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Abstract

A neptunium ion possesses two isostructural and reversible redox coupfEaNpfp and NpQ*/NpQ,2*) and is therefore suitable as an
active material for a redox-flow battery. Since the plastic formed carbon (PFC) is known to show thektavglsts for Np(IV)/Np(lll) and
Np(V)/Np(VI) reactions among various carbon electrodes, a cell was constructed by using the PFC, with the circulation induced by bubbling
gas through the electrolyte. In discharge experiments with a neptunium and a vanadium battery using the cell, the former showed a lowe
voltage loss which suggests a smaller reaction overvoltage. Because of the high radioactivity of the neptunium, it was difficult to obtain
sufficient circulation required for the redox-flow battery, therefore a model for evaluating the energy efficiency of the redox-flow battery was
developed. By using the knowiy values for neptunium and vanadium electrode reactions at PFC electrodes, the energy efficiency of the
neptunium battery was calculated to be 99.1% at 70 mA?cmhich exceeds that of the vanadium battery by ca. 16%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction where An is neptuniunfi2]. The all-neptunium battery uses
only a single element, so that it can avoid the progressive
Neptunium has two isostructural couples,"Nf: =3 and deterioration of the positive- and negative-electrolytes due
4) and NpQ=* (»=5 and 6), in acidic solutions, where to the mutual contamination of the electrolytes through an
n is the oxidation state of the neptunium. This structural ion exchange membrane, as observed for the Fe—Cr battery
feature that the neptunium has two isostructural couples[3] that uses two elements.
is a unique chemical nature of the light actinide and it  An all-uranium redox-flow battery has been proposed
accompanies the fast electron transfer reactions in eachand investigated by Shiokawa and co-work@4—6] The
couple. In addition, the redox potentials of these neptunium importance of a uranium redox-flow battery lies in the poten-
couples are as far apart as possible within the potentialtial utilization of the huge amount of stored depleted uranium
window of the acidic water£?=0.15V for Np**/Np** and produced in the nuclear power industry. The uranium battery
E®=1.14V for NpQ*/NpO;%* in 1M HCI [1]. These dis- requires aprotic organic systems excluding the proton cation
tinctive electrochemical properties of the aqueous solutions which promotes the disproportionation reaction of 3@
of Np3*/Np** and NpQ*/NpO,* are in accordance with  U*" and UG?* [7—16]. In contrast, the four neptunium ions
what is desired for electrolytes in a redox-flow battery. Thus, (Np3*/Np** and NpGQ*/NpO»2*) are stable in aqueous solu-
an all-neptunium redox-flow battery is proposed as follows: tions and the neptunium battery is suitable for fundamental
investigations of actinide batteries, including the all-uranium

) The existing all-vanadium battery with carbon felt
’AnOf,AnOz +’ Electrodef) electrodes[17] has relatively high energy efficiencies of
87.8%, 86% and 80.6% at 25mAcrfy 40mAcnt? and
- ) :
* Corresponding author, Fax: +81 22 215 2121. 60 mA o, respectlvel}{lS], whenthe area of the carbon
E-mail address: shiokawa@imr.tohoku.ac.jp (Y. Shiokawa. felt sheet is evaluated like the surface area of the plate.
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But the effective current densities based on the effective 2. Formalism of energy efficiency of redox-flow
surface areas of carbon fibers comprising the carbon felt batteries
electrode are much smaller. A low current density is
required when the reaction overvoltage is high, owing  The redox-flow battery does not involve any deposition
to small standard rate constants of the redox reactionsprocess during the charge—discharge cycles, but incor-
of VZ*/V3* and VG*/IVO,* of kg=1.75x 10 °cms? porates typical electron transfer heterogeneous processes
and 7.5x 104cms 1, respectively[19,20] Although the on the electrodes. Therefore, the overvoltage in these
slow kinetics of VG&*/VO,* is attributed to the oxygen- heterogeneous processes should be treated by the typical
involving redox reaction, the reason for the slow kinetics current—overpotential relationship under rigorous stirring,
of V2*/V3* has not been clearly elucidated or understood i.e. the Butler—Volmer equatiofi24]. We can consider
[21,22] the charge—discharge process of the redox-flow batteries
Energy efficiency of the redox-flow battery should be composed of two redox pairs of the positive electrolyte
governed by various electrochemical factors including (i) (O:+/R:) and that of the negative electrolyte (@R_). In the
resistive losses in the electrolytes, membrane and electrodesdischarge process, the electron produced in the oxidation
(i) mass transfer losses in the electrolyte, (iii) loss of faradic reaction in the negative electrolyte is supplied to the negative
efficiency due to crossover of ions through the membrane, electrolyte, wherein the electron is consumed in the reduction
(iv) loss of faradic efficiency due to possible side reactions reaction. These two parallel redox reactions are as shown
and (v) loss of voltage efficiency due to large overvoltage for below

electrode reactions with slow kinetics. Although an estima- - charge

tion of the energy efficiency of redox-flow battery should positive electrode : R i e0+ +ne” 2
be quite difficult, provided that those factors from (i) to 9

i i i i if- . charge

(iv) are common tq certain two_types of batteries Wth_ dif negative electrode : O+ ne~ ° R @)
ferent active materials, comparison of the energy efficiency discharge

is possible by estimating kinetic factors, i.e. the factor (v).
Since the redox-flow battery of neptunium and that of vana-
dium have similar aqueous solution, i.e. nitric acidic solution
and sulfuric acidic solution, respectively, a comparison of
the energy efficiency of these two types of the redox-flow
batteries can be performed on the basis of the overvoltage
caused by the kinetic parameters of neptunium and \,am‘_whereEO+ andE? designate the standard electrode potentials
dium electrode reactions. Recently, we reported standard rate2f the redox couples of OR. and Q./R_, respectively.
constants at the plastic formed carbon (PFC) electrode for The differenceqpen= (E+ — E—) V corresponds to the open
Np(IV)/Np(Ill) (ko=1.4x 10~2cms 1) and Np(V)/Np(VI) circuit voltage of the battery. Under a current density larger
(ko=2.1x 10 2cms 1) [23]. than zero, the battery voltage differs frafapen according

In the present study, the discharge performance of ato the relationship between the current density and the
neptunium battery equipped with a carbon electrode has activation overpotential, i.e. the Butler—\Volmer equation as,
been investigated and compared with the performance of the . .
existing van?idium battery. FzI'he electrodepmaterial with the /=~ joxtexptanfiz) = exp(1=aJnfne)) ®)
largestkg value was selected and the discharge curves werewheren V is the overvoltage. The current densjtyh cm—2,
obtained for the neptunium battery. Discharge curves wereis defined to be positive when the electron is consumed at
also obtained for the vanadium battery in an identical small the electrodes by the reduction reaction. The ‘+" ard
cell. Because of the difficulty in achieving sufficient circu- subscripts indicate the positive and the negative electrodes,
lation of the highly radioactive neptunium solution in the respectively. The exchange current dengjtig a function of
battery by pumping, it would not be enough to demonstrate the concentrations of the oxidized and the reduced f@fgn (
the energy efficiency of the neptunium battery due to the andCieq, respectively) and the standard rate constants of the
concentration polarization which can result in the overvolt- positive ko p and the negativég » electrodes. The charged
age. Therefore, we also investigated the neptunium battery inenergy E; and the discharged enerdyy are obtained by
general to demonstrate its performance. The overvoltage ofintegrating the operating voltages of the charging pro¥ess
the electrode reaction, and thus the voltage efficiency, equiv-V and the discharging proce¥g V at the current densitjby
alent to the energy efficiency when the columbic efficiency the charged or discharged electric chaggeC andQq C as
is unity, was evaluated because the battery reaction is a 0Oc
typical heterogeneous reaction through the electrode-liquid Ec = / VedQ
interface. Thus, the formulation of energy efficiency for the 0
redox-flow battery with a given active material was deter-
mined, and applied to both the neptunium and the vanadium
batteries.

The Nernst potentials of the positive and negative elec-
trolytes,E+ V andE_ V, are given by
RT @)
E:=E%—""lIn [i}
Ry

nkF “)

Qc Qc
— Eoperct [ (1 =000+ R /0 jedQ  (6)
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Q4 Table 1
Eq = / VqdQ Specifications of the redox-flow battery assumed for the energy efficiency
0 evaluation
Qd Qd . Equilibrium electrode potential of the positive electrode (V) .oa
= EopenQd + (n+ —n-)dQ — R/ jedQ (7) Equilibrium electrode potential of the negative electrode (V) —0.30
0 0 Concentration of active materials in both cells (moldin 1.0

. . Transfer coefficients of both electrodes .50
where Egpen=1+ —m- and R Q cn? designates the iNNer  |nternal resistance of the batter§ ¢m?) 0
electrical resistance of the battery. On the right-hand side surface area of the electrode @&m 1
of the above two equations, the first, the second and the thirdVolume of the electrolyte solutions (cin 10

terms correspond to the energy required to charge or dis-

charge the battery reversibly, the energy required against thegescribed later. For the measurement of the discharge curves,
overvoltage dissipated as the heat, and the energy consumegn appropriate electrical resistor as a resistance load was con-
dueto the internal resistance, respectively. The valug/di nected between the positive and the negative electrodes of
for a cycle withQc and Qg corresponds to the energy effi-  the cell. The voltage between the two ends of the load resis-
ciency. In the present study, by assuming that the Coulombictor was monitored and recorded every 1s using a voltage

efficiencyQad/Qc is unity, the energy efficiency, equivalentto  recorder (NR-1000, Keyence Corporation, Japan) connected
the voltage efficiency, is to be evaluated. to a computer.

3.2. Calculation of charge and discharge curves, and

3. Experimental energy efficiency of the batteries
3.1. Discharge experiments of neptunium and vanadium The redox-flow batteries assumed in the energy efficiency
batteries evaluation are composed of two redox pairs/®&- and

R_/O_, as shown in reaction@) and(3). Other specifica-
The cell used in the discharge experiments was equippedtions for the batteries are shownliable 1 Charged condition
with an ion exchange membrane, which divides the cell into of the battery is defined as that 99.5% of active material is
two compartments each with a volume of 18 mL. The ion oxidized form (Q) in the positive electrolyte and 0.5% is
exchange membranes used for the vanadium and the neptuexidized form (Q.) in the negative electrolyte. Discharged
nium solutions were K-501 and A-511, the cation and the condition is just reversely defined as 0.5% of active material
anion exchange membranes, respectively, both being prod-s oxidized form (Q) in the positive electrolyte and 99.5% is
ucts of Asahi Kasei Corp., Japan. Within each compartment, oxidized form (Q.) in the negative electrolyte. Based on the
asingle plate of an electrode was installed, whose 4sum above conditions, the charged and the discharged energy was
face area made contact with each electrolyte. The distanceestimated to be 1242 J. The charge—discharge model com-
between the electrodes was 34 mm. The stirring of the elec-puter program, described in the theory section, was writtenin
trolyte solutions was carried out using bubbling argon gas in the Pascal language (Delphi, Borland Software Corp., USA)
order to avoid the experimental difficulties associated with and was run on a PC. The calculations of the charge trans-
the circulation of highly radioactive neptunium by pumping. fer between the electrolytes were performed at every 0.01 C
A neptunium-237 solution, possessed by the Institute for change. The calculations of the charge and discharge curves
Materials Research, Tohoku University, was purified before are performed at speciftg values, for which the values of the
use by the lanthanum fluoride co-precipitation method for the standard rate constants of the posittgg, and the negative
recovery of purified neptunium, as already descr{2&ql For ko n electrodes are identical 19.
preparing the charged state of the neptunium battery, an 8 mL
portion of 1 mol dnt 2 nitric acidic solution of 0.05 mol dm?
neptunium was poured into each compartment in the cell. 4. Results and discussion
These were electrolyzed at a constant current of 5 mA using
a galvanostat (HA-501, Hokuto Denko Co. Ltd., Japan) at 4.1. Demonstration of neptunium battery
the gold electrodes to obtain Np(VI) and Np(lll) for the pos-
itive and the negative electrolytes, respectively. Inthe case of The discharge curves of the vanadium battery were
the vanadium battery, an 8 mL portion of 1 mol d#rsulfu- obtained by using the cell constructed in the present study
ric acidic solution of 0.05 mol dm? VOSO, was used as the  filled with an electrolyte of 1 moldm? sulfuric acid with
positive electrolyte. For the negative electrolyte, this solu- 0.05 mol dnT? vanadium. The discharge curves obtained by
tion was first reduced under a constant voltage to obtain connecting 10 M2, 5k and 5002 resistors are shown in
8mL of V(lll) solution. For the discharge experiments, Fig. 1(b). When the 10 M2 or 5 k2 resistors were used, the
plastic formed carbon (PFC) was used for the electrode voltages plateaued after the initial 15—-30 min owing to very
because the PFC yields the largest standard rate constants famall currents, less than a milliampere in these cases. The
both Np(V)/Np(VI) and Np(IV)/Np(lll) reactions, as will be  plateau values for 10 & and 5 k2 were ca. 1.3V and 1.2V,
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respectively, which are close to the open circuit voltage of Section2, the stirring of the electrolytes was performed by
the vanadium battery with a full charge. Therefore, these the bubbling of argon gas. The gas flow was limited to a gas
plateaus indicate open circuit voltage. During the charging bubble per second in order to prevent the electrolytes from
process, corrosion of the positive PFC electrode was observedpilling out. This level of stirring was insufficient and the
and small black particles, probably made of carbon, were inner resistance likely became large owing to a large con-
found suspended in the positive electrolyte. Owing to this centration polarization. Moreover, the small concentration of
phenomenon, only the discharge curves of the batteries wereghe active materials in the present study leads to the small
obtained and compared. exchange current density which then results in the small cur-
The electrolyte of the neptunium battery was 1 motdm  rentdensity according to E(p). This reduction in the current
nitric acid with 0.05mol dm® neptunium. Initially, both density has an equal effect with the large inner resistance
compartments were filled with Np(V) and Np(VI) mixed appearedinEq$6)and(7). Thus, the circulation by pumping
solution, and electrolysis at a constant current was carriedis desired for the forthcoming charge—discharge experiments
out to produce the charged state, i.e. Np(lll) and Np(V1). In of the uranium battery which is not the highly-radioactive
the charging process, gold electrodes (30 mBimm) were material unlike the neptunium.
used because the charging by the PFC electrodes resulted Fig. 2 shows photographs of the neptunium battery in a
in the corrosion in both the positive and negative electrodes. charged state (upper photo) with Np(VI) and Np(lll) in the
After charging, the discharge curves were obtained, as shown
in Fig. 1(a), using the PFC electrodes and by connecting a
10 k2 or 50052 resistor. When the 1k resistor was used,
the voltage became nearly constant, after the initial decrease,
within 10 min. Thus, the 10® resistor was used to obtain ' o
the open circuit voltage of ca. 1.1 V. ;
As seen in therig. 1, the battery voltage shows a large
reduction when compared with the open circuit voltage in
both batteries. This reduction may originate from the inner
resistance, which could be larger than the load resistance
owing to insufficient stirring and the relatively small con-
centration of the electrolytes. As mentioned earlier in the

1.5
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Fig. 1. Discharge curves of 0.05moldfm neptunium battery with
1moldnT3 HNOs; (a) and 0.05moldm® vanadium battery with Fig. 2. Photographs of charged (upper picture) and discharged (lower pic-
2mol dnt3 H,SQ (b). ture) neptunium battery.
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positive and the negative electrolytes, respectively, and in awere evaluated by assuming the same open circuit voltage
discharged state (lower photo) with Np(V) and Np(IV) inthe of 1.30V as in the SectioR and the standard rate constants
positive and the negative electrolytes, respectively. The solu-for the neptunium or the vanadium electrode reactions deter-
tion colors were light brown, light green, yellow-green and mined at the PFC electrode in this study. The values of the
dark brown for Np(Il1), Np(1V), Np(V) and Np(VI) solutions,  standard rate constants of the positikg d) and the neg-
respectively. These colors are somewhat different from the ative reactionsip) used are p=2.1x 102cmst and
colors reported in literature which were green to blue, yellow- kon=1.4x 10-2cms™? for the standard rate constants of
green, green and pink to red for Np(lll), Np(IV), Np(V) and  Np(V)/Np(VI) and Np(IV)/Np(lll) reactions, respectively,
Np(VI) solutions, respectiveli25]. This discrepancy is pre-  and kgp=8.5x 10-4cms™? and kopn=5.1x 10 4cms?
sumably due to the formation of charge transfer band in the for the standard rate constants of V(V)/V(IV) and V(I11)/V(II)

presence of the nitric acid in the present study. reactions, respectively. In the evaluated curves for the neptu-
nium battery and the vanadium battery, as showrign 3(c

4.2. Dependence of energy efficiency on standard rate and d), respectively, it should be noted that the curves (c) for

constants of active materials the neptunium battery have the feature close to the curves

for ko=10"1 as mentioned above. The energy efficiency cor-

Fig. 3shows the results of the calculated charge and dis- responding td=ig. 3(a—d) is evaluated to be 99.8%, 87.1%,
charge curves at a constant current density of 70 mA%ior 99.0% and 82.9%, respectively. Also, the energy efficiency
variousko values. In the case @b =10"1cm s (Fig. 3a)) of the neptunium battery for different carbon electrodes was
the charge curve increased from 1.03V to 1.57V, the dis- evaluated to be 99.0%, 95.7% and 98.8% for the carbon elec-
charge curve decreased inversely from 1.57 V to 1.03V, andtrode of PG ¢-plane), PG 4-plane) and GC, respectively,
they meet at the midpoint of each curve. The energy loss of which can be compared to the 99.0% for PFC. These results
the battery due to the overvoltage is negligible during both indicate that the PFC and the P&Glane) are the best carbon
the charging and the discharge processes. On the other handgslectrodes for the neptunium battery.
in the case okg=10"3cms! (Fig. 3b)), the charge curve It is worth noting that the overvoltage has a close relation-
shifts to a higher voltage and the discharge curve shifts to ship with the current densityy according to Eq(5). There-
a lower voltage. Since the contribution of the overvoltage fore, the charged and discharged energy strongly depend
cannot be neglected, the battery using the active materialon overvoltage determined by a given combination of the
with the smallkp requires more energy in the charged stage standard rate constakg and the current densitjs. With
but discharges less energy. The charge and the dischargeegards to variougg andjo values, the energy efficiency
curves of the neptunium battery and the vanadium battery of a charge—discharge unit cycle, defined as the ratio of

— charge
0.5 = - --- discharge

| | | | | |
0.0 I | I \ \ |

Cell voltage /V

0.0 | 1 | x |
0 1 2 3 0 1

Time elapsed /hour

[¥]
w

Fig. 3. Charge and discharge curves for current density of 70 mZ&@and the open circuit voltage of 1.30V with a variety of the standard rate constants
for the positive ko) and the negativekg ) electrodes. Values df,p andkon are 101 and 101 (a); 102 and 103 (b); 2.1x 1072 and 1.4x 1072 as the
neptunium battery (c); 8.5 10~* and 5.3x 10~* as the vanadium battery (d).



T. Yamamura et al. / Journal of Alloys and Compounds 408412 (2006) 1260-1266 1265

curve of the vanadium battery. In an alternative to construct
1 the redox-flow cell which s difficult to use the highly radioac-
tive neptunium, a model for evaluating the energy efficiency
of the redox-flow battery was developed and we have evalu-
ated the energy efficiency of the neptunium battery as 99.1%
at 70 mA cnt?, which exceeds that of the vanadium battery
by ca. 16%.
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