low solubility and rapid precipitation 
and crystallization from solution. Adapting existing methods 

for synthesizing low-vacancy Prussian Blue analogues [ 22 ]  may 
produce more encouraging results. 

 The reversible insertion of a wide variety of multivalent ions 
into copper hexacyanoferrate may have potential applications 
in multivalent batteries (such as Mg- and Al-ion batteries), sea-
water desalination and delithiation, elemental purifi cation, and 
wastewater treatment. Furthermore, the present work provides 
fundamental insight into the mechanism by which multivalent 
ions insert into PB materials. A more complete understanding 
of multivalent ion insertion may help guide the design of new 
materials with improved electrochemical properties, which 
have many applications in energy storage and environmental 
cleanup. 

 Much remains unknown about the ion insertion mechanism 
in PB analogues, including the extent and specifi c role of ion 
hydration, the variation of electrochemical properties with ionic 
properties, and the mechanisms of charge transfer within the 
structure upon ion insertion. Ongoing studies with synchro-
tron X-ray diffraction, X-ray absorption spectroscopy, low-tem-
perature neutron diffraction, solid-state NMR, and cycling of 
PB analogues in aqueous and organic electrolytes can help to 
answer some of these remaining questions.  

  4.     Experimental Section 
  CuHCFe Synthesis : CuHCFe nanoparticles were prepared based on our 

previously reported synthesis procedure. [ 19 ]  Equal amounts of Cu(NO 3 ) 2  
(40 × 10 −3   M , Alfa Aesar) and K 3 Fe(CN) 6  (20 × 10 −3   M , Sigma-Aldrich) 
were combined by dropwise addition into deionized water and stirred 
for 1 h. After allowing the precipitate to settle overnight, excess water 
was decanted from the mixture. The powder was isolated from solution 
by vacuum fi ltration, washed with water, and dried in vacuum at room 
temperature. 

  Electrode Fabrication : A slurry of CuHCFe was prepared by grinding 
together 80% w/w CuHCFe, 10% w/w polyvinylidene fl uoride (Kynar), 
and 10% w/w Super P Li (Timcal) and adding 1-methyl-2-pyrrolidinone 
(Sigma-Aldrich) until a thick and smooth slurry was formed. The slurry 
was applied onto carbon cloth (Fuel Cell Earth) with a mass loading of 
approximately 10 mg cm −2  and dried under vacuum at 80 °C. 

 Activated carbon counter electrodes were prepared by grinding 
together 80% w/w activated carbon (Sigma-Aldrich) and 20% w/w 
polyvinylidene fl uoride (Kynar) and adding 1-methyl-2-pyrrolidinone 
(Sigma-Aldrich) until a smooth slurry was formed. The slurry was applied 
onto carbon cloth (Fuel Cell Earth) with a mass loading of approximately 
50–100 mg cm −2  and dried under vacuum at 80 °C. 

  Electrochemical Experiments : Electrochemical measurements were 
performed in a three-electrode fl ooded half cell confi guration with a 
CuHCFe working electrode, a silver/silver chloride (4  M  KCl) reference 
electrode (Fisher Scientifi c), and either a platinum (Fisher Scientifi c) 
or activated carbon counter electrode. Electrolytes were prepared by 
dissolving nitrate salts in deionized water to a 1  M  concentration and 
adding nitric acid to maintain a pH of 2. All C rates assume a maximum 
specifi c capacity of 50 mA h g −1  of CuHCFe. 

  X-Ray Diffraction : CuHCFe electrodes with approximately 20 mg cm −2  
mass loading were cycled fi ve times in RbNO 3 , Pb(NO 3 ) 2 , or Y(NO 3 ) 3  
(1  M , pH 2) at 1 C to determine the capacity of each electrode, then they 
were reduced or oxidized to the desired state of charge at a 1 C rate. 
X-ray diffraction data were collected on beamline 2–1 at the Stanford 
Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator 
Laboratory. Experiments were run at room temperature with a step size 
of 0.02° in 2 θ  with a wavelength of  λ  = 1.034 (for Rb–CuHCFe and Pb–
CuHCFe) or 0.952 Å (for Y–CuHCFe) with a monochromator and Soller 
slits in a Bragg–Brentano geometry. Backgrounds in the data were fi tted 
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   Table 4.    The crystal ionic radii [ 62 ]  of these insertion ions with octahedral 
coordination are all smaller than the theoretical radius of 1.6 Å for the 
100〉 diffusion channels in CuHCFe. [ 36 ]  The insertion voltages of insertion 
ions in CuHCFe vary widely, from 0.76 to 1.13 V versus SHE. The volt-
ages are calculated by taking the mean of the voltages corresponding to 
peak cathodic and anodic currents during cyclic voltammetry.  

Ion Ionic radii [Å] Voltage [V] versus SHE

Co 2+ 0.885 0.84

Ni 2+ 0.83 0.85

Cu 2+ 0.87 1.13

Zn 2+ 0.88 0.88

Pb 2+ 1.33 0.91

Al 3+ 0.675 0.76

Y 3+ 1.04 0.91

La 3+ 1.172 0.96

Ce 3+ 1.15 1.04

Nd 3+ 1.123 1.02

Sm 3+ 1.098 1.08
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with multiterm shifted Chebyshev polynomial functions. All thermal 
parameters ( U  iso ) were refi ned isotropically. Reported occupancies ( g ) 
refl ect the proportion of equivalent crystallographic sites occupied by 
each ion and do not account for the differing multiplicities of each site. 
Refi ned unit cells contain  Z  = 4 formula units. Rietveld refi nements were 
done with the EXPGUI interface for GSAS. [ 70,71 ]   
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