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Abstract—This paper introduces the fabrication of a lemon
battery enabled through Fused Deposition Modelling (FDM) with
commercially available filaments in combination with electrodeposition. The battery consists of a printed polylactic acid (PLA)
structure with two 3D-printed, conductive polymer composite
electrodes with a layer of deposited copper and zinc, immersed
into a citric acid electrolyte. The current battery shows a capacity
of at least 0.23 mWh, where the high internal resistance of around
310 ohms still poses a performance issue. The combined FDM and
electrodeposition fabrication method presents a first step towards
fabrication of arbitrarily shaped batteries without the need for
parts assembly or chemical treatment of filaments, potentially
powering co-printed electronics.
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has already been shown for electrodeposition on 3D-printed
supercapacitors, however a gold layer had to be sputtered
on the non-conductive 3D-print to enable electrodeposition
[10]. One-step selective electrodeposition of copper on FDM
prints with standard conductive materials has been investigated
to increase the conductivity of 3D-printed parts [11], [12].
This process enables to deposit metals in conductive areas,
which makes it selective and obviates the need for assembly
of metal parts. The aim of this paper is to show that FDM
of cheap, commercially available materials can be used to
fabricate a simple galvanic cell (lemon battery) in a single
multi-material 3D-printing step in combination with selective
electrodeposition and addition of an electrolyte.
II.

I.

I NTRODUCTION

3D-printing has gained significant attention for the fabrication of electrochemical energy storage devices due to its
advantages for complex free-form geometries and controllable rapid prototyping [1]–[3]. With the improvement of
3D-printing technology it is expected that energy consuming
electronics will be 3D-printed with integrated batteries in a
single step without the need for part assembly [1], [2] and
will be used as structural components [4], e.g. for use in
lightweight robotics. Fused Deposition Modelling (FDM) is
a widely used 3D-printing process, where thermoplastics are
heated, extruded and then deposited traxel (i.e. track-element)
by traxel and layer-by-layer. FDM is an interesting 3Dprinting method for integrated energy consuming electronics
like sensors and actuators due to its multi-material ability and
shape-freedom, using conductive and non-conductive filaments
[5]. In current research on fully 3D-printable batteries via
FDM either assembly of parts or chemically treated filaments
are used. Important examples of FDM printed batteries are
lithium-ion batteries [4], [6], [7] and sodium-ion batteries [8],
however all these examples need at least chemical treatment
of the filament and some need part assembly. Filament is
chemically treated because the sole use of commercially
available, electrically conductive and non-conductive filaments
is not sufficient to 3D-print a fully functional battery, since
batteries require redox reactions. In a galvanic cell the redox
reactions result from the insertion of two dissimilar metal
electrodes into an electrolyte. Electrodeposition can be used
to deposit these dissimilar metals on the conductive electrodes
to obtain the desired electrochemical functionality [9]. This
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A. Chemistry
A lemon battery is studied. It is composed of an embedded
copper and a zinc electrode in a 3D-printed sample, immersed
in an electrolyte bath of citric acid. This classic combination
is chosen for a proof-of-concept, better performing metal-pairs
and electrolytes exist. At the anode, oxidation of metallic zinc
occurs and zinc ions (Zn2+ ) enter the electrolyte; at the copper
cathode hydrogen ions (H+ ) are reduced to form molecular
hydrogen (H2 ). The electrons freed from the oxidation travel
through the load to the copper cathode and attract the hydrogen ions from the solution. The copper in this battery
only improves the conductivity and does not participate in
the reaction. The combination of the oxidation and reduction
reaction yields:
Zn(s) + 2H+ → Zn2+ (aq) + H2

(1)

B. Fabrication
The 3D-printed sample (fig. 1 shows the geometry with
dimensions) consists of two horizontal, square Proto-pasta
electrodes (Proto-pasta Conductive Polylactic Acid (PLA)
[13]) of 15 mm × 15 mm × 0.6 mm supported by a PLA frame
with two legs such that only the bottom of the electrodes is
immersed in the electrolyte during electrodeposition (fig. 2).
This design is chosen for its simplicity and relative inexpensive
and straightforward electrodeposition process. CAD designs
are made in Autodesk Fusion 360, sliced with Simplify3D
and 3D-printed using a Flashforge 3D-printer with Flexion
extruder. The current collectors are metal equipotential planes
covering the top surface of the Proto-Pasta electrodes, made via
copper tape with Ag-conductive paint (Electrolube SCP26G).
During electrodeposition the current density can vary along the

Fig. 1. CAD drawing of the 3D-printed sample. The blue squares indicate
the electrodes, which are levelled with the lower frame surface and submerged
below the top frame surface.

plating surface for long, highly resistive electrodes, yielding
thicker layers closer to the current collector (which is called
the terminal effect) [14]. To achieve a more evenly deposited
layer thickness the highly resistive Proto-Pasta electrodes are
designed as flat plates with an equal distance everywhere from
the current collector to the plating surface.
C. Electrodeposition
Before electrodeposition the sample is immersed in ethanol
and placed into an ultrasonic bath for 60 s to increase the
surface wettability and clean the surfaces [12]. Electrodeposition is performed with a Source Measure Unit (SMU)
used as galvanostat (Keithley 2410) in a three-electrode set-up
(fig. 2) to provide a constant current (to control the rate of
the deposition) and to monitor the voltage. A silver-chloride
reference electrode is placed at a sufficient distance, one of the
two sample electrodes are used as working electrode and the
counter electrode is a plate of 99.99 % pure copper or zinc.
The set-up is placed in a beaker glass with the plating solution
and a magnetic stirrer is used to circulate the ions. The copper
plating solution is based on Slotocoup HL10 bath chemistry
(Schlötter GmbH, Geislingen, Germany), which uses a few
additives to accelerate the electroplating process. The zinc
solution contains 1.0 mol L−1 of ZnSO4 . The copper solution
is stirred with 300 RPM and a current of 6.75 mA is used
(based on the surface area of 2.25 cm2 and a current density of
3 mA cm−2 as proposed by [12]). For the zinc solution values
of 100 RPM and 30 mA are used (for this value sufficient
deposition rates are obtained while averting water-splitting).

Fig. 2. A diagram of the three electrode set-up used for the electrodeposition
process: 1. counter electrode, 2. 3D-printed sample (working electrode), 3.
reference electrode.

D. Battery
The full battery consists of the 3D-printed sample with
the copper-zinc electrodes placed in a beaker glass with a
concentration of 1 mol L−1 citric acid as electrolyte. The (loaddependent) internal resistance and open-circuit voltage of the
battery are characterized by means of cyclic voltammetry with
a two-electrode system through an SMU (Keithley 2410). A
two-electrode set-up is used since only the voltage difference
of the zinc electrode with respect to the copper electrode
is required and not the absolute voltage with respect to a
reference electrode. A voltage of 0 V to 1 V is applied with
a scan rate of 50 mV s−1 for 6 cycles. A discharge test is
performed twice with the SMU in current-mode as sink with
a sink current of 0.3 mA and 1 mA respectively. To promote
maximum power transfer the current values are chosen such
that the sink presents an equivalent resistance close to the
internal resistance.
III.

R ESULTS AND D ISCUSSION

The deposited zinc and copper surfaces are shown in fig.
3, showing a smooth copper layer (the damage is due to the
stirrer) and a zinc layer with spherical particles. The estimated
masses from Faraday’s law (eq. 2) are 4.1 mg for copper
and 53 mg for zinc, which corresponds to an average layer
thickness of 2.1 µm and 33 µm respectively.

During electrodeposition the galvanostat measures the voltage and controls the current, from which the theoretical mass
m in grams of metal ions deposited on the working electrode
can be determined via Faradays law of Electrolysis [15]:
m=

M It
MQ
=
nF
nF

(2)

M is the molecular mass of the metal being electroplated
in grams per mol; n is the number of valence electrons of the
metal being electroplated; F is Faraday’s constant; Q is the
total electric charge that has passed through the entire system
in coulombs and can be calculated by multiplying the current
I with the time t for deposition under constant current.

Fig. 3. Sample with the electroplated zinc (left) and copper (right) electrode.
The deposited zinc surface has a rough morphology. The copper layer has
visible damage, because it was hit by the magnetic stirrer.

Fig. 4 displays the cyclic voltammetry result. The opencircuit voltage for the rising (discharge) current is approximately 0.69 V (close to the oxidation potential of zinc, 0.76 V)
and the short-circuit current is 2.2 mA. From the short-circuit

according to eq. 1. Galvanic corrosion at the zinc-carbon anode
could be an explanation for this. In case the zinc surface does
not fully cover the carbon anymore, the carbon surface comes
in touch with the electrolyte (fig. 7). This could allow the
carbon layer to act as cathode at which hydrogen ions can
be reduced, while the zinc oxidizes and electrons flow from
zinc to carbon. A redox reaction then occurs which deactivates
the zinc anode without delivering power to the load. Galvanic
corrosion might explain the difference in stored energy per
gram of zinc for the two discharge experiments (3.0 mW h g−1
versus 4.5 mW h g−1 ) as well as the battery efficiency of
10.9 %.
Fig. 4. Cyclic voltammetry at a scan rate of 50 mV s−1 with SMU in a
two-electrode set-up. For a primary battery only the negative currents are of
interest, showing a nonlinear load dependence for the internal resistance.

current and open-circuit voltage the average internal resistance
is determined to be 310 Ω. The internal resistance depends on
the load as can be seen in fig. 4, since there is a nonlinear
current-voltage relation.

Fig. 7. Galvanic corrosion probably causes the gas generation (and electrode
deactivation) at the zinc-carbon anode, where the zinc corrodes and the
surfacing carbon acts as cathode on which the hydrogen ions reduce.

Fig. 5. Discharge experiments with a Source Measure Unit in current-mode
as sink.

The battery has been electrodeposited with zinc twice.
Discharge is performed at 0.3 mA and at 1 mA as shown in
fig. 5. The calculated capacities are respectively 0.85 mA h
and 4.7 mA h, the energy the batteries stored is respectively
0.17 mW h and 0.23 mW h. During zinc deposition 156 C is
used (from eq. 2), while the battery delivers 16.9 C during
discharge, giving an efficiency of 10.9 %. The rest of the zinc
must be lost in other reactions during deposition and discharge.
The spikes in the measurements are most likely caused by
formation of gas bubbles underneath the electrodes obstructing
the discharge (fig. 6).

Fig. 6. More gas generation (through bubbles) is observed at the zinc anode
than at the copper cathode during battery discharge, while the redox reaction
in equation 1 only predicts gas generation at the copper cathode (as seen
through the glass beaker).

Fig. 6 shows gas formation at the zinc anode, while the
reduction of hydrogen ions should only occur at the cathode

Several challenges need to be tackled to improve the
battery. The performance of the battery is likely limited by the
electrode deactivation and by the high internal resistance. The
current battery is only a proof-of-concept, higher capacities can
be achieved when more uniform zinc is deposited or different
metals and electrolytes are used (e.g. with an electrolyte with
lower acidity a higher voltage will be obtained). So the values
mentioned in this paper should only be regarded as a lower
bound for the performance that can be achieved. One problem
during the zinc deposition is that the PLA is not resistant to the
sulphuric acid and very slowly dissolves, a different polymer
might be used in the future (e.g. polyethylene or polypropylene
[16]). Furthermore assembly is still necessary to connect wires
and put everything in a glass beaker, additional research is
required to print a fully self-contained battery.
In conclusion a battery is 3D-printed with FDM in combination with electrodeposition. The current battery shows a
capacity of at least 0.23 mW h. Gas formation is observed at
the anode which might be explained by galvanic discharge of
the zinc-carbon anode, deactivating the electrode. Deactivation
of the electrode together with the high internal resistance
of around 310 Ω still poses a performance issue. Overall
the methodology presents a first step towards fabrication of
arbitrarily shaped batteries without the need for parts assembly, potentially powering co-printed electronics. Future
work will focus on improving the electrodeposition process
on conductive polymer composite 3D-prints and the influence
of electrode geometry, as well as on improving the battery
performance by using different metals and electrolyte.
ACKNOWLEDGEMENT
The support of Jeroen Haveman and Martijn Schouten has
been invaluable for the experiments.

R EFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

X. Tian, J. Jin, S. Yuan, C. Chua, S. Tor, and K. Zhou, “Emerging
3d-printed electrochemical energy storage devices: A critical review,”
Advanced Energy Materials, vol. 7, no. 17, 2017.
P. Chang, H. Mei, S. Zhou, K. Dassios, and L. Cheng, “3d printed electrochemical energy storage devices,” Journal of Materials Chemistry A,
vol. 7, no. 9, pp. 4230–4258, 2019.
Y. Pang, Y. Cao, Y. Chu, M. Liu, K. Snyder, D. MacKenzie, and C. Cao,
“Additive manufacturing of batteries,” Advanced Functional Materials,
vol. 30, no. 1, 2020.
C. Reyes, R. Somogyi, S. Niu, M. Cruz, F. Yang, M. Catenacci,
C. Rhodes, and B. Wiley, “Three-dimensional printing of a complete
lithium ion battery with fused filament fabrication,” ACS Applied Energy
Materials, vol. 1, no. 10, pp. 5268–5279, 2018.
A. Dijkshoorn, P. Werkman, M. Welleweerd, G. Wolterink, B. Eijking,
J. Delamare, R. Sanders, and G. Krijnen, “Embedded sensing: Integrating sensors in 3-d printed structures,” Journal of Sensors and Sensor
Systems, vol. 7, no. 1, pp. 169–181, 2018.
H. Ragones, S. Menkin, Y. Kamir, A. Gladkikh, T. Mukra, G. Kosa, and
D. Golodnitsky, “Towards smart free form-factor 3d printable batteries,”
Sustainable Energy and Fuels, vol. 2, no. 7, pp. 1542–1549, 2018.
A. Maurel, S. Grugeon, B. Fleutot, M. Courty, K. Prashantha, H. Tortajada, M. Armand, S. Panier, and L. Dupont, “Three-dimensional printing
of a lifepo4/graphite battery cell via fused deposition modeling,”
Scientific Reports, vol. 9, no. 1, 2019.
M. Down, E. Martinez-Perinan, C. Foster, E. Lorenzo, G. Smith,
and C. Banks, “Next-generation additive manufacturing of complete
standalone sodium-ion energy storage architectures,” Advanced Energy
Materials, vol. 9, no. 11, 2019.
F. Walsh, L. Arenas, and C. Ponce de León, “Developments in
electrode design: structure, decoration and applications of electrodes
for electrochemical technology,” Journal of Chemical Technology and
Biotechnology, vol. 93, no. 11, pp. 3073–3090, 2018.
C. Foo, H. Lim, M. Mahdi, M. Wahid, and N. Huang, “Threedimensional printed electrode and its novel applications in electronic
devices,” Scientific Reports, vol. 8, no. 1, 2018.
K. Angel, H. Tsang, S. Bedair, G. Smith, and N. Lazarus, “Selective
electroplating of 3d printed parts,” Additive Manufacturing, vol. 20, pp.
164–172, 2018.
M. Kim, M. Cruz, S. Ye, A. Gray, G. Smith, N. Lazarus, C. Walker,
H. Sigmarsson, and B. Wiley, “One-step electrodeposition of copper
on conductive 3d printed objects,” Additive Manufacturing, vol. 27, pp.
318–326, 2019.
ProtoPlant, makers of Proto-pasta. Composite PLA - Electrically
Conductive Graphite. Url: https://www.proto-pasta.com/, Accessed:
31-01-2017. [Online]. Available: https://www.proto-pasta.com/
M. Matlosz, “Nonuniform current distribution and thickness during
electrodeposition onto resistive substrates,” Journal of The Electrochemical Society, vol. 139, no. 3, p. 752, 1992.
H. Lou and Y. Huang, Electroplating. Taylor and Francis, 2006, pp.
1–10, in: Encyclopedia of Chemical Processing.
I. T. Heikkinen, C. Kauppinen, Z. Liu, S. M. Asikainen, S. Spoljaric,
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