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Abstract

The Daniell cell (zinc copper battery) was only used as primary cell due to

the copper ion crossover preventing its ability to be stored and recharged.

We modify the classic design and introduce a cation exchange membrane as

half-cell separator along with a sodium-based background electrolyte. This

approach prevents the copper ion crossover but allows for ion exchange by

means of sodium ions. Half-cell experiments are performed to determine if

sulfate-, chloride-, or nitrate-based electrolytes provide any advantages over

each other. Our modified Daniell cell using a sodium sulfate background

electrolyte is charged and discharged for 100 times without significant degra-

dation.
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1. Introduction

In order for renewable energy sources to reach their full potential, they

need to be coupled with an energy management system that is able to con-

vert, store, and delivery energy as required. Here, rechargeable batteries

are useful due to their fast response time, scalability [1] and modularity [2].

For stationary applications, the energy densities can be moderate but safety,

charge and discharge capability, and environmental and economical aspects

must also be considered [3]. Zinc (Zn) and copper (Cu) electrodes seem at-

tractive in many of these aspects. Therefore, we re-examined the potential

of the Zn/Cu battery as a rechargeable element.

Zinc electrodes feature a high energy density, low cost, and low toxicity

[4]. Zinc is the most electropositive metal that is compatible with aqueous

electrolytes. It also possesses a high overpotential for the hydrogen evolution

reaction [5]. Hence, they are commonly employed in commercial batteries

such as in the primary alkaline zinc manganese oxide battery which was re-

alized with an energy density of 190 Wh kg−1 [6]. Secondary zinc batteries

include the nickel zinc and silver zinc with (practical) energy densities up to

85 Wh kg−1 [7] and 300 Wh kg−1 [8], respectively.

Copper is an abundant and recyclable metal. Still, the use of copper as

an electrode material for rechargeable batteries has only recently gained at-

tention. Examples are an all-copper hybrid flow battery (28 Wh L−1) [9, 10],

a copper ferrous disulfide hybrid mineral battery (3.6 Wh kg−1) [11], and

an alkaline copper oxide zinc oxide/hydroxide battery [12] with a maximum
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theoretical energy density of 438 Wh kg−1. An (acidic) Zn/Cu battery pos-

sesses a theoretical energy density of 458 Wh kg−1 and, if rechargeable, could

compete with other Zn-based secondary batteries.

There are two main obstacles for creating a rechargeable Zn/Cu bat-

tery. One is the tendency of Zn to electroplate as dendrites which inhibits

its ability to be cycled [13]. Suppression of the Zn dendrite formation is a

thoroughly researched topic, cf. Refs.[14, 15, 16, 17, 18], and we did not

encounter this problem. Hence, this study focuses on the second obstacle

which is the copper ion (Cu2+) crossover to the Zn electrode compartment

during open circuit and recharging. As shown in the Supporting Information

(SI) to this article, the presence of Cu2+ increased the overpotential of the

Zn half-cell reactions. It was readily electroplated onto the Zn electrode even

when only present at low concentrations in the electrolyte. Therefore, the

copper crossover needs to be minimized. The Cu2+ crossover can be miti-

gated by a suitable separator between the battery compartments. Dong et

al. used a ceramic LATSP (Li1+x+yAlxTi2−xSiyP3−yO12) film which allows

for the exchange of lithium ions (Li+) but not Cu2+. Consequently, an addi-

tional lithium nitrate background electrolyte (BGE) was added which acts as

a charge shuttle but does not participate in the electrode reactions [19]. We

show below that a (sodium) nitrate-based electrolyte inhibited the Zn redox

reactions and therefore other electrolytes are more promising. A similar con-

cept of a Li+ selective (PVDF/PMMA-LiClO4/PVDF) separator along with

a lithium sulfate BGE was used by Zhang et al. [20]. Still, this membrane is

a complex composite material and lithium is a relatively expensive material.
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In the present research, we used the cost-effective commercial Neosepta CIMS

monovalent cation exchange membrane along with an inexpensive sodium

sulfate (Na2SO4) BGE. This membrane has monovalent cation selectivity,

wide pH value stability and can be used in an adequate temperature range

[21, 22]. Given suitable concentrations, this membrane is permeable for Na+

but not for Cu2+. We hypothesize that the application of this membrane

along with the sodium-based BGE makes the Daniell element rechargeable

since the Na+ solely act as charge shuttle. The concept of such a recharge-

able Zn/Cu battery is illustrated in the SI.

2. Experimental Section

In this section, we give details on the materials, methods and instruments

that were used for this research.

2.1. Chemicals and Reagents

All solutions were prepared using deionized (DI) water from a RiOs-DI3

water purification system (Millipore Sigma, Etobicoke, Canada). All chem-

icals were purchased from Sigma Aldrich (Oakville, Canada). The sulphate

chemicals included zinc sulphate heptahydrate (ReagantPlus 99.0%), cop-

per(II) sulphate pentahydrate (ACS reagent 98.0%) and sodium sulphate

(ACS reagent 99.0% anhydrous). Chloride electrolytes are made from zinc

chloride (reagent grade 98%), copper(II) chloride dihydrate (reagent grade)

and sodium chloride (BioXtra, 99.5%). Nitrate electrolytes are made from

zinc nitrate hexahydrate (reagent grade, 98%), copper(II) nitrate trihydrate

(puriss. p.a., ≥ 99.99%) and sodium nitrate (ReagentPlus, 99.0%). Zinc
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sheets and copper sheets (purity 99.9%, McMaster-Carr, Ohio, USA) were

cut into circles of 1.5 cm in diameter using a WaterJet Pro Cutting Machine

(WardJet, Tallmadge, OH, USA) at the Department of Mechanical Engineer-

ing workshop, Queen’s University so they could fit in the cell sample holder

(Metrohm Autolab B.V., The Netherlands) for the half-cell measurements.

Zinc foil (99.98%, 0.25 mm thickness, Alfa Aesar, Tewksbury, MA, USA) and

copper foil (99.9%, 0.127 mm thickness, Alfa Aesar, Tewksbury, MA, USA)

were used as the electrodes in the battery testing experiments. The mono-

valent selective cation exchange membrane utilized in these experiments is a

Neosepta CIMS (Amerdia, Somerset, NJ, USA). The electric resistance of the

membrane is 1.8 Ω cm2 while the thickness is 150 μm. This membrane can

be operated at temperatures lower than 40oC and in a pH range between 0

and 10 [21, 22]. Prior to all experiments where Neosepta CIMS was utilized,

the membrane was immersed in 1.0 M of Na2SO4 for 24 hours.

2.2. Instruments

All electrochemical experiments were performed using an Autolab High

Performance potentiostat/galvanostat instrument (PGSTAT302N, Metrohm

Autolab B.V., The Netherlands). For half-cell characterizations of the bulk

electrodes, a sample holder was used where Zn and Cu electrodes had an

exposed area of 1 cm2. We also used a glassy carbon electrode rod (Metrohm

Autolab B.V., The Netherlands) to investigate the electroplating of Zn2+

and Cu2+ on a non-metallic surface. For the half-cell experiments, plat-

inum mesh (Metrohm Autolab B.V., The Netherlands) and a Ag/AgCl/3.0

M KCl (Metrohm Autolab B.V., The Netherlands) was used as counter and

reference electrode, respectively. Electrolytes in half-cell measurements were
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purged with nitrogen gas for thirty minutes. Electrolytes were analyzed for

metal ions with an Inductively Coupled Plasma-Optical Emission Spectrom-

eter (ICP-OES) (Vista Pro-axial CCD spectrometer, Agilent, USA). Scan-

ning electron microscopy images were generated using a FEI-MLA Quanta

650 FEG-ESEM instrument (ThermoFisher Scientific, Hillsoboro, Oregon,

USA). This instrument was also used to perform the energy-dispersive X-ray

spectroscopy measurements of the electrode surface composition. Investi-

gation of the elemental composition of the electrode deposit is performed

with an X-ray diffraction (XRD) instrument (XSPert Pro, Philips Analytical

B.V., Almelo, The Netherlands) via Cu-kα radiation. The diffractometer is

operated at 40 kV and 45 mA. The raw data is analyzed using the X’Pert

Highscore Pro software.

We fabricated our own test cell in order to proof the concept of a recharge-

able Zn/Cu battery. The device consisted of two identical components that

were fabricated using a 3-D printer (MiiCraft, Jena, Germany). The design

of the battery testing device and other details are given in the Supplemental

Information to this article. Zn and Cu electrodes with a wetted area of 1 cm2

were placed into each electrode compartment and the respective electrolyte

was added.

3. Results and Discussion

In this section, we present results from membrane characterization as well

as half-cell and battery experiments.
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3.1. Background Electrolyte Studies

We performed half-cell exeriments to identify whether Na2SO4, sodium

nitrate (NaNO3) or sodium chloride (NaCl) is a suitable BGE. All electrode

potentials are given with respect to a silver/silver chloride Ag/AgCl (3 M

KCl) reference electrode. Figure S4a in the SI shows the electrochemical

stability of the BGE in a range between -1.4 V and 0.6 V. No redox reac-

tions were observed but for the NaNO3 BGE where a reduction current was

observed starting at around -1.25 V.

Figure 1: Cyclic Voltammograms at a scan rate of 10 mV s−1 of (a) GCE and (b) Zn bulk

electrode in 0.05 M ZnX electrolyte as well as (c) GCE and (d) Cu bulk electrode in 0.05

M CuX electrolyte. In all cases, we adjusted the electrolyte conductivity to 50 mS cm−1

by adding the appropriate amount of corresponding background electrolyte NaX.
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The anion in an electrolyte can have a profound effect on the electro-

chemical reactions of the metal ion. Yu et al. reported that Zn deposition on

a Glassy Carbon Electrode (GCE) from sulfate, chloride, and acetate elec-

trolytes result in very different cathodic potentials and current densities [26].

Hence, we investigated the effect of different anions in the electrolyte on both

Zn and Cu electroplating. We prepared electrolytes of 0.05 M ZnX (CuX),

where X denotes either SO4, Cl or NO3, added the corresponding BGE NaX,

and measured the respective cyclic voltammograms (CVs). In contrast to Yu

et al., we did not add a constant concentration of BGE since their conduc-

tivities differ. Instead, we added variable amounts so that the conductivity

of all electrolytes was 50 mS cm−1 to ensure equal electric field distributions

so that differences observed are only related to the type of anion.

Figure 1 shows the CVs and compares the electroplating on a Glassy

Carbon Electrode (GCE) and on a respective bulk electrode. Integral pa-

rameter of the CVs are given in table S1 in the SI. Figure 1a demonstrates

that the CVs of the GCE in both ZnSO4 and ZnCl2 electrolyte have distin-

guished redox peaks with similar peak currents but a small difference in the

cathodic peak potential of -1.25 V and -1.19 V, respectively. The similar

cathodic current densities is in contrast to the work of Yu et al.[26], who

reported considerable differences and attributed these to the varying Zn2+

diffusion in the presence of different anions. Our experiments conducted

at equal electrolyte conductivities indicate that their differences were caused

due to different electric field distributions. The cathodic peak shift is in good
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agreement with Yu et al., who also reported around 50 mV [26]. This shift is

related to the interaction of Zn2+ and Cl− forming weak metal-ion complexes

with a stability constant of 100.96. In contrast, Zn2+ and SO4
2− form a much

stronger complex with a higher binding constant of 102.38. Hence, the Zn2+

requires a larger potential to deposit onto the GCE substrate [26, 27]. In

case of the Zn bulk electrode (Figure 1b), the cathodic peaks display simi-

lar trends to that seen for the GCE (Figure 1a) but the shift is rather -100

mV. The Zn(NO3)2 electrolyte behaved differently and Figure 1a and b show

there are no redox peaks in this potential range except for a tailing peak

in the cathodic region. Katayama and Izaki reported that Zn electrodes in

Zn(NO3)2 electrolytes were passivated due to formation of semiconducting

ZnO films [28]. The tailing peak is related to the reduction of nitrate to

nitrite, the formation of hydrogen, and a contribution from the deposition of

ZnO (E0 = -1.260 V) according to

Zn(NO3)2 ↔ Zn 2+ + 2 NO−
3 , (1)

NO−
3 + H2O + 2 e− ↔ NO−

2 + 2 OH−, (2)

Zn 2+ + 2 OH− ↔ Zn(OH)2, (3)

Zn(OH)2 ↔ ZnO + H2O, (4)

which considerably impacts the electrochemical performance of the Zn elec-

trode [29].

Figures 1c and 1d show the effect of the anion on the Cu redox reactions

for GCE and bulk electrode, respectively. Here, NO−
3 did not passivate the

electrode as it was observed for the Zn electrode. Compared to the other

electrolytes, the Cu(NO3)2 resulted in cathodic peaks at slightly more nega-
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tive potentials for both GCE and bulk electrode. This can likely be explained

with different binding constants as for the ZnSO4 and ZnCl electrolytes. The

CuCl2 CV shows two separate oxidation and two separate reduction peaks.

Gunawardena et al. reported that halides, even at small concentrations, sta-

bilize the intermediate Cu+ long enough that it can actually be visualized as

a separate peak [30]. Compared to the GCE, the bulk electrodes feature a

reduction peak at a more negative potential of around -0.35 V. With respect

to the zinc passivation due to NO−
3 , and the impeded Cu redox reaction due

to Cl−, a SO2−
4 BGE seems most suitable for the usage in a rechargeable

Daniell cell.

3.2. Performance Evaluation of the Membrane

We assessed the copper crossover by placing the membrane between two

beakers having horizontal junctions that can be connected. One beaker was

filled with varying concentrations of CuSO4 and the other contained a Zn

electrode immersed in DI water. After seven days, we analyzed the liquid in

the DI water cell using ICP-OES. This allowed us to (partly) quantify the

Cu2+ that had crossed the membrane solely due to the concentration gradi-

ent. At 0.01 M and 0.1 M of CuSO4, we measured concentrations below 10

ppm. Figure 2a shows the EDX analysis of the zinc electrode connected to

the 0.1 M CuSO4 reservoir. We did not find any Cu traces on the electrode

clarifying that there was very limited Cu2+ crossover through the separator

for these CuSO4 concentrations. When the reservoir was filled with 0.5 M

CuSO4, the effect of Cu2+ crossover was visible. The water sample had a blue

tint and the Zn electrode was covered with a layer of black/red deposit. The
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(a) (b)

c)(

Figure 2: Results of various copper crossover test where the Zn electrode was immersed in

water and connected via the membrane to a CuSO4 containing reservoir for seven days:

(a) EDX analysis of the Zn electrode when the reservoir was filled with 0.1 M CuSO4; (b)

SEM picture of the Zn electrode surface and (c) XRD spectra of the Zn electrode deposit

when the reservoir was filled with 0.5 M CuSO4.

ICP-OES analysis gave a concentration of only 44 ppm of Cu2+ because the

majority deposited onto the Zn electrode. Figure 2b is an SEM image of the

electrode showing the plate-like Zn structure and tree-like growths from the
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Cu2+ precipitation. This precipitate (deposit) was analyzed through XRD

analysis, cf. Figure 2c. The analysis revealed that it consisted primarily of

(insoluble) copper (I) oxide along with metallic copper. The XRD also re-

vealed that SO2−
4 precipitated onto the Zn electrode, explaining the oxygen

and sulfur peaks in the EDX spectrum. These results indicated that a 0.5 M

CuSO4 concentration in the battery seems too high, as it reduces the shelf-

life and charging would even increase the Cu2+ crossover. Hence, we chose

a conservative catholyte composition of 0.1 M CuSO4 and 1M Na2SO4 for

our proof of concept study. Higher concentrations for improved performance

should be possible and have to be investigated in future studies.

Figure 3: Discharge profile of the rechargeable Zn/Cu battery at different current densities.

Gravimetric current densities and capacity are based on the initial copper concentration

in the catholyte.

3.3. Characterization of the Rechargeable Zinc Copper Battery

To test the rechargeable Zn/Cu battery concept, a cell incorporating the

membrane was manufactured by 3D printing; cf. Figure S2 in the SI. The
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electrode compartments were filled with 1 mL of 1 M ZnSO4 anolyte and

1 mL of 0.1 M CuSO4/1 M Na2SO4 catholyte. We performed discharge

measurements, where we varied the discharge current density and measured

the voltage over time. Discharge continued until a cell voltage of 0 V was

reached, which corresponds to a complete consumption of the Cu2+ in the Cu

electrode compartment. The results are given in Figure 3. Here, the question

arises how to normalize the currents and capacities that we observe. In terms

of a gravimetric current density, the mass of the electrodes should be used.

However, in this initial state of our research, we focussed on the concept of

a cation exchange membrane along with the addition of an unreactive back-

ground electrolyte. Most battery parameters such as content of electroactive

species, electrode area and electrode distance were not optimized. Addition-

ally, it turned out that we utilized only around 3 to 6% of the zinc electrode

and less than 1% of the copper electrode during discharge. These very low

values indicate that the present system could also be favorably-designed as

a hybrid redox (flow) battery. Hence, for the current cell design it is seems

reasonable to normalize the current with the initial Cu2+ catholyte content

since it is the limiting electro-active species. This procedure gives specific

performance data that is independent of the cell volume and indicates the

scalability of the battery. Figure 3 shows that the discharge profiles for all

current densities had a similar shape. Starting at the initial cell potential,

we identify first a moderate voltage drop over time (capacity) which becomes

more pronounced at lower cell potential. In terms of a stable potential (win-

dow), the battery operation performed better at low current drains. At 0.5

mA cm−2 (421 mA g−1), the battery was discharged for around 17 hours
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before all of the Cu2+ was consumed resulting in a specific capacity of 763

mAh g−1. The theoretical charge content based on the initial copper con-

centration was 843 mAh g−1 giving a faradaic yield of 90.5%. The capacity

and faradaic yield of the discharge at 1 mA cm−2 (842 mA g−1) were 583

mAh g−1 and 69.2%, respectively. The gravimetric current density 1648 mA

g−1, that is equivalent to 2 mA cm−2, clarifies that there was considerable

current drained from the battery. Hence, it operated with larger internal

resistances causing a large and more rapid voltage drop. The capacity and

faradaic yield were only 347 mAh g−1 and 41.2%, respectively. The discharge

profiles indicate that there was considerable polarization. One the one hand,

this was related to the transport limitations due to the membrane and the

relatively low copper concentration in the electrolyte. On the other hand, the

cell design was not optimized and had a relatively large electrode distance

resulting in a considerable IR drop.

Next, we investigated the cyclability by testing the selectivity of the mem-

brane for the charge shuttle during battery operation. Figure 4a shows charg-

ing and discharging of the battery at current densities of ±0.5 mA cm−2 with

and without the addition of Na2SO4 BGE. The battery without BGE had

higher charging overpotentials due to the higher ohmic resistance. This bat-

tery ceased to operate after approximately 4 cycles because there was little to

no ion exchange between the electrode compartments. The increasing charge

imbalance between the electrode compartments induced a potential gradient

counteracting the Galvani potential difference which diminishes the driving

force for the electrochemical reactions. When Na2SO4 was present in the
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Figure 4: (a) Charge-discharge cycles of a Zn/Cu battery at ±0.5 mA cm−2 with and

without Na2SO4 BGE; (b) The last 20 out of 100 charge-discharge cycles at ±0.5 mA

cm−2 with Na2SO4 BGE; (c) Exergy and coloumbic efficiency and capacity curves for

every 20th out of 100 charge-discharge cycle; (d) EDX analysis of the Zn electrode after

100 charge-discharge cycles.

catholyte, it was possible to charge and discharge the battery since Na+ are

able to cross the membrane, taking on the role of a charge shuttle in order to

make up for the consumption or production of cations in the electrode com-

partments. These results prove that the combination of the Neosepta CIMS

separator and a sodium BGE creates a rechargeable Zn/Cu battery. Next,

we charged and discharged the battery 100 times with the same conditions

as in Figure 4a; the final 20 cycles are given in Figure 4b. We calculated the

cell capacity and the coulombic and exergy efficiency (cf. SI) for every 20th

charge-discharge cycle and plotted them in Figure 4c. The average capacity

was 530 mAh g−1 while the average coulombic and exergy efficiency were
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found to be 70 % and 74%, respectively. The fluctuations over the cycle

numbers are less than 5% of the average values. In other words, there was

no clear increase or decrease during operation, indicating a steady perfor-

mance. If there was a degradation over the 100 cycles, it is smaller than the

performance fluctuations. We also computed the energy efficiency; the aver-

age over the hundred cycles was around 54%. The relatively-low but rather

constant efficiencies that we observed should be related to the relatively-high

IR drop induced by membrane and to the large electrode distance. Finally,

we analyzed the electrolyte in the Zn electrode compartment after 100 cycles

with ICP-OES and found less than 13 ppm of Cu2+. EDX analysis taken

on the Zn electrode surface likewise did not show any noticeable amounts of

Cu as can be seen in Figure 4d. The dendrite formation on the Zn electrode

surface was negligible.

4. Concluding Remarks

In summary, we turned the traditionally primary Zn/Cu battery into a

rechargeable one through employing a monovalent cation exchange mem-

brane along with an unreactive background electrolyte. The membrane is

only permeable for the background electrolyte cation which shuttles but does

not react between the electrodes. We were able to charge and discharge the

battery for 100 cycles without significant degradation. The Zn/Cu battery

presented in this work was made out of inexpensive electrode, electrolyte,

and separator materials. Such an energy storage device can be attractive for

applications where the limited power/energy densities can be mitigated by
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larger volumes.

This prove of concept study verifies that the combination of a cost-

effective monovalent cation exchange membrane along with an unreactive

background electrolyte imparts recharge-ability to the Daniell cell. However,

the data that we report do not reflect the “true” performance of such a cell.

One the one hand, we did not optimize the maximum concentration of copper

sulfate in the electrolyte. Our results showed that 0.5 M CuSO4 resulted in

a significant copper crossover through the membrane and we very conserva-

tively chose 0.1 M for our battery testing. Further testing is required to infer

the maximum copper concentration that the membrane can withstand during

operation which would decrease the mass transfer polarizations and there-

fore increase the battery performance. It might be also possible to increase

the selectivity of this cation exchange membrane; e.g. by a coating. Like-

wise, there are more commercial cation exchange membranes which can be

tested in this battery concept. One can also expect that suitable membranes

with improved features are available in future. An increase in background

electrolyte concentration should be possible which would lower the IR drop

of the cell. On the same note, the battery design has much potential for

improvement. We used planar electrodes resulting in low current densities.

Much performance increase can be gained from porous materials with higher

specific surface areas. The electrode distance should also be diminished to

decrease IR drop and to increase efficiencies. Finally, the very low utilization

of the electrodes indicates that this system could also be designed as a hybrid

redox (flow) battery. Hence, future designs should aim to lower the content

of the bulk electrode, while maximizing the surface area, along with the in-
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crease of dissolved electroactive species. It is noteworthy to point out that

under these conditions the dendrite formation on the zinc electrode might

become significant but strategies for mitigation are available in the literature.

Nevertheless, the performance of the battery should then be re-evaluated and

theoretical energy/capacity densities would need to include the mass/volume

of the electrolyte.
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