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ABSTRACT: Prussian blue analogues are used in electrochemical deionization due to
their cation sorption capabilities and ion selectivity properties. Elucidating the
fundamental mechanisms underlying intercalation/deintercalation is important for the
development of ion-selective electrodes. We examined the thermodynamic and kinetic
properties of nickel hexacyanoferrate electrodes by studying different temperatures effects
on intercalation/deintercalation with monovalent ions (Li+, Na+, K+, and NH4

+) relevant
to battery electrode deionization applications. Higher temperatures reduced the interfacial
charge transfer resistance and increased the diffusion coefficient of cations in the solid
material. Ion transport in the solid material, rather than interfacial charge transfer, was
found to be the rate-controlling step, as shown by higher activation energies for ion
transport (e.g., 31 ± 3 kJ/mol for K+) than for interfacial charge transfer (5 ± 1 kJ/mol for
K+). The largest increase in cation adsorption capacity with temperature was observed for
NH4

+ (28.1% from 15 to 75 °C) due to its smallest activation energy. These results
indicate that ion hydration energy determines the intercalation potential and activation energies of ion transport in solid material
control intercalation/deintercalation rate. Together with the endothermic behavior of deintercalation and exothermic behavior of
intercalation, the higher operating temperature results in improvement of ion adsorption capacity depending on specific cations.

KEYWORDS: electrochemical deionization, Prussian blue analogues, charge transfer activation energy, ion transport activation energy,
thermodynamic and kinetic properties

■ INTRODUCTION

Electrochemical deionization technologies, such as capacitive
deionization (CDI) and battery deionization (BDI), have been
examined for deionization and nutrient recovery applications
due to their good performance in selective removal of ions with
low energy consumption and high thermodynamic energy
efficiencies.1−6 In CDI, ions are stored in the electrical double
layer (EDL) on the surfaces of capacitive electrodes byan
electric field.7 In BDI using battery-type electrodes, for
example, Prussian blue analogues (PBA), cations are
intercalated into the crystal structures of PBA by faradaic
processes with optima at certain electrode potentials.5,8−10 The
performance of both CDI and BDI systems can be impacted by
various operating conditions, such as charge−discharge
modes,11 charge−discharge rates,5 feed solution flow rate,12

feed solution concentrations,13 and solution pH.14 However,
the thermodynamic and kinetic properties of cation
intercalation/deintercalation for PBA electrodes used in BDI
applications are relatively unexplored. One way to examine
these properties is to test their electrochemical performance as
a function of temperature. However, most BDI studies have
only been conducted at room temperature.
The effect of temperature on ion sorption performance has

been examined in capacitive electrochemical deionization

systems such as CDI and membrane CDI (MCDI), and
energy storage devices such as supercapacitors, but not in BDI.
Using MCDI, it was found that increasing a feed solution
temperature from 20 to 50 °C reduced the electrical energy
consumed for a 0.5 M NaCl solution by nearly 10%.15 In
another CDI study using 20 mM NaCl, variable-temperature
profiles of feed solution were shown to affect thermodynamic
efficiencies by altering the ion structuring and extension charge
storage dynamics within the electric double layer (EDL).16

Higher temperatures (45 vs 15 °C) have been found in CDI
tests to enhance Na+ adsorption and desorption rates but
reduce the adsorption capacity of Na+.17 In contrast, there was
an improvement in adsorption capacity with increasing
temperature of the electrode (from −20 to 60 °C) using
porous activated carbon electrodes with an ionic liquid
electrolyte.18 Similarly, for a pseudocapacitor (PEDOT:PSS-
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coated graphene electrode), the capacity increased by ∼1.5
times, compared to 3.7 times for a capacitor (graphene
electrode) with an increase in the temperature from room
temperature to ∼39 °C.19 Heating the electrode also improved
the Li+ adsorption capacity in a supercapacitor with a hybrid
nickel-based PBA/NiO nanotube electrode.20 These studies
have therefore shown trade-offs in rates and extents of
electrode storage capacities at elevated temperatures either
by heating the solution or by heating the electrodes, but tests
have not been conducted under conditions directly relevant for
deionization using PBA electrodes.
In this study, we examined the thermodynamic and kinetic

properties of the intercalation/ deintercalation process for
several monovalent ions (Li+, Na+, K+, and NH4

+) relevant for
BDI applications, using the PBA material nickel hexacyanofer-
rate (NiHCF), at four different temperatures (15, 35, 55, and
75 °C). Thermodynamic properties, including the intercalation
potential (the cathodic peak potential in cyclic voltammetry
(CV) scans) and open-circuit potential (OCP), were examined
as a function of temperature to characterize the thermal
properties of electrode material.21 Kinetic properties were
examined as a function of temperature including the activation
energy for charge transfer at the interface between electrode−
electrolyte and the activation energy for ion transport in the
solid material. An efficient deionization system requires fast
interfacial charge transfer with a small activation energy,22,23 as
well as fast ion transport (large diffusion coefficient) with a
small activation energy in the solid composite material. A
comparison of activation energy of charge transfer and ion
transport therefore provides insight into the importance of ion
transport in a PBA electrode relative to that of interfacial
charge transfer.

■ EXPERIMENTAL SECTION
Electrode Synthesis. Nickel hexacyanoferrate powders

(NiHCF) were produced using a co-precipitation method as
previously reported using Ni(NO3)2 (Sigma-Aldrich, 0.1 M)
and K3Fe(CN)6 (EMD Chemicals, 0.05 M) solutions. These
two solutions were added into deionized water with vigorous
stirring at room temperature (0.5 mL/min). The precipitates
were collected after settling for 1 d, washed by centrifugation
for several cycles using DI water, and dried in a vacuum oven
(70 °C) for 12 h. The produced NiHCF powders were ground
in a mortar and pestle with carbon black (Vulcan XC72R,
Cabot, average particle size of 50 nm), poly(vinylidene
fluoride) (PVDF, Kynar HSV 900, Arkema, Inc.), and 1-
methyl-2-pyrrolidinone (NMP, Sigma-Aldrich) in a mass ratio
of 3:1:1. The mixed slurry was drop-cast onto carbon cloth (7
cm2, 0.356 mm thickness, and 1.5 g/cm3 density; AvCarb 1071
HCB, AvCarb Material Solutions). Counter electrodes were
prepared using activated carbon (AC) instead of NiHCF
powders as the active material by the same drop-casting
method. The coated samples were dried on a hotplate (70 °C)
for 1 h and then heated in a vacuum oven (70 °C) for 12 h.
Material Characterization. Powder X-ray diffraction

patterns were recorded using a powder diffractometer
(Malvern Panalytical Empyrean) with a Cu Kα (λ1 = 1.5406
Å, λ2 = 1.5444 Å) radiation source, at an accelerating voltage of
45 kB and current of 40 mA between 10 and 60° (2θ) with a
nominal step size of 0.026°/s. Phase ID was carried out using
Jade software from Materials Data, Inc. (MDI). A thermog-
ravimetric analyzer (TGA, NETZSCH STA 449F3, Selb) was
used to analyze the thermal stability, dehydration temperature,

and water content of each sample under a flowing N2 gas
atmosphere at 25 to 600 °C (10 °C/min) with the sample
placed in a crucible (Al2O3 85 μL).

Electrochemical Characterization. All electrochemical
measurements were carried out with a Biologic VMP3
potentiostat, in three-electrode cells consisting of a NiHCF
electrode as the working electrode, AC as the counter
electrode, and an Ag/AgCl as the reference electrode (3 M
NaCl, +0.209 V with respect to SHE). Before each
electrochemical test, the electrodes were immersed in DI
water in a vacuum desiccator for 20 min to remove gas bubbles
attached to the surface of electrode. Cyclic voltammetry (CV)
scans were obtained in different potential windows for each
specific ion. All of the presented potentials were corrected for
different temperatures using a temperature coefficient of −0.13
mV/°C for the Ag/AgCl reference electrode,24,25 and the IR
drop between the working and reference electrodes was
obtained from the product of ohmic resistance (Rs) obtained
from electrochemical impedance spectroscopy (EIS) and the
measured current (I). For example, the corrected potential
(Ecor) at 55 °C was calculated from the measured potential
(Em) as Ecor = Em + 0.00013 V/°C × (55−25)°C − Rs × I. The
open-circuit potential (OCP) was recorded using the
potentiostat after the temperature stabilized. The state of
charge of the electrode at each temperature for each ion was
considered to be the same as no pre-charge or pre-discharge
process was applied.
Electrochemical impedance spectroscopy (EIS) was con-

ducted over a frequency range of 20 mHz to 500 kHz with an
amplitude of 5 mV at the steady-state OCP. All EIS
measurements were performed after the electrodes were held
at their OCP values for 10 min to achieve steady-state
conditions. The ion diffusion coefficient in the solid material
(D, cm2/s) was calculated from EIS results using26

σω= + + −Z R RRe s ct
1/2

(1)

σ
=D

R T
A n F C2

2 2

2 4 4 2 2 (2)

where σ is the Warburg coefficient associated with ZRe, R is the
ideal gas constant (8.314 J/mol·K), T is the absolute
temperature (K), A is the geometric surface area of the
electrode (cm2), n is the number of electrons per molecule for
the reaction, F is Faraday’s constant (96485 C/mol), and C is
the ion molar concentration. Solution resistance (Rs, Ω) and
interfacial charge transfer resistance (Rct, Ω) are independent
of frequency. The intercept of Nyquist plot on ZRe axis was
used to determine the Rs, and changes in Rs at different
temperatures were used for IR correction in CVs. The high- to
medium-frequency semicircle in a Nyquist plot is attributed to
the charge transfer at the interface between the electrode and
electrolyte, and the straight line in the low-frequency region is
caused by ion diffusion into the electrode material.27 The
Warburg coefficient (σ, Ω s1/2) was obtained using the
generalized Randles equivalent circuit (Supporting Informa-
tion), which is analogous to the slope of a linear fit between
ZRe and the square root of the corresponding angular
frequency (ω) in the low-frequency region (Warburg
impedance region) by eq 1.28 Rct was obtained from the
semicircle of Nyquist plot with the simple model, which
ignored the solid- and liquid-phase resistances within the
porous structure of the electrode.29,30 The calculated D values
may reflect properties of the entire porous composite electrode
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rather than just diffusion into the active material; therefore, we
named D as the ion diffusion coefficient in the solid material.31

The simplified model provides a general understanding of the
intercalation reactions with different monovalent cations.
Galvanostatic charge and discharge tests were conducted for

each ion at different temperatures. A constant current of ±7
mA/30 mg (normalized by the mass of active material) was
applied in the voltage window based on the redox peaks from
CV results. All of the reactors were sealed and wrapped with
alumina foil and immersed in a water bath (Precision
Microprocessor Controlled 280 Series Water Bath, Thermo
Fisher Scientific) set at one of four temperatures (15, 35, 55,
and 75 °C). A thermometer was inserted in a control reactor
containing only DI water to monitor the temperature inside
the reactor. The reactors were held at each temperature for 30
min before obtaining electrochemical data to ensure thermal
equilibrium assuming both electrode and electrolyte with the
same temperature.
Thermodynamic and Kinetic Analysis. The three most

relevant thermodynamic parameters of the electrode reaction
are Gibbs energy (G), entropy (S), and enthalpy (H). Cations
insertion into NiHCF lattice produces a change in the Gibbs
energy (ΔGi), which equals the difference between the Gibbs
energy of the hydrated cation in NiHCF lattice (ΔGl) and the
Gibbs energy of the hydrated cation in the solution (ΔGs),
resulting in the change in cation insertion potential (Ei)

32,33

Δ = Δ − Δ = −G G G nFEi l s i (3)

The change of entropy (ΔS) of cation intercalation and
deintercalation can be calculated as a function of the change in
the OCP (ΔE, V) with the change in temperature (ΔT, K)34

Δ = Δ
Δ

S nF
E
T (4)

The ΔE/ΔT ratio is defined here as the temperature
coefficient OCP. A decrease in entropy means that there has
been a decrease in the electrode lattice energy due to a more
ordered structure.
The overall change in the enthalpy (ΔH) for ion

intercalation/deintercalation is35,36

Δ = Δ + ΔH G T S (5)

The heat exchanged (Qtotal) between the systems and
surroundings at constant pressure can be calculated from the
heat release due to the current (I) and the change in entropy
(ΔS) as34

= + = − − ΔQ Q Q I R T S
I

nFtotal irev rev
2

i (6)

where I is the current value (the discharge current is
determined to be negative), Ri is the internal resistance of
the system (cumulative effects of ohmic, activation energy, and
diffusion polarization resistances),34 Qirev is always negative
due to the heat loss of current, and Qrev depends on both the
current and the change in ΔS. The sum of Qirev and Qrev
therefore determines the sign and value of Qtotal. The
contribution of Qrev to Qtotal is expected to be much higher
than 50%, especially at low current rates (lower than 1 C) in
ion battery systems.34

The exchange-current density (i0), representing the rate per
area of the forward and reverse reactions at equilibrium where
the total current is zero, is calculated as30,37

=i
RT

nFR0
ct (7)

where Rct is the interfacial charge transfer resistance (Ω) in eq
1.
The activation energy (Ea, kJ/mol) for the interfacial charge

transfer process is the extra energy needed for the ions to
move, and it can be calculated from the exchange current (i0)
at different temperatures using38

{=
− |

}oo
~o

i a
E

RT
exp0

a

(8)

Since eqs 7 and 8 are equal to i0, they can be rearranged so
that Ea can be obtained from the slope of a plot of ln (Rct

−1)
versus 1000/T based on the Arrhenius equation23,39

= − +−R
E

RT
bln( )ct

1 a
(9)

where a and b are constants. The activation energy for ion
transport in the solid material, Ea′, was calculated using a
similar approach based on the Arrhenius equation from the
slope of a plot of ln(D) versus 1000/T according to39,40

= −
′

+D
E

RT
bln( ) a

(10)

where D (cm2/s) is the ion diffusion coefficient in the solid
material calculated from EIS results using eqs 1 and 2.26 Ion
transport in the lower conductivity materials may include two
processes, diffusion driven by the chemical gradients and
migration due to the electric potential. However, it is difficult
to separate the contributions of these two transport processes
in the electrode as both depend on D. Therefore, Ea′ is a
parameter that quantifies the combined contributions of both
diffusion and migration of ion transport in the electrode.

■ RESULTS AND DISCUSSION
Physicochemical Properties of NiHCF. Powder X-ray

diffraction (XRD) patterns for the NiHCF powders showed a
typical Prussian blue-type open-framework crystal structure
(Figure S1a). The sharp peaks indicated a high crystallinity of
the NiHCF powders. Analysis of the XRD data confirmed that
the powders had a face-centered cubic phase with a unit cell of
10.201 Å, which closely matched that of the known crystal
structure of Prussian blue and its analogues.41,42 NiHCF
powders prepared by the fast co-precipitation process, without
the addition of chelators, produced high water contents in the
crystal structure (Figure S1b).43 The weight loss due to surface
absorbed water and zeolitic water was ∼22% (at temperatures
below 200 °C), and the loss due to coordinated water (200−
300 °C) was ∼7%, consistent with previous reports for this
preparation process using these materials.41,44 Taken together,
these analysis results confirmed that the NiHCF powders had
properties typical of this material.

Thermodynamic Properties Analysis. Multiple pro-
cesses are included in an electrochemical cell based on porous
electrodes of intercalation material. The thermodynamic and
kinetic properties of ion adsorption depend on these processes,
which include (1) ion transport through the electrolyte-filled
porous structure of the electrode, (2) ion intercalation
reactions at the electrolyte−solid interface accompanied by
charge transfer, (3) ion transport in the solid-phase material,
and (4) ion transport in the endplate channel and across the
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ion-exchange membrane.31,45−48 Our study focused on a single
electrode with intercalation material for the transport of
multiple monovalent ions. Therefore, only the first three
processes were discussed relative to experimental conditions
here. Variation in solution temperature produced changes in
the thermodynamic properties of the NiHCF electrodes as
evidenced by a shift in the half potentials (Ehalf) in CV curves
(Table S1), with the response for Li+ ions different from that
of the other ions. Increasing the temperature shifted the
reduction (intercalation) potentials (vs Ag/AgCl) to more
positive values for Li+, with a change from 0.125 V (at 15 °C)
to 0.198 V (at 75 °C) (Figure 1). This indicated that a higher
temperature was beneficial for the intercalation of Li+.
However, for the other ions, increasing the temperature

reduced the reduction potentials and shifted them in the
opposite direction (to more negative values), which indicated
that more energy was required for intercalation with increasing
temperature. For oxidation (deintercalation), increasing the
temperature shifted the potentials to more negative positions
for Na+, K+, and NH4

+, which indicated that higher
temperatures were beneficial (less energy required) for the
deintercalation of these ions from the electrode. The
magnitude of the peak current density increased with
temperature from 15 to 55 °C for all four ions, but the peak
current density was reduced at the highest temperature of 75
°C. The reduced current density at this highest temperature
might be related to a co-ions expulsion effect.49 At any single
temperature, there was an increase (more positive) in

Figure 1. Cyclic voltammetry (CV) of NiHCF electrodes under various temperatures with electrolytes (1 M) for (a) NaCl, (b) KCl, (c) LiCl, and
(d) NH4Cl. The measured potentials were corrected for temperature and the IR between the working and reference electrodes. The scan rate is 2
mV/s.

Figure 2. Temperature dependence of the (a) open-circuit potential, and (b) the calculated entropy change for the NiHCF electrodes with four
different cations.
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reduction potential (intercalation) for the different ions in the
order of Li+, Na+, K+, and NH4

+ (Figure 1 and Table S1),
consistent with the previous reports at room temperature.41 At
35 °C, for example, the intercalation potentials (vs Ag/AgCl)
increased to more positive values in the order 0.156 V for Li+,
0.354 V for Na+, 0.461 V for K+, and 0.469 V for NH4

+.
The different cathodic peak potentials of each ion, for

example, for Li+ compared to NH4
+, were due to the change in

the Gibbs energy needed for the insertion of these different
ions. This change in the Gibbs energy results from the
difference in the magnitudes of the energy of the hydrated
cation in the crystal lattice after intercalation and the energy of
the hydrated cation in solution, or ΔGl − ΔGs (eq 3).33

Typically ΔGl is much smaller than ΔGs, and therefore, the
changes in the intercalation potential of each ion are primarily
a function of the magnitude of ΔGs.

50,51 The intercalation
potential decreases inversely with ΔGs, in the order Li+ (489
kJ/mol) < Na+ (383 kJ/mol) < K+ (312 kJ/mol) < NH4

+ (301
kJ/mol).50,52 The shift of reduction (intercalation) and
oxidation (deintercalation) potential as temperature increased
was therefore larger for the Li+ with the biggest ΔGs, resulting
in the greater effect of temperature on Li+ than the other
cations.32

The reason for a larger shift of anodic than cathodic peaks in
CVs as temperature increased (Figure 1) is due to the
reversible heat effects in intercalation battery electrodes which
are related to the entropy changes.53 The temperature
dependence of the OCP for each ion in the temperature
range of 15 to 75 °C was used to calculate free energy
components (entropy and enthalpy) (Figure 2a). The increase
in temperature resulted in a shift of OCP of all of the four ions

to a more negative position, which was consistent with a
negative temperature coefficient (ΔE/ΔT) in the literature for
a PBA-based electrode.54 The ΔE/ΔT values obtained from
changes in the OCPs (−1.58 ± 0.09 mV/K for Li+, −0.79 ±
0.05 mV/K for Na+, −1.37 ± 0.26 mV/K for K+ and −0.18 ±
0.02 mV/K for NH4

+) were used to calculate the change in
entropy (eq 4), producing ΔS = −152 J/mol·K for Li+, −76 J/
mol·K for Na+, −132 J/mol·K for K+, and −17.4 J/mol·K for
NH4

+ (Figure 2b). A negative Q means an exothermic reaction
in which heat is transferred from the electrode to the ambient
environment (heating effect), while a positive Q means an
endothermic reaction in which heat is transferred from the
ambient environment to the electrode (cooling effect). As ΔS
is always negative for all ions and I is negative in the
intercalation (discharge) process (eq 6), Qrev = −TΔSI/nF is
negative, showing electrode heating. In the deintercalation
(charge) process, I and Qrev = −TΔSI/nF are positive, resulting
in cooling. Therefore, there was a larger shift in the potentials
of the anodic peaks in CVs than the cathodic peaks as
temperature increased because the higher temperature was
beneficial to the deintercalation (endothermic) reaction.55 The
heating or cooling effect (due to the exothermic or
endothermic reaction) was stronger for Li+, Na+, and K+

than for NH4
+ due to their larger absolute values of ΔS.

Kinetic Properties Analysis. The magnitude of the
potential of the separation between the oxidation (dein-
tercalation) and reduction (intercalation) peak in the CV tests,
or the peak separation (ΔE, V), highly depends on the ion
transport in the bulk phase of electrode material and the rate
constant at the electrode−electrolyte interface.23 The peak
separation of NiHCF electrode with each ion showed a general

Figure 3. Nyquist plot of NiHCF electrodes under various temperatures with electrolytes of (a) 1 M NaCl, (b) 1 M KCl, (c) 1 M LiCl, and (d) 1
M NH4Cl. The enlarged figure in the high-frequency region of each figure is presented in Figure S2.
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decreasing trend with increasing temperature (Table S1),
which indicated a higher temperature was beneficial for ion
transport and/or interfacial transfer of these ions. A larger ΔE
for Li+ at all temperatures (0.049−0.110 V) compared to the
other ions (0.025−0.051 V for Na+, 0.029−0.046 V for K+, and
0.028−0.070 V for NH4

+) suggested that transport and/or
interfacial transfer of Li+ was either slower than that of the
other ions (Table S1) or there was an additional interfacial
reaction such as more water co-intercalation into PBA lattices
due to more hydrophilic property of Li+.41,56,57

Charge transfer kinetics were enhanced with increasing
temperature as shown by a decrease in charge transfer
resistance (Rct) at the interface between electrode and
electrolyte, reflected by the decrease in the diameter of the
semicircles in high- to medium-frequency region of the
Nyquist plot at higher temperature (Figures 3 and S2). The
calculated results of exchange-current density (i0) (Table S2)
as a function of temperature (T) using eq 7 showed a positive
correlation between i0 and T and good agreement with the
predicted linear relationship between the logarithm of i0 and
T−1 (Figure 4a). The linear correlation obtained between
ln(Rct

−1) and 1000/T (Figure 4b) further supported the use of
an Arrhenius equation for calculating activation energy Ea (eqs
8 and 9).23,39 The activation energy Ea at the electrode−
electrolyte interface was small for all ions (3.9 ± 0.2 kJ/mol for
Li+, 5.2 ± 0.4 kJ/mol for Na+, 5.2 ± 1.2 kJ/mol for K+, and 1.1
± 0.3 kJ/mol for NH4

+), indicating high rates of interfacial
charge transfer (Figure 5a), which was consistent with the
reported values in the literature (Ea of 5.1 ± 0.4 in NaNO3
aqueous solution for a NiHCF electrode).23 Small activation

energies were consistent with the previous results that PBA
electrodes could intercalate and deintercalate hydrated or
partially hydrated ions rather than requiring bare alkali ions.23

For example, the radius of hydrated Na+ (3.6 Å), hydrated K+

(3.3 Å), and hydrated NH4
+ (3.3 Å) are close to the interstitial

sites of PBA material (3.2−4.6 Å).58−60 Therefore, the
interfacial charge transfer of these ions does not require full
ion dehydration, and therefore the transfer of partially
hydrated ions could have contributed to the fast charge
transfer process. However, the much larger hydrated radius Li+

(3.8 Å) may require a larger degree of dehydration which
would account for its lowest intercalation potential in the CVs
(Figure 1).32,33 It should be noted that the charge transfer
resistance is highly dependent on electrode potential, which
can be further described by the combination of the Frumkin
isotherm with the Butler−Volmer equation.31,48,61,62

Ion transport kinetics in the solid phase of the NiHCF
electrodes increased for each ion with temperature as shown by
the increased ion diffusion coefficient (D) calculated by the
Warburg element (Warburg coefficient σ, Figure S3, Table S2,
eqs 1 and 2). The calculated D value matched well with the
literature, which was reported to be proportional to the
electronic conductivity of nanoparticle agglomerates on the
electrode, and the path length for diffusion was dependent on
the size of nanoparticle agglomerates.47,63 The good linear
correlation between ln(D) as a function of 1000/T (Figure 4c)
supported the use of this form of the Arrhenius equation (eq
10).23,39 These results indicated that D can be described as the
thermal activation process with the activation energy for ion
transport in the solid material. The activation energy for ion

Figure 4. Temperature dependence of plots of (a) log(i0) versus 1000/T, (b) ln(Rct
−1) versus 1000/T, and (c) ln(D) versus 1000/T for the

NiHCF electrode with 1 M NaCl, KCl, LiCl, and NH4Cl.

Figure 5. Activation energies for (a) interfacial charge transfer process (Ea) and (b) ion transport process (Ea′) for the NiHCF electrode with
NaCl, KCl, LiCl, and NH4Cl.
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transport (Ea′) equals the value of the energy barrier that has
to be overcome by the atom to take a new balanced position in
the neighboring node or internode.40,64 Ea′ values for ion
transport in the solid material (35 ± 3 kJ/mol for Li+, 19 ± 2
kJ/mol for Na+, 31 ± 3 kJ/mol for K+, and 7 ± 2 kJ/mol for
NH4

+) were much larger than those for interfacial charge
transfer (Figure 5b). The greater activation energies indicated
that the ion transport in the solid phase of the NiHCF
electrode was the rate-controlling step. Our findings were
consistent with previous reports on modeling ion transport in
porous intercalation electrodes that ion transport, both in the
porous structure and solid phase of the electrode, is rate-
limiting rather than the charge transfer processes between the
electrolyte and the intercalation material.31,45,48,65 Since Li+ has
the smallest diffusion coefficient (Table S2) of the four ions
examined here, this property likely explains why it had the
largest ΔE in CVs of the four different ions at any single
temperature (Figure 1).
The effect of temperature on ion adsorption capacity was

examined for the cations with the large activation energy (K+),
the small activation energy (NH4

+), and the most abundant
cation in seawater (Na+) (Figures 6 and S4). The ion
adsorption (discharge) capacity for NH4

+ increased by 28.1%
from 15 to 75 °C (22.4−28.7 mAh/g). For K+ and Na+, there
was no continuous increase in capacity with temperature. For
K+, there was a 12.6% increase in capacity between 15 and 55
°C (37.1−41.8 mAh/g) but at 75 °C, the capacity (38.1 mAh/
g) decreased so that it was only 2.7% larger than that at 15 °C.
Similarly, for Na+, the capacity increased by 7.5% between 15

and 35 °C (42.7−45.9 mAh/g), but it decreased at 75 °C
(43.3 mAh/g) (Figure S4). The Li+ galvanostatic charge and
discharge profiles were not included here as the intercalation
and deintercalation process likely requires multiple dehydra-
tion and rehydration steps due to its much larger hydrated
radius (3.8 Å) than the other hydrated ions relative to the sizes
of interstitial sites.33,66 These results suggested that charge and
discharge capacities were less impacted by temperature for ions
with bigger activation energies (both interfacial charge transfer
and the ion transport in solid material), such as K+ and Na+,
than those with smaller activation energies like NH4

+.
Therefore, increased temperatures can be used to best enhance
ions with smaller activation energies. At intercalation
equilibrium, a relationship of intercalation degree with
electrode potential can be further simulated by the Frumkin
isotherm model.30,31,46

Outlook. The thermodynamic and kinetic behavior of
NiHCF electrodes as a function of temperature is examined for
four different monovalent cations, which is important for ion-
selective electrode development.67 From the thermodynamic
analysis, as the temperature increased, the intercalation
potential of the ion with higher hydrated energies shifted
more than the ions with lower hydrated energies. The
temperature impacted the charge cycle differently from that
of the discharge cycle. Lower temperatures favored discharge
of the electrodes (intercalation) as it was an exothermic
reaction, while higher temperatures improved the charge step
(deintercalation) as it was an endothermic reaction. However,
from the kinetic analysis, a higher operating temperature was

Figure 6. Galvanostatic charge and discharge profiles of NiHCF electrode under various temperatures with electrolytes of 1 M KCl and NH
4
Cl at ±

7 mA/30 mg: (a) potential vs time and (b) potential vs capacity profiles.
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beneficial for both charge transfer at the interface between
electrode and electrolyte, as well as ion transport in the solid
material. The larger activation energy for ion transport in the
solid phase of NiHCF electrode (Ea′) than the activation
energy for interfacial charger transfer (Ea) indicated that ion
transport in the solid phase of NiHCF electrodes was the rate-
controlling step for all of these cations during intercalation and
deintercalation process. As a result, the charge and discharge
capacities were improved more for ions with smaller activation
energies (such as NH4

+) with an increase in the operating
temperature compared to the ions with larger activation
energies. Using EIS measurements to analyze complex
electrode processes has always been an active research topic
for understanding ion transport and reaction kinetics. There is
room to extend the model used in this study to infer more
accurate and resolved kinetic parameters, but the goal here to
understand monovalent cation transport can be ascertained
with the current simplified model. Future efforts to examine
ion transport could improve the resolution of diffusion in
different electrode regions, and identification of material
electrical resistance. The findings from this work indicate
that active materials with smaller sizes would provide better
performance as the diffusion time in the solid phase will be
increased if larger particle sizes were used. Also, the
thermodynamic and kinetic values of ions studied here were
in a supporting electrolyte (1 M) more concentrated than in
typical BDI experiments (<0.1 M), which would need careful
attention on direct comparisons with values obtained under
different ion concentrations.
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