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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Semi-solid electrodes and 3D printing is 
combined to fabricate batteries. 

• The proof-of-concept for a new type of 
shape-conformable batteries is 
demonstrated. 

• A UBU-shaped battery is fabricated 
based on MnO2 and Zn metal. 

• Acceptable cycle stability (0.45% h− 1) 
are achieved. 

• MnO2-based semi-solid electrodes 
deliver >150 mAh g − 1

MnO2
.  
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A B S T R A C T   

Shape-conformable batteries are of high interest for a variety of portable electronics. In this work, a new 
manufacturing concept for cost-effective shape-conformable batteries based on the combination of additive 
manufacturing (AM) technology and semi-solid electrodes (SSEs) is proposed. The manufacturing process con-
sists in two steps. Firstly, the electrochemical cell is printed by stereolithography-based technique (SLA) and 
subsequently assembled. In a second step, flowable SSEs are injected into the cells by a double injection 
mechanism to introduce both SSEs in parallel. While syringe outlets, cell inlets and shape of the cell are found to 
play an important role in the injection process, formulation of the SSEs are observed to influence the rheological 
and electrochemical properties. For the proof of concept, a battery having the shape of the logo of our university 
is fabricated using Zn-based and MnO2-based SSEs achieving high utilization rate (>150 mAh g− 1

MnO2
) and 

acceptable cycle stability (0.45% h− 1) and thus showing the feasibility of the proposed shape-conformable 
injectable battery. The manufacturing process is finally extended to other battery chemistries leading to 
improved cycling stability and confirming the versatility of the manufacturing concept.   
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1. Introduction 

Batteries have become key elements in our daily lives, being used in 
many applications ranging from buffering energy produced from inter-
mittent renewable sources to electric vehicles. Usually, batteries are the 
power sources of electronics and they are integrated into them, espe-
cially for portable ones (phones, tablets, smartwatches, etc.). Therefore, 
having an easily integrable battery would be a great asset. The fabri-
cation of a battery acting as frame of an electrochromic sunglasses as 
well as powering it is a good example of the potential benefits of shape- 
conformable batteries for the industry of portable electronics and other 
fields as aviation [1–5]. Therefore, the scientific community is devoting 
great efforts in exploring conceptually new approaches to develop bat-
tery technologies that enable simple and cost-effective fabrication of 
shape-conformable batteries with complex architectures to directly 
integrate them in portable devices. 

In this context, conventional manufacturing process can be consid-
ered as a top-down approach. First, energy-storing materials are fixed on 
current collectors using a roll-to-roll process. Large sheets coated with 
energy-storing materials are then cut into smaller pieces, and finally 
batteries are assembled. This top-down approach is cost-efficient for 
batteries of relatively large dimensions, but it restrains the capability of 
fabricating shape-conformable and complex architectures, especially of 
small dimensions. On the other hand, additive manufacturing (AM) is a 
bottom-up approach that enables manufacturing of specific complex 
architectures [1,2,6]. Thus, AM of batteries is attracting much attention 
since this approach is perceived as a key enabler for several emerging 
fields. Although great progress has been made in 3-D printing of batte-
ries, there are a series of major challenges that AM of batteries faces. 
Pang et al. [7] summarized the main challenges for lithography based 
3-D printing, template-assisted electrodeposition-based 3-D printing, 
inkjet printing, direct ink writing, fused deposition modeling (FDM), and 
aerosol jet printing: I) There are only a few printable materials, espe-
cially active materials, that can be used as inks for 3-D printing batteries. 
II) The porous structures introduced in 3-D printing fabrication pro-
cesses lead to poorer mechanical properties and weakly bonded in-
terfaces between layers. III) High-temperature post-processing is 
typically required for 3-D printing fabrication of batteries, resulting in 
low-rate capabilities, and increasing the costs. IV) Water vapor and 
oxygen in the air have significant effects on the performance of active 
electrode and electrolyte materials (this issue is common for conven-
tional Li-ion batteries). V) The compatibility of the inks for each 
component to be printed sequentially and successfully remains a big 
challenge. As a result, blooming of AM of batteries will require either i) 
several breakthroughs to tackle each major challenge at a time, or ii) a 
freshly new conceptual approach based on 3-D printing. 

In a conventional approach, active materials are fixed onto the cur-
rent collector for non-flow batteries regardless traditional 
manufacturing or AM is used for their fabrication. However, the 
disruptive work from Duduta et al. [8] that proposed a new type of 
electrode based on traditional intercalation materials untapped a new 
direction in batteries: the semi-solid electrodes (SSEs). The main feature 
of SSEs is the lack of binder so that their flowability, among other 
characteristics, can be tuned by changing the ratio between active ma-
terial, carbon additive and electrolyte. Originally, these new types of 
electrodes were employed to boost energy density for redox flow bat-
teries [9–11], but afterwards other features, e.g. enhanced transport of 
ions, were exploited for non-flow batteries [12]. Recently our group 
explored the benefits of SSEs with intermediate rheological properties, 
so-called pseudo-flowable SSEs, to facilitate the recyclability of non-flow 
batteries since electrodes can be easily recovered once the end of life of 
the battery is reached, and the entire electrochemical cell can be reused 
(reducing costs) [13–15]. The emerging field of SSEs opens new possi-
bilities for new battery concepts due to their unique properties. 

In this work, another unique feature of SSEs, i.e., its plasticity, is 
exploited to propose a new type of shape-conformable battery 

technology. In short, 3D printed injectable batteries with complex 
shapes are fabricated by the combination of AM and SSEs technologies. 
Using a stereolithography (SLA) – based 3D printer, the electrochemical 
cell, and the injection parts (syringe and other pieces) are first produced. 
Once the cells are assembled, aqueous Zn-based and MnO2-based SSEs 
are prepared and injected into the cells demonstrating the possibility of 
fabricating shape-conformable injectable batteries. The system 
Zn–MnO2 is chosen as a case of study because it is based on aqueous 
electrolyte that facilitates the demonstration and both are abundant 
materials that are commercially available for accelerated development. 
Preliminarily results with other battery chemistries confirm the versa-
tility of the proposed battery manufacturing concept. 

2. Experimental 

2.1. Materials and reagents 

SSEs were prepared by using Zn powder (99.9%, 100 mesh, Alfa 
Aesar, USA) and MnO2 (courtesy of CEGASA, Spain) as active materials. 
An electroconductive carbon black powder (KetjenBlack EC-600JD, 
Nanografi, Turkey) was used as carbon additive to enhance the elec-
trical conductivity. Zn2SO4⋅7H2O (98%, Alfa Aesar) and MnSO4 (99%, 
Alfa Aesar) were used to prepare the electrolyte in the following con-
centrations: Zn2+ (2 M) + Mn2+ (0.1 M) dissolved in water. 

For the battery, expanded graphite (bipolar plate Sigracell TF6, SGL 
Carbon, Germany) was used as current collectors and CELGARD 3501 
(CELGARD, USA) as separator. The current collectors of the complex 
shape batteries were cut with a cutting machine Silhouette Cameo 4 
(Silhouette, USA). 

2.2. Electrochemical cells fabrication and assembling 

The battery half-cells were fabricated using an Ultraviolet (UV) 
Liquid Cristal Display (LCD) – based stereolithography (SLA) 3D printer 
Photon Mono SE (Anycubic, China) and a commercial clear resin 
(Anycubic, China). After the cleaning procedure (with 70% isopropanol 
solution), the current collectors were introduced into each half-cell and 
then, the separator was put between both, leaving two cavities that will 
be filled in a subsequent step with the SSEs (Fig. 1). In all batteries, the 
height of the cavities, i.e., the thickness of the SSEs, was 1 mm. For the 
simple shape batteries, an active area of 50×10 mm2 was used (total 
dimensions of the full battery are 58×18×6 mm3). 

The injection procedure was carried out by using our own 3D printed 
syringes and connections to inject both SSEs at the same time (see sec-
tion 3.2). 

2.3. Semi-solid electrodes preparation 

The SSEs were prepared by dispersing the active material and the 
carbon into the electrolyte at different solids loading, using the Ultra-
turrax (IKA, Germany) mixer. The materials and the electrolyte were put 
into a 20 mL commercial syringe (B|Braun Injekt, Germany) and then, 
they were mixed. When the SSE was formed, it was transferred into the 
double injection 3D printed syringe. The following electrode formula-
tions were used: MnO2 SSEs: 1 g of MnO2 and 0.375 g of carbon were 
dispersed into the Zn2+ (2 M) + Mn2+ (0.1 M) aqueous electrolyte 
(different volumes were tested); Zn SSEs: 1 or 2 g of Zn and 0.420 g of 
carbon were dispersed into the Zn2+ (2 M) + Mn2+ (0.1 M) aqueous 
electrolyte (different volumes were tested). 

2.4. Characterisation of semi-solid electrodes and batteries 

Rheological measurements of the SSEs were performed by using a 
rotational rheometer (RS50, Thermo Scientific Haake, Germany) with a 
plate-plate configuration and a gap of 1 mm. Flow curves were measured 
with an increase of the shear rate from 1 to 65 s− 1 in 120 s, a plateau at 
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65 s− 1 for 60 s, and a decrease to 1 s− 1 in 120 s. 
Galvanostatic charge-discharge measurements were carried out by 

using a cycler (NEWARE, China) at a current density of 2 mAcm− 2 and a 
voltage ranging between 0.7 and 1.7 V. 

3. Results and discussion 

3.1. A new shape-conformable battery concept 

The shape-conformable injectable battery possesses a disruptive 
approach for the fabrication of energy storage systems in terms of design 
and degrees of freedom. The innovative nature of our approach relies on 
two emerging technologies: (1) the additive manufacturing (design and 
fabrication parameters) and (2) the SSEs (viscosity, flowability and 
electrochemistry). 

Fig. 1 shows a summary of the fabrication process of 3D printed 
injectable batteries. In a first step, the computer-aided design (CAD) 
models of the half-cells, syringes and connection pieces are created and 
sent to the 3D printer. Once the pieces are printed and cleaned, the 
current collectors are introduced into the half-cells (1), followed by the 
placement of the separator on the top of one half-cell (2) and they are 
subsequently assembled (3). The full cell without electrodes has empty 
cavities to be thoroughly filled with SSEs. In parallel, the SSEs are pre-
pared and transferred to the double syringe, which is connected to the 
auxiliary piece that joints the electrochemical cell and the syringe. After 
that, the injection process is initiated until an excess of SSEs goes out 
through the outlet of the battery cell. 

This methodology allows the fabrication of batteries with high 
versatility from different points of view: I) Cell design: it can be easily 
modulated thus allowing the manufacture of batteries with simple or 
complex shapes. Additionally, it is possible to modulate the capacity of 
the cavities for the injection of the SSEs. II) Injection process: it should 
be configured to obtain a fully injected battery. The connector that joins 
the injector and the cells can be designed to optimise injection perfor-
mance. III) SSEs formulation: the composition of the SSEs should be 

adapted to each cell and injection mechanism to achieve a fully injected 
battery with the desired electrochemical performance as the formulation 
influences on both the rheological and electrochemical properties of the 
resulting SSEs. 

3.2. Design of the electrochemical cell and injection system 

Initially, rectangular shapes were used to evaluate the printing, 
assembling and injection processes by analysing the electrochemical 
performance of the resulting batteries. According to the assembling 
process shown in Fig. 1 (5 cm2 of active area), three main issues must be 
considered for each half-cell: 1) the cavity for the current collector, 2) 
the cavity for the SSE, and 3) the inlet and outlet for the injection pro-
cess. The latter deserves special attention since it plays an important role 
in the filling of the cells, in the proper contact between the SSE and the 
current collector, and between the two SSEs through the separator. 
Based on that, three different inlets were designed (Fig. 2). The first type 
of studied inlet (Fig. 2A) is based on a simple strategy that consists in the 
injection of the SSEs with the same dimensions as that of the cavity left 
for such purpose (section of 10 × 1 mm2). The second type of studied 
inlet (Fig. 2B) consists in an injection with the same dimensions as that 
of the cavity but, in that case, there is a change of the SSE shape from 
cylindrical to rectangular in a perpendicular way. This strategy leads to 
a compression of the SSE before being introduced into the cavity of the 
electrochemical cell. The third type of studied inlet (Fig. 2C) consists in a 
progressive reduction of the SSE rectangular shape from 15x2 to 10 × 2 
mm2. In that case, the strategy is to ensure two different compressive 
processes in width and height (thickness) of the SSE. Moreover, an 
additional piece was necessary, which is referred to as connector 
(Fig. 2C). 

In all cases, a double injection syringe was used to fill the battery 
with both SSEs at the same time (Fig. 2C), and only the outlet of the 
syringe was modified. For the first case, an outlet with rectangular shape 
was designed to be inserted into the inlet of the electrochemical cell, 
(Fig. 2A). Thus, the shape of SSE is already limited by the outlet of the 

Fig. 1. Description of the fabrication process of a 3D printed injectable battery. 3D printing (CAD model design and 3D printing of the pieces), assembling (current 
collector, separator and half-cells assembling, a zoom of the inlet is also shown) and injection (SSEs preparation, transfer to the 3D printed syringe, connection with 
the empty electrochemical cell and injection) steps. 
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syringe. For the second one (Fig. 2B), the syringe had a square main 
section of 3 mm, shaping into a cylindrical outlet of 2 mm. In this way, 
the cylindrical outlet acts as a section reduction leading to a compres-
sion in the SSE. In the third type (Fig. 2C), the design also aims at 
inducing a compression in the SSE during the injection, but in that case, 
a progressive compression occurs via a 3-piece system. The first element 
is the syringe outlet that shapes the SSE into a cylindrical geometry of 5 
mm diameter. Outlet of the syringe fits into a connection piece, which 
modifies the shape of the SSE progressively from the 5 mm cylindrical 
shape to a 15 × 2 mm2 rectangular one in a perpendicular way. At the 
end of the connector there is an outlet where the electrochemical cell is 
inserted, which completes the shaping of the SSE into the desired shape. 

For the optimization of the injection process, Zn–MnO2 batteries 
were used. SSEs based on 1 g of active material, 6 mL of electrolyte 
(ZnSO4 2 M + MnSO4 0.1 M) and 0.420 or 0.375 g of carbon for Zn or 
MnO2 SSEs, respectively, were injected into batteries with an active area 
of 5 cm2 and 1 mm of SSE thickness. The initial capacities of the batteries 
were 0.20, 0.59 and 0.94 mAhcm− 2 for the systems A, B and C, 
respectively. A theoretical value of 3.43 mAhcm− 2 was estimated 
considering a specific capacity of 220 mAh g− 1

MnO2
, a concentration of 

active material in the SSE (1 g in 6.0 mL), and a volume of SSE in the cell 
(0.5 cm3). Although the three values are lower than the expected ones, a 
general conclusion is drawn: the system C led to significantly improved 
performances, which is likely associated with the compaction of the SSEs 
for this injection system. This should be related with the removal of the 
air trapped between particles during the SSEs preparation, which en-
hances the contact between them improving the electrical conductivity. 
Considering all aspects, the system C was selected for the injection 
process, using the same design for the fabrication of complex-shape 
batteries. 

3.3. Tuning of the properties of SSEs 

Fig. 3 shows the first discharge capacity as a function of the elec-
trolyte volume for both SSEs for constant amount of active material and 
carbon additive (see voltage profiles in Fig. S1 and capacity values in 
Table S1). From battery number 1 to number 4, the progressive decrease 
in the volume of the electrolyte from 6.0 to 4.5 mL for both SSEs led to 
the progressive increase in capacity of the battery from 0.94 up to 2.84 
mAhcm− 2. Further decrease in electrolyte volume down to 4.0 mL 
resulted in highly dense SSEs that were not possible to inject into the 
battery. Because of that and keeping constant the electrolyte volume of 
MnO2-SSE at 4.5 mL, the batteries number 5 and number 6 were pre-
pared by increasing only the electrolyte volume of Zn-SSE from 4.5 mL 
(battery 4) to 6.0 mL (battery 5) and to 7.5 mL (battery 6). The increase 

in electrolyte volume from 4.5 mL to 6.0 mL led to an increase in the 
capacity up to 3.24 mAhcm− 2. However, further increase in volume to 
7.5 mL resulted in a drop in capacity down to 1.38 mAhcm− 2. While the 
electrical contact is expected to worsen as the volume of electrolyte 
increases (concentration of carbon particle decreases), other factors 
must be considered to explain the trend. Likely, the unexpected 
improvement in capacity is related to the rheology of the Zn-SSE having 
6.0 mL of electrolyte that may facilitate the simultaneous injections of 
Zn-SSE and MnO2-SSE (see section 3.4). 

The SSE formulation not only affects the electrochemical properties, 
but also the rheological behaviour, which is a key parameter for 
complex-shape injectable batteries [16]. For such purpose, six pieces 
were designed and fabricated to evaluate the injection process through 
simple injection tests (Fig. S2). The shape of the pieces was varied 
starting from a straight line and ending with a zig-zag configuration 
using an acute angle of up to 30◦. Fig. 4 shows the photograph of the 
injection tests after being injected using different formulations (different 
electrolyte volumes) of Mn-SSEs. This simple injection test illustrates 
graphically the ability of the three SSEs to fill complex-shape cavities in 
the following order: 5.5 mL > 5.0 mL > 4.5 mL. These results are in good 
agreement with the viscosity curves shown in Fig. 5 and the values 
presented in Table S2, showing the importance of the SSE formulation in 
its rheological properties. Comparing both SSEs prepared with 6.0 mL of 
electrolyte, a difference of approximately one order of magnitude in the 

Fig. 2. Cell inlets and syringe outlets of all double injection system and connection piece for design C.  

Fig. 3. Evolution of normalised capacity as a function of the SSEs electrolyte 
volume. MnO2-SSE: 1 g MnO2 and 0.375 g C. Zn-SSE: 1 g Zn and 0.420 g C. 
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viscosity values is observed. This is also related with the observation 
made at the end of the previous section, where an increase in the battery 
capacity was detected when the electrolyte volume of the Zn-SSE 
increased from 4.5 to 6.0 mL. The surface chemistry of the MnO2 and 
Zn particles affects to the interaction with the other SSE components 
(carbon particles, solvated ions, and solvent molecules), affecting to the 
flowability of the SSEs and, for instance, to the injection and compaction 
processes. Note that rheological properties of the SSEs prepared with 
lower electrolyte volumes (below 5.5 mL) could not be measured 
because they blocked the torque of the rheometer, indicating that the 
viscosity was above 1.000 Pa. This explains the difficulties for SSEs 
having 5.0 and 4.5 mL to be successfully injected in the injection tests 
shown in Fig. 4. Moreover, these high viscosity values help to avoid 
sedimentation phenomenon, as desired to improve the performance of 
the proposed batteries. Analysing the viscosity curves, a decrease of 0.5 
mL of electrolyte volume generates an increase in the viscosity from 203 
to 712 Pa s (measured at 5 s− 1). When the electrolyte volume is 
decreased to 4.5 mL, the increase in the viscosity will be greater (mea-
surements could not be performed because of torque blocking), making 
the sedimentation process minimal for a long time. To visualise the ef-
fect of the high viscosity to the readers, those SSEs are paste-like and can 

Fig. 4. Picture of the injection tests with the Mn-SSE (1 g MnO2 and 0.375 g carbon) prepared with different electrolyte volume.  

Fig. 5. Viscosity curves of different SSEs as a function of the shear rate. The 
content of MnO2 (1 g) and carbon (0.375 g) for MnO2-SSEs as well as the 
content of Zn (1 g) and carbon (0.420 g) for Zn-SSEs were kept constant. 
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be easily extrudable, keeping the desired shape without deformation for 
long time. All measured SSEs exhibited a shear thinning and thixotropic 
behaviour except the Mn-SSE prepared with 5.5 mL of electrolyte. The 
latter revealed an anti-thixotropic (rheopectic) phenomenon, although 
the area enclosed in the hysteresis cycle is lower, so that the injection of 
this SSE in the test piece with the highest complexity was allowed. While 
all tested SSEs were successfully injected for simple geometries as those 
used for the characterisation of the electrochemical properties, the in-
jection tests shown in Fig. 4 predicts high difficulties for using certain 
SSEs in a complex-shape battery cells, e.g., Mn-SSEs using 4.5 mL 
electrolyte. The main reason is because of the rheopectic (anti-thixo-
tropic) behaviour: a fluid becomes more viscous when a constant 
deformation, agitation, or other phenomenon is applied on it. Never-
theless, the injection process is not only influenced by the angle, but also 
by other parameters of the cell design, e.g., the length and section of the 
cavity. Fortunately, AM provides the versatility to propose strategies to 
implement viscous SSEs in complex-shape battery cells. For example, the 
introduction of a second injection inlet in the cell would shorten the 
distance that the SSE should cover. In that case, it would be possible to 
find an equilibrium between the rheological and the electrochemical 
properties of the SSEs without significantly sacrificing the shape of the 
cell. 

3.4. Electrochemical characterisation of simple-shape batteries 

Zn–MnO2 batteries with an active area of 5 cm2 (5×1 cm2) were used 
to evaluate the electrochemical properties of SSEs. Based on the results 
shown in previous sections, three batteries were investigated using the 
following SSEs (1 g MnO2 and 0.375 g carbon or 1 g Zn and 0.420 g 
carbon): (1) Mn-6.0 mL and Zn-6.0 mL (Mn60Zn60), (5) Mn-4.5 mL and 
Zn-6.0 mL (Mn45Zn60) and (6) Mn-4.5 mL and Zn-7.5 mL (Mn45Zn75), 
where Zn or Mn indicates the Zn or MnO2 SSE and the number is the 
electrolyte volume used for their preparation. In all of them, the open 
circuit voltage (OCV) of each as-prepared battery was between 1.55 and 
1.60 V. Fig. 6A shows the voltage-capacity profiles of the second cycle 
for the three batteries. In all cases, the two characteristic plateaus of the 
Zn–MnO2 batteries associated to the two-phase reaction are well 
observed [17], although it is clearer in the battery 5 (Mn45Zn60), in 
which the highest capacity was obtained. Fig. 6B and C shows the 
coulombic efficiency and the evaluation of the areal capacity upon 
cycling for the three batteries. Overall, battery 5 (Mn45Zn60) delivered 
the best electrochemical performances which is attributed to better 
electrical contact for these SSEs due to the lower amount of electrolyte 
(higher concentration of carbon additive). Indeed, the high coulombic 
efficiencies of >99% and utilization rates for the active material of 157 
mAh g− 1

MnO2 
(estimated as 0.2 gMnO2 /mLSSE * 0.5 mLcavity = 0.1 gMnO2 in the 

cell) indicates that this formulation is a good candidate for the demon-
stration of the battery concept. In terms of cyclability, the different 
utilization rate of MnO2 for the three batteries led to different areal 
capacities and operating time for similar number of cycles. As a result, 
cyclability of the three batteries cannot be easily compared. For 
instance, areal capacity and operating time for Mn45Zn60 is 3-time 
larger than that of Mn60Zn60 so that Zn electrode is much more 
stressed for Mn45Zn60 (utilization and corrosion). Indeed, the lower 
utilization rate of MnO2 for Mn60Zn60 leads to a buffer of Zn (two third 
of the Zn is not used). On the most demanding conditions (battery 
Mn45Zn60), a capacity retention of 70% after 50 cycles and 144 h of 
operation is obtained, which is attributed to the spontaneous corrosion 
of Zn and consequently evolution of the pH [18,19]. Likely, corrosion is 
enhanced using Zn powder and high surface area carbon with respect to 
Zn foil. Different strategies proposed in the literature [20–33] can be 
explored in future works to improve this aspect. Preliminary results are 
briefly discussed in the last section of this work. Nonetheless, corrosion 
of Zn was mitigated by increasing its content in the Zn-SSE: since the 
amount of MnO2 is the same than the Zn (2.55 mmol), an excess of Zn 

was added (2 g instead of 1 g) to compensate the spontaneous Zn 
corrosion, observing an increase in the normalised capacity up to 4.71 
mAh.cm− 2 for the first cycle (Fig. S3), increasing the utilization rate to 
the theoretical value (231 mAh g− 1

MnO2
) and the cycle stability (retention 

of 85% after 189 h of operation). Due to the relatively high porosity of 

Fig. 6. (A) Voltage profiles, (B) coulombic efficiency and (C) normalised ca-
pacity for the Zn–MnO2 injected batteries with different SSEs (1 g MnO2 and 
0.375 g carbon, 1 g Zn and 0.420 g carbon dispersed in different electro-
lyte volumes). 

M. Borlaf et al.                                                                                                                                                                                                                                  



Journal of Power Sources 570 (2023) 233063

7

this SSE, the specific capacity considering MnO2 + carbon + electrolyte 
(151 Ah g− 1

total cathode) needs to be improved in future works. 

3.5. Electrochemical characterisation of complex-shape batteries 

The logo of our university (University of Burgos-UBU) was used as 
case study to demonstrate the proof-of-concept for the fabrication of 
complex-shape batteries using the proposed approach. Drawings of the 
battery cell are displayed in Fig. S4. The thickness of the cavities for the 
SSEs is 1 mm. For such design and manual injection, only SSEs with a 
shear thinning and thixotropic behaviour could be easily injected into 
this complex-shape cell, which was anticipated by the injection tests 
shown in Fig. 4, where those thixotropic SSEs could be used for injecting 
any shape while SSEs exhibiting anti-thixotropic (rheopectic) behaviour 
were suitable only for simple geometries with relatively short lengths. 
Thus, a battery was prepared using Zn and MnO2 SSEs with 6.0 mL of 
electrolyte. The battery was successfully fabricated, and the electro-
chemical performances are shown in Fig. 7. The results obtained for this 
UBU-shape battery are comparable with those recorded for simple-shape 
using the same formulations for the SSEs (Fig. 6). This means that while 
cycle stability was good, the areal capacity was low. Indeed, the voltage 
profile of Zn–MnO2 showed the typical bump at 50% depth of discharge 
during discharge process. The evolution of the voltage at which this 
characteristic voltage bump takes place upon cycling did not change 
significantly (0.4 mV h− 1 over 50 h, Fig. S5), which indicates that in-
ternal resistance did not evolve significantly over time and confirming 
the lack of major sedimentation. Obviously, the best performing SSEs 
(Mn45Zn60) using an excess of Zn was the best option for the UBU-shape 
battery, but it could not be injected due to their rheological properties. 
Nevertheless, the versatility of additive manufacturing enables the 
modification of cell design to inject successfully anti-thixotropic SSEs 
that showed the best electrochemical performances. Among multiple 
options, two modifications were introduced. First, a second inlet was 
added at the end of the SSE cavity, where the outlet was originally 
located. Consequently, the outlets for the SSEs were moved into the half 
of the cell. Despite this modification facilitated the injection by 
achieving a filling of the 80% of the cell in the best cases, the anti- 
thixotropic behaviour was too strong to allow full injection of the cell. 
A second modification was introduced in the original design: an increase 
of the cavity thickness to increase the section through which the SSE 
flows (Fig. S6). After introducing these two modifications, the battery 
was injected without problems despite its anti-thixotropic behaviour 
(Mn45Zn60). The voltage profiles of the resulting UBU-shaped battery 
are shown in Fig. S7A, which are consistent with the previous results. A 
6 folds increase in areal capacity from 0.7 mAhcm− 2 (1 mm thick, Fig. 7) 
to 4.5 mAhcm− 2 (2 mm thick, Fig. S7) was obtained when the thickness 
was increased by two folds, indicating a better electrochemical perfor-
mance of the anti-thixotropic SSEs. Interestingly, the coulombic effi-
ciency decreased to 80% (Fig. S7B). Probably the high thickness of 2 mm 
together with the high surface area of SSEs led to increase electrolyte 
decomposition at both electrodes. Thus, changes in the cell design affect 
battery performance, so that proper optimization should be conducted 
for optimal performances. 

Finally, the new approach for the fabrication of shape-conformable 
batteries proposed in this work should be valid for other battery 
chemistries. Among the various options, aqueous Prussian blue and 
Zn–LiFePO4 in super-concentrated electrolyte (water-in-salt) were cho-
sen since these systems have been reported to deliver improved cycle 
stabilities [34–38]. Preliminary results using other battery chemistries 
confirmed the versatility of the concept (Fig. S8). Indeed, capacity 
retention was improved with respect to Zn–MnO2 indicating that 
spontaneous oxidation of Zn accelerated in powder form is likely 
responsible for the relatively fast capacity decay observed in the previ-
ous results. 

4. Conclusions 

This work demonstrates a new fabrication process for shape- 
conformable batteries based on the fabrication of complex-shape cells 
using additive manufacturing (AM) followed by subsequent filling of the 
cell using semi-solid electrodes (SSEs). Several aspects are identified to 
be critical for the development of the proposed concept: I) the injection 
system, II) the rheological behaviour of the SSEs, III) the electrochemical 
properties of the SSEs, and IV) the geometry of the cell to be injected. 
After investigating these aspects using simple-shape cells, a battery 
having the shape of the University of Burgos logo (UBU) is used as case 
study for the demonstration of the proposed approach. While anti- 

Fig. 7. (A) Voltage-capacity profiles for different cycles of the UBU shape 
battery (1 mm thick) filled with 1 g MnO2 and 0.375 g carbon, 2 g Zn and 0.420 
g carbon SSEs using 6.0 mL of electrolyte, (B) coulombic efficiency and capacity 
retention and (C) optical picture immediately after injection of SSEs (still with 
the connectors in the upper left corner). 
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thixotropy viscosity curves hinder proper filling of the SSE in complex- 
shape cells, SSEs with thixotropic behaviour facilitates injection. 
Moreover, the flexibility of AM enables slight changes in the cell design 
so that even SSE having anti-thixotropy behaviour could be used. The 
prototype having the shape of “UBU” delivers comparable performances 
than those obtained for simple-shape cells, while the intrinsic charac-
teristics of Zn–MnO2, specifically the spontaneous corrosion of Zn 
powder, limits the cycle stability. Indeed, improved cycle stability re-
sults are obtained when the proposed approach is implemented for other 
battery chemistries, e.g., aqueous Prussian blue analogues and Zn–Li-
FePO4 in super-concentrated aqueous electrolytes. Improving the 
properties of SSE through the addition of surfactants, optimization of 
formulations, etc., will be of key importance to reach competitive per-
formance for the proposed battery technology. 
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