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Table 3. LMO-based ink characteristics, printing parameters, and printed layer characteristics.

Ink Printing Electrode

dry solid
content
[wt%]

ball
milling

viscosity
[mPa s]

surface
tension

[mN m−1]

printing
speed

[m s−1]

printing
force
[N]

Ca number
of layer

mass
loading

[mg cm−2]

thickness
[µm]

apparent
density

[g cm−3]

18 No 78 42 0.6 700 1.1 7 0.7 19 ± 4 0.4
18 Yes 86 42 0.6 700 1.2 7 2.0 24 ± 2 0.8
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prevent agglomeration phenomena that increased the ink viscosity and worsened the 
printing quality. 

Inks containing a solid content of 18 wt% fulfilled the gravure requirements and were 
gravure printed on aluminum foils, with overlapping of seven layers to achieve an ade-
quate mass loading (see Table 3). Also in this case, the inks could be considered Newto-
nian, while ball-milling did not affect the viscosity (see Figure 5). In Figure 6 the SEM 
images of gravure printed cathodes prepared with or without ball-milling are reported. 
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Figure 5. Viscosity versus shear rate for non-ball-milled (no BM) and ball-milled (BM) LMO-based 
inks. 

Figure 5. Viscosity versus shear rate for non-ball-milled (no BM) and ball-milled (BM) LMO-
based inks.
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Figure 6. Top surface of gravure printed layers by non-ball-milled (A,A’) and ball-milled (B,B’) 
LMO-based inks. 

Ball-milling was introduced in the ink preparation to improve mixing using a short 
treatment time (5 min) to prevent particle size reduction. The ball-milled sample appears 
slightly denser than the non-ball-milled one, as confirmed by its higher mass loading. All 
printed samples showed high quality, namely very good coverage and high uniformity in 
the material distribution. The printed cathodes showed a specific capacity of about 100 
mAh g−1 for non-ball-milled ink and 110 mAh g−1 for the ball-milled one. The slightly 
higher capacity of the cathode with ball-milled ink confirmed an improvement in the ma-
terial layer distribution, without affecting the specific capacity of the active material, 
which was not disaggregated due to short ball-milling. However, the specific capacity was 
lower than the theoretical value (148 mAh g−1). Probably, the specific features have to be 
taken into account to improve the performance of such a cathodic layer, thus needing fur-
ther investigation. 

3.1.3. CAM-Based Gravure Printing Anodes 
The first attempt to gravure print the anodic layer was carried out using a high per-

formance conversion/alloying material (CAM). The CAMs are an emerging class of mate-
rials able to combine conversion and alloying mechanisms in one single material to over-
come the challenges of these two mechanisms and, thus, benefitting from their ad-
vantages. In this case, the carbon coated Zn0.9Fe0.1O was used as active material for the 
anode fabrication. The used CAM has a high capacity (theoretically 966 mAh g−1) and long 
cycle life. The high specific capacity of the material could eventually compensate for the 
low mass loading; nevertheless, the multilayer approach allowed mass loading useful for 
practical applications to be obtained. 

To increase the homogeneity of the layers and to decrease the size of the starting 
powder aggregates, different mixing methods were tried, such as sonication, ball milling 
and the combination of both. Sonication showed a very low disaggregation effect, while 
ball-milled ink yielded a more homogeneous printed layer with much smaller aggregates. 
The combination of both mixing methods worsened the size homogeneity in the layer, 
probably due to partial re-aggregation phenomena. In Figure 7 the top surface images of 
printed samples using different mixing techniques are displayed. 

Figure 6. Top surface of gravure printed layers by non-ball-milled (A,A’) and ball-milled (B,B’)
LMO-based inks.

Ball-milling was introduced in the ink preparation to improve mixing using a short
treatment time (5 min) to prevent particle size reduction. The ball-milled sample appears
slightly denser than the non-ball-milled one, as confirmed by its higher mass loading. All
printed samples showed high quality, namely very good coverage and high uniformity








