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Abstract
3D-printing has emerged as a promising method for the fabrication of high loading electrodes to increase the energy density 
of the lithium-ion batteries (LIBs). The formulation and preparation of the printing inks, however, are not trivial and have 
a significant impact on the electrochemical and structural properties of the 3D-printed electrodes. Here, a comprehensive 
investigation is conducted to quantify the impact of binder formulation on the performance of the 3D-printed lithium iron 
phosphate (LFP) electrodes with active-material loadings beyond 25 mg/cm2. This is showcased with the commonly used 
binders of carboxymethyl cellulose (CMC) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and 
by highlighting their impact on the printability, microstructure, and cycling behavior of the LFP electrodes made thereof. 
To do so, a combination of the electrochemical and microstructural characterization techniques is employed to reveal the 
synergistic effect of the CMC and PEDOT:PSS binders on the mechanical integrity, electrical conductivity, tortuosity, and 
cycling performance of the 3D-printed LFP electrodes. The results underscore the significance of the binder in optimizing 
the 3D-printing process for the manufacturing of the energy-dense electrodes.
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Introduction

In the quest for advanced energy storage solutions, the 
combination of state-of-the-art 3D printing technology 
and lithium-ion batteries (LIBs) has sparked a new wave 
of innovation: thick electrodes with enhanced energy den-
sity. The LIBs made with electrodes of high active material 
loading need fewer inactive components such as separator 
and current collector and thus enable reaching higher values 
of energy density at the cell level [1–4]. For instance, it is 
estimated that the energy density of an LIB can be raised 
30% by increasing the electrode thickness from 25 to 200 

� m [2]. Nevertheless, it is not feasible to fabricate such 
thick electrodes using the conventional coating techniques 
from which the produced thick electrodes often suffer from 
delamination at the electrode-current collector interface and 
exhibit poor mechanical integrity [5].

The conventional techniques like the slot-die or doctor-
blade are highly prone to result in electrodes with higher 
tortuosity inducing significant limitations for the charge 
transport and rate performance of the battery [6, 7]. Great 
attention has been recently directed to 3D-printing, some-
times referred to as additive manufacturing, as an alternative 
coating technique for battery electrodes [8]. The 3D-printing 
technology facilitates the fabrication of porous electrodes by 
regulating the spatial arrangement of the electrode fibers to 
create an optimal ionic percolation network that uniformly 
extends throughout the whole volume of a thick electrode 
(Fig. 1). Additionally, the potential higher uniformity in the 
distribution of the components in the 3D-printed electrodes 
can reinforce the mechanical integrity [5].

In recent years, direct-ink-writing (DIW) 3D print-
ing techniques have been widely used to fabricate LIBs, 
thanks to their flexibility in structural design and facile 
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manufacturing of LIBs onto various substrates. [9, 10]. 
There are growing number of reports on the application 
of inexpensive DIW methods to print battery components 
including separator [11, 12], electrolyte [13–15], cathode 
[16–19], and anode [20–23]. These techniques impose 
stringent requirements on the rheological properties of the 
printing inks. How smoothly the inks flow and whether the 
printed fibers can retain their shape after the printing pri-
marily relies on the formulation and rheological behavior 
of the ink [24]. In this regard, binder is a key component 
in defining the flow characteristics of the printing ink [25]. 
Through a strategic selection and formulation of binder, one 
can control ink’s rheological parameters such as viscosity, 
thixotropy, and shear thinning to ensure an optimal DIW 
3D-printing process.

Despite their insignificant mass fraction in the LIBs’ elec-
trodes, binders play a vital role in the battery performance 
evidenced by extensive research on the electrodes coated 
with conventional techniques. The binder acts as an adhesive 
agent to agglutinate active material, conductive additives, 
and the current collector while ensuring a homogeneous 
dispersion of the electrode components [26–28]. Moreover, 
binders influence the tortuosity of the electrodes [29, 30] and 
hence the rate capability and cycling stability [31, 32] of the 
LIBs. There is, however, limited knowledge on the impact 
of binder formulation on the microstructural details of the 
3D-printed LIB electrodes [33].

The carboxymethyl cellulose (CMC) is an aqueous, 
cost-effective, and environmental-friendly binder mate-
rial known as an alternative to PVDF for LIBs [34–37]. In 
2017, Liu et al. successfully fabricated 3D-printed ultra-
thick LFP electrodes formulated by CMC and LFP load-
ing of 4.0 mg using DIW at low temperatures [38]. The 

polystyrene sulfonate (PEDOT:PSS) is an electronically 
conductive binder which has been demonstrated beneficial 
to the battery performance when used standalone and in 
combination with CMC [39–43].

In 2020, Eliseeva et  al. showcased the constructive 
synergistic impact of CMC and PEDOT:PSS binders 
on the rate capability and capacity retention of the LFP 
electrodes [39]. In the following year, Bao et al. reported 
the successful fabrication of thick electrodes containing 
PEDOT:PSS and CMC binders using 3D-printing tech-
nology [33]. Although the authors did not compare the 
battery performance between the 3D-printed electrodes 
made from the CMC + PEDOT:PSS and CMC formula-
tions, they mentioned the added value of PEDOT:PSS to 
the printability and electrical conductivity of the CMC-
based LFP inks. There is, however, no comprehensive 
report in the literature about the impact of CMC and 
PEDOT:PSS binders when used individually and in combi-
nation on the printability and battery performance of thick 
3D-printed LFP electrodes. Particularly, there are limited 
reports (Table S1) on high areal loading the 3D-printed 
LFP electrodes (> 20 mg/cm2) and formulated with inks 
rich in LFP (> 90% wt.%).

Here, a comprehensive investigation of the 3D-printed 
thick LFP electrodes is presented, with a focus on binder 
composition in the printing ink. A series of LFP electrodes 
are printed with two different types of binders (CMC and 
PEDOT:PSS) and two different sizes of LFP particles. 
These electrodes are then studied to understand the impact 
of the ink formulation and composition on the printability 
and shape retention as well as the morphological, micro-
structural, and electrochemical properties of the resulting 
electrodes.

Fig. 1   Distinct arrangments of solid and electrolyte phases in the thick electrodes prepared by a conventional coating methods (e.g., doctor 
blade) and b 3D printing
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Experimental and methods

Different series of 3D-printed and doctor blade-coated 
electrodes were prepared for this study. These electrodes 
were used in two main groups of investigations. The first 
category of electrodes was designed and prepared for a 
comprehensive study of the link between the binder for-
mulation and the microstructural attributes and the elec-
trochemical performance of the Li/LFP cells made thereof. 
To do so, a base LFP powder (LFP#1) was used to prepare 
four different series of ink formulations to coat the LFP 
electrodes with an overall binder weight percentage of 4 
or 6%. These electrodes are hereafter named according to 
the binder composition (Table 1).

The 4CMC and 4PEDOT represent the LFP elec-
trodes formulated with a 4 wt.% single binder of CMC 
and PEDOT:PSS, respectively. The 2CMC_2PEDOT and 
4CMC_2PEDOT electrodes contain both the CMC and 
PEDOT:PSS binders with 2:2 and 4:2 fractions, respec-
tively. All the electrodes were coated with a 3D printer 
except for the 4CMC_2PEDOT_DB which was prepared 
with a conventional doctor-blade technique to serve as a ref-
erence. The second category of the electrodes were prepared 
based on a single binder formulation “4CMC_2PEDOT” 
to conduct a primary analysis on the sensitivity of the rate 
performance of the 3D-printed electrodes to the properties 
of the LFP raw material and its areal loading. To do so, 
a second batch of LFP powder (LFP#2) was used. In this 
group, the identifier of the electrodes ends with a star sign 
(*, see Table 1).

Materials

The LFP powder was purchased from two different sources. 
LFP#1 was purchased from Xiamen Tob New Energy Tech-
nology Co. LTD., China, and the LFP#2 was purchased from 
Johnson Matthey. The properties of these powders, accord-
ing to the data sheets, are compared in Table 1. The conduc-
tive carbon black C-Nergy Super C-45 (CB) provided by 
Imerys, with the particle size ~ 100 nm. The commercialized 
carboxymethyl cellulose (CMC, Mw = 250,000, DS = 0.9) 
was supplied by Sigma-Aldrich and the polymeric binder 
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS, ratio 1:1) 5% aqueous solution was provided 
by Agfa. Carbon-coated aluminum foil was purchased from 
PI-KEM.

Ink preparation and electrode coating

A highly viscous ink for DIW 3D-printing was prepared by 
stepwise addition of LFP and CMC powder mixture into 
the suspension of PEDOT:PSS, CB, and deionized water. 

First, the sieved carbon black CB was dispersed into deion-
ized water, followed by the addition of PEDOT:PSS aqueous 
solution (depending on the formulation). To ensure a homo-
geneous dispersion, the suspension was primarily mixed in 
a Thinky mixer for 2 min at 2000 rpm, and sonicated for 
20 min at room temperature. The LFP and CMC were dry 
mixed and then dispersed into the sonicated suspension step-
wise. A mixing program of 2 min at the speed of 2000 rpm 
at each step was applied to obtain a homogeneous viscous 
ink. Once the inks were ready, they were loaded into a car-
tridge and brought to an in-house 3D printer for the DIW 
process [44].

The 3D-printing was conducted in a temperature- and 
humidity-controlled environment (20 °C, 80% RH) to ensure 
consistency in the ink rheology and printing conditions. A 
viscoelastic ink was 3D-printed in a layer-by-layer fashion 
through a 200-µm nozzle (flow rate 35 μL/min, printing 
speed 38 mm/s) to generate coin-shape LFP electrodes. 
Typically, a small nozzle is desirable to 3D-print electrodes 
for Li-ion batteries, as it directly results in shorter diffusion 
lengths within the fibers. For this reason, a 200 µm noz-
zle was used in our work. To the best of our knowledge, 
there are limited reports that managed to 3D-print electrodes 
using a 200 µm nozzle, but rather employing one with a size 
greater than 250 µm [18, 33, 38, 45–47].

The design of the electrodes was programmed as follows: 
a 3-layered circular structure with a diameter of 15 mm, 
the center-to-center distance between two fibers at 350 µm 
in each layer, and an angle of 90° between each layer. The 
LFP electrodes were printed on paper, which was removed 
after the electrodes were dried in a vacuum oven overnight 
at room temperature. The dried stand-alone 3D-printed elec-
trodes were immediately weighed and transported to an ante-
chamber, where they were dried under the vacuum condition 
at 50 °C for 2 h before entry to the Argon-filled glovebox 
(Jacomex GP-concept) for coin cell assembly.

Inks with lower viscosity were prepared for the doctor-blade 
coating of the LFP electrodes on the C-coated aluminum foils. 
Despite the higher solvent content of the low viscosity ink for 
doctor blade coating compared to that of high viscosity ink 
for 3D-printing, the dried electrodes prepared from the two 
fabrication methods share similar solid compositions after sol-
vent evaporation. The LFP and CMC powders were pre-mixed 
before being dispersed into the sonicated suspension of CB, 
PEDOT:PSS, and deionized water to acquire homogeneous 
slurries. As the slurries were much less viscous than the print-
ing inks, the stepwise mixing was run for 5 min at the speed 
of 2000 rpm per step to ensure homogeneity, followed by a 
defoaming program for 5 min at 2000 rpm to eliminate the 
air bubbles from the slurries. Next step involved tape-cast-
ing the slurry onto a carbon-coated aluminum foil to obtain 
170-µm-thick electrodes, with a similar average LFP loading 
to their 3D-printed counterparts (~ 24.7 mg/cm2).
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The electrodes were assembled into the coin cells fol-
lowing the same processes (e.g., drying) similar to the 
3D-printed electrodes. For some selected samples, the 
impact of the drying condition was investigated by prepa-
ration of the 3D-printed electrodes using different drying 
protocols. In the standard protocol, the electrodes were 
dried under vacuum at 25 °C for 18 h. Once dried, the elec-
trodes were weighed and transferred into an antechamber, 
where they were under vacuum at 50 °C for 2 h before being 
brought into the glovebox for cell assembly. In the freeze-
drying protocol, the electrodes were subjected to vacuum 
freeze-drying for 18 h. After that, they were further dried 
in a vacuum oven at 25 °C for another 18 h before being 
brought into the glovebox.

Characterization of the ink and porous electrodes

Rheology of the highly viscous inks and lowly viscous slur-
ries were investigated at 25 °C using a HAAKE MARS 60 
(Thermo Fisher) with a 20-mm plate-plate geometry and 
under oscillatory and rotational modes. During the meas-
urements, the gap between the two plates was maintained 
at 0.4 mm and a solvent trap was used to prevent solvent 
evaporation. Details on the linear viscoelastic range and 
cross-over point G’-G’’ were provided by oscillatory meas-
urements, while rotational measurements provided insights 
into the yield stress and shear viscosity. In the oscillatory 
measurement, the shear storage modulus (G’) was recorded 
for a shear stress range of 0–10,000 Pa at 1 Hz. In the rota-
tional measurement, during the first 300 s, the shear rate 
was increased from 0.01 to 100 s−1 and then decreased back 
to 0.01 s−1.

Optical images of the 3D-printed electrodes were cap-
tured using a ZeissDiscovery V12 stereomicroscope, 
equipped with a Plan Apo S 1.0xFWD 60 mm objective. 
The images were processed with the Axio Vision software 
to estimate the fiber diameter and inter-fiber distances. The 
scanning electron microscopy (SEM) images of the elec-
trodes were obtained using a FET™ Nova Nano SEM 450 
(FEI, USA) at 5-kV acceleration voltage in secondary elec-
tron imaging mode. An Autosorb iQ2 (Quantachrome) volu-
metric sorption analyzer was used to characterize the porous 
structure of the samples. To do so, samples were degassed at 
200 °C for 16 h under vacuum condition before performing 
the N2-physisorption measurements at 77 K.

To approximate the electronic bulk resistance, the elec-
trodes were placed between two stainless steel spacers and 
subsequently assembled within a standard CR2025 coin-
cell without the addition of any electrolyte. The resistance 
of the cell was then measured using a Keithley source. 
The details about the sheet resistance and tortuosity 
measurements are provided in the supporting information 
document.

Battery assembly and cycling tests

The prepared LFP electrodes (15 -mm diameter) and a Li 
metal disc (16-mm diameter) were used to assemble the 
CR2032 coin cells inside the glovebox. A polymeric thin 
film (Celgard 2400, 19-mm diameter) was positioned 
between the two electrodes as a separator. This separator 
was soaked with 200 μl of an electrolyte with a formulation 
of lithium hexafluorophosphate (LiPF6) 1 M in a mixture 
of ethylene carbonate (EC) and dimethyl carbonate (DMC) 
50/50 in weight proportion (SoulBrain MI). The coin cell 
was sealed by a pneumatic press inside the Ar-filed glove 
box. The cycling and impedance measurements at 25 °C 
were conducted by the Bio-Logic BCS-810 setup.

The battery tests started with a rest period at an open-
circuit voltage (OCV) for 6 h before the current was applied 
to insure a homogenous wetting of the cells. Different tests 
were performed in a voltage range of 2.5–4.1 V vs. Li+/Li, 
either long-term cycling at C/10 or rate capability testing 
at C/20, C/10, C/5, C/2,  1 C, and C/20 with 5 cycles run at 
each C-rate. For the electrochemical impedance spectros-
copy (EIS) experiments, a perturbation amplitude of 10 mV 
around OCV and a frequency range of 10 kHz–10 mHz was 
used. Note that 1C-rate is defined as the current density to 
fully (dis)charge the LFP electrodes within 1 h based on the 
theoretical specific capacity of the LFP, i.e.,  1 C is equiva-
lent to a current 169.9 mA/gLFP. For the post-mortem analy-
ses, the disassembly of the cycled cells was operated inside 
the Ar-filled glovebox to collect the cycled electrode, which 
was then placed on a SEM holder and brought into a transfer 
module CT0-0 (Kammrath Weiss Gmbh) for SEM analysis.

Results and discussions

Rheology and 3D printing

The printability of the printing inks was investigated by the 
rotational and oscillatory rheological tests (Fig. 2, Table 2). 
First, the rotational measurement (also known as thixotropy 
loop) was conducted to understand the flow behavior of the 
inks and to determine their suitability for DIW. In this meas-
urement, the printing ink is applied between two plates and 
the top plate is rotated with increasing shear rate (speed) 
while the shear stress (torque) is measured and thus the vis-
cosity of the paste is evaluated with increasing shear rate. 
Afterward, the shear rate is reduced again, while measuring 
the resulting shear stress, and corresponding viscosity. The 
results obtained in this measurement give an indication of 
the general rheological behavior of the printing inks, and the 
viscosity of the inks under high flow (indicative of the flow 
when being extruded through the printing nozzle [24]) and 
the viscosity of the inks under low flow (indicative of the 
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flow characteristics after printing). In printing inks, typical 
shear thinning behavior is observed [48]. These inks typi-
cally have particles or binders inside, resulting in the buildup 
of an internal network structure at a low shear rate.

When the shear rate surges during the measurement, the 
internal structure of the ink is broken down, and the viscos-
ity decreases (shear thinning behavior). During the second 
step, the shear rate is reduced resulting in an increase in 

Fig. 2   Rheological properties of the investigated LFP inks 4CMC 
(94 wt.% LFP, 2 wt.% CB, and 4 wt.% CMC), 4PEDOT (94 wt.% 
LFP, 2 wt.% CB, and 4 wt.% PEDOT:PSS), 2CMC_2PEDOT (94 
wt.% LFP, 2 wt.% CB, 2 wt.% CMC, and 2 wt.% PEDOT:PSS) and 
4CMC_2PEDOT (92 wt.% LFP, 2 wt.% CB, 4 wt.% CMC, and 2 

wt.% PEDOT:PSS) a apparent viscosity as a function of increasing 
shear rate and b storage modulus as a function of shear stress. c–f the 
optical microscope top-view images of the dry 3D-printed electrodes 
at different magnifications

Table 2   Details on the rheology of the investigated inks and the resulting structure of the dried 3D-printed LFP electrodes

Ink identifier Rheology 3D-printed structure

G’LVR (104 Pa) τflow (103 Pa) η (Pa⋅s) LFP loading (mg/cm2) dfiber (µm) rfiber (µm) dinter-fiber (µm)

4CMC 4.8 1.1 113 58.3 ± 0.5 333 ± 3.2 166.5 ± 1.6 ≈ 0
4PEDOT 3.5 3.3 460 32.1 ± 0.8 154 ± 1.0 77 ± 0.5 197 ± 1.3
2CMC_2PEDOT 2.4 1.8 361 47.1 ± 1.7 280 ± 2.9 140 ± 1.5 81 ± 2.7
4CMC_2PEDOT 5.7 6.0 352 27.1 ± 1.9 144 ± 0.6 72 ± 0.3 185 ± 0.5
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viscosity because of the recovery of the interparticle inter-
actions inside the ink [24, 49]. This network recovery is the 
main initial mechanism of solidification of the printing inks 
in DIW before potential further treatment. As such, the thix-
otropy loop gives some information on the breakdown and 
recovery of the interparticle interactions in the ink under the 
extrusion pressure through a small nozzle [24, 49].

All the prepared inks showed the previously mentioned 
shear-thinning behavior required for direct ink writing 
(Fig. 2a) [50, 51]. Such behavior confirms the flowability 
of the ink when exiting the nozzle [24]. The viscosity of the 
inks at a shear rate of 1 s−1 during the recuperation branch is 
listed in Table 2 to give an indication of the shape retention 
characteristics of the printing inks after printing. This data 
shows that the ink containing only 4 wt.% CMC (4CMC) 
with a relatively low viscosity value (η = 113 Pa⋅s) might 
struggle to keep its recovered gel network after printing 
while the other inks have a significantly higher viscosity 
value, above 350 Pa⋅s.

After this thixotropy loop, also oscillatory measurements 
were conducted to better evaluate the network structure 
and viscoelastic properties of the printing inks. During the 
amplitude sweep measurement, the printing ink was placed 
in between two plates, and the plates were oscillated with an 
increasing stress (and increasing amplitude), while evaluat-
ing the storage (G’) and loss (G’’) moduli in function of the 
applied shear stress. The storage modulus (G’) represents the 
elastic characteristic while the loss modulus (G’’) illustrates 
the viscous behavior of the ink [24].

At very low shear stresses, G’ is larger than G’’, because 
the internal network inside the printing paste is kept intact, 
and the ink exhibits “solid-like” behavior (Fig. S1). When 
slightly increasing the applied shear stress, the G’ and G’’ 
values remain constant as long as the ink is in its linear vis-
coelastic region (LVR). The length of this LVR shows how 
far the internal structure of the printing ink can be deformed 
before the onset of internal structure breakdown. The stor-
age modulus at the LVR (G’ LVR) reflects the rigidity of 
the printing ink and its ability to retain the shape after the 
extrusion. When the stress is further increased after struc-
tural breakdown, at some point the loss modulus crosses 
and becomes higher than the storage modulus (G’ = G’’), 
also called crossover point, which indicates the printing 
ink becoming more ‘liquid-like. When this crossover point 
occurs at a higher shear stress, this indicates a higher stress 
requirement to initiate flow.

Figure 2b illustrates the storage modulus (G’) behavior 
of the different inks before and after the cross-over point 
(star markers in Fig. 2b), where the ink transitions from 
solid- to liquid-like behavior occurs under the shear stress 
(τflow). Table 2 includes the storage modulus at the LVR 
and the stress at which the crossover point occurs. The LFP 
inks formulated with 4 wt.% CMC, including 4CMC and 

4CMC_2PEDOT have a higher storage modulus at the LVR 
(Table 2, Fig. 2b), indicating a fairly strong and rigid inter-
nal network structure. Moreover, the data suggests that the 
LFP ink with 2 wt.% CMC and 2 wt.% PEDOT yield the 
least rigid 3D-printed structures on account of lower G’LVR. 
4CMC_2PEDOT and 4PEDOT show a relatively long LVR 
(Fig. 2b) and correspondingly higher stress at the crossover 
point (Table 2) indicating a higher stability of the printed 
structures against flow. As such, a good shape retention can 
be expected for 4CMC_2PEDOT and 4PEDOT while fine 
3D-printed structures of 2CMC_2PEDOT and 4CMC might 
not be realized due to their inferior rheological properties.

The inks were 3D-printed at room temperature and dried 
before further characterization (Fig. 2c). The 4CMC elec-
trode exhibits inter-fiber cracks across multiple fibers due 
to the fast drying at room temperature. The 4CMC elec-
trodes exhibit a relatively diffuse structure in which the tar-
get 3D pattern is not visible (Fig. 2c). The fiber diameter is 
333 ± 3.2 µm which is much larger than the expected size 
of 200 µm and the inter-fiber distance is too small to be 
quantified (Table 2). This observation is in line with the low 
viscosity of the 4CMC inks resulting in a poor retention of 
the original structure after the micro-extrusion.

The 4PEDOT electrodes show intra-fiber cracks and are 
fragile after vacuum drying due to the poor mechanical 
strength of each individual fiber (Fig. 2d). It is notewor-
thy that vacuum-conditioned drying was necessary for the 
4PEDOT electrodes and those formulated with PEDOT:PSS. 
In these electrodes, the hygroscopic PSS in the ink pro-
motes the absorption and retention of the moisture [52]. In 
the electrodes formulated with a combination of CMC and 
PEDOT:PSS, the inter- and intra-fiber cracks are absent 
(Fig. 2e-f). The results suggest that the synergistic benefi-
cial impacts of the CMC and PEDOT:PSS on the mechani-
cal integrity and shape retention of the 4CMC_2PEDOT 
electrodes, respectively (Fig. 2f).

According to rheological data, the inks containing only 
4 wt.% CMC (4CMC) have a low viscosity but high stor-
age modulus at the LVR (G’ LVR). The low viscosity value 
suggests that the inks struggle to keep their recovered gel 
network after printing, which negatively affects the shape 
of 4CMC structures. However, thanks to the high G’ LVR 
value, the as-printed structures appear fairly strong and rigid. 
In contrast, the inks containing only 4 wt.% PEDOT:PSS 
(4PEDOT) possess a higher viscosity but a lower G’ LVR 
value compared to 4CMC inks. In effect, the 4PEDOT struc-
tures are better-shaped, but they also appear less strong and 
less rigid.

As CMC is combined with PEDOT:PSS as a binder mix-
ture in 4CMC_2PEDOT ink, its viscosity and G’ LVR value 
of 4CMC_2PEDOT ink are improved compared to 4CMC 
and 4PEDOT inks. As such, the 3D-printed electrodes pre-
pared from 4CMC_2PEDOT closely resemble the target 
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structure. Additionally, it should be pointed out that due to 
the less CMC content in the formulation and hence lower 
rigidity of the ink, the 2CMC_2PEDOT electrodes present 
a not as well-shaped structure.

The rheology of the inks formulated with a smaller parti-
cle size LFP#2 and with higher content of carbon black was 
also investigated. The results (Fig. S2) show that a reduced 
LFP particle size or higher content of carbon black will 

increase the apparent viscosity of the printing inks and can 
improve the shape retention of the 3D-printed electrodes. 
For example, we observed that the inks formulated with 
LFP#2 and higher concentration of carbon additive were 
too rigid to be flowable without the need for further dilution 
of the ink with water (Fig. S2a). To adjust their rheology and 
make them printable, additional water was added to the inks 
formulated with LFP#2 compared to the inks formulated 

Fig. 3   a Tortuosity and electrical conductivity of the 3D-printed and 
doctor blade-coated LFP electrodes. The SEM images of a pristine 
4CMC_2PEDOT LFP electrode b top view and c cross section of a 

fiber. d Graphical illustration of the electronic percolation network 
within a 3-layer 3D-printed LFP electrode of the present study (400 
µm)

Table 3   Electronic sheet resistance and N2-physisorption characteristics of the LFP electrodes

*NM, not measurable

4CMC 4PEDOT 2CMC_2PEDOT 4CMC_2PEDOT 4CMC_2PEDOT_DB

Sheet resistance (Ω/□) NM NM 128 ± 5 1231 ± 313 426 ± 17
Electrical resistivity (Ω⋅m) NM NM 0.041 ± 0.002 0.402 ± 0.088 0.079 ± 0.003
Electrical conductivity (S/m) NM NM 24.39 ± 1.2 2.48 ± 0.5 12.66 ± 0.5
BET (m2/g) 15.7 66.4 28.1 27.9 47.3
Pore volume (ml/g) 0.029 0.075 0.049 0.052 0.074
Pore size (nm) 3.71 2.26 3.51 3.68 3.12
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with LFP#1. As shown in Figure Fig. S2b, the diluted inks 
of 4CMC_2PEDOT_8CB* and 4CMC_2PEDOT* reached 
an apparent viscosity slightly higher than or comparable to 
the 4CMC_2PEDOT ink with LFP#1, making them suitable 
for 3D printing.

Despite dilution, 4CMC_2PEDOT_8CB* inks with 8 
wt.% of carbon black exhibit longer LVR and higher G’LVR 
than inks with 2 wt.% of carbon black (4CMC_2PEDOT*) 
(Fig. S2c). A similar trend is observed when comparing 
inks formulated with LFP#2 to LFP#1 (Fig. S2c). The data 
confirms that increasing carbon black content or reducing 
LFP particle size can improve the shape retention of the 
3D-printed electrodes.

Microstructural details of the LFP electrodes

The tortuosity and electronic conductivity of the LFP elec-
trodes with different binder formulations are compared in 
Fig. 3a. The 4PEDOT electrodes were too fragile for the tor-
tuosity, sheet resistance, and battery tests and therefore are 
excluded in the further discussions. Tortuosity of a porous 
electrode is an important property that provides insights into 
the ionic charge transport limitations within the electrodes 
[53]. Particularly, one of the main merits of the 3D-printing 
is to prepare the high-loading electrodes with lower tortu-
osity compared to what is possible with the conventional 
coating techniques.

The  to r tuos i ty  o f  t he  3D-pr in ted  4CMC, 
2CMC_2PEDOT, and 4CMC_2PEDOT electrodes lie in 
the range of 2.70–4.75 which is lower than the tortuosity 
of the doctor-blade coated 4CMC_2PEDOT_DB electrode. 
However, it is important to note that these tortuosity val-
ues are volume averaged and does not necessarily reflect 
the local variations. As such, although the through-plane 
transport of charge is considerably less limited and facili-
tated by the apertures of the 3D-printed structures (Fig. 1), 
but the intra-fiber transport can be still limited in case of 
high tortuous fibers. For instance, the 2CMC_2PEDOT 
has the lowest tortuosity value (2.70) which can be 
explained by its more diffuse structure compared to the 
4CMC_2PEDOT electrode. Although the local measure-
ment of the tortuosity is not trivial for a single fiber but the 
cross-section SEM of the fibers from the 4CMC_2PEDOT 
electrode reveals a very dense and tortuous microstructure 
(Fig. 1, Fig. S4). This is in line with the estimated porosity 
of a single fiber in the 4CMC_2PEDOT electrode which is 
only 28% being significantly lower than that of the doctor 
blade-coated electrode (52%). The results also disclose a 
considerably lower tortuosity in the 3D-printed electrodes 
containing PEDOT:PSS compared to those containing only 
CMC. This points out the negative impact of the CMC on 
the tortuosity of the investigated LFP electrodes.

N2-physisorption measurements were conducted to 
provide more insights into the microstructure of the LFP 
electrodes (Table 3). Particularly, the porosity and surface 
area of the electrodes are expected to correlate with the 
electrochemically active surface area and as such can be 
used for a relative comparison between the electrochemi-
cal performance of the samples. The 4PEDOT electrodes 
have a significantly higher specific surface area (66.4 
m2/g) and total pore volume (0.075 ml/g) compared to 
the 4CMC-based electrodes with 15.7 m2/g BET surface 
area and 0.029 ml/g pore volume. This observation sug-
gests that the 4PEDOT binder has a better pore-forming 
characteristic relative to the CMC binder in our electrode 
formulations. This is supported by the N2-physisorption 
data revealing a higher mesoporous volume in the elec-
trodes with 4PEDOT binder. However, further works need 
to further investigate the reasons behind the added value 
of the 4PEDOT binder. For instance, we expect that the 
fractal dimension of the aggregates within the printing 
inks with the 4PEDOT is lower which results in a higher 
porosity of the electrodes after drying [54].

The 4CMC_2PEDOT_DB electrode has a higher sur-
face area and pore volume compared to its 3D-printed 
counterpart which further reflects the very dense internal 
microstructure of the fibers for the 3D-printed electrodes. 
The SEM top view of the electrodes (Fig. S5) reveals fur-
ther morphological differences between the CMC- and 
PEDOT:PSS-based electrodes. The binder network in the 
presence of PEDOT:PSS is more scattered and manifests 
in as an adhesive net for the LFP electrodes. It is well 
known that PEDOT:PSS has a core-shell structure, in 
which PEDOT and PSS act as the core and shell, respec-
tively [55]. In the dried 4PEDOT 3D-printed electrodes, 
HSO3 groups in PSS chains at the shell are held strongly 
together via intra- and inter-molecular hydrogen bonding, 
leading to formation of thin uniform PEDOT:PSS layer 
[56]. Unlike the core-shell structures in PEDOT:PSS, 
CMC chains are connected by intra- and inter-molecular 
hydrogen bonding via -OH functional group to create a 
network that binds LFP particles together [57].

The data shows that 2CMC_2PEDOT electrodes are 
more electronically conductive (24.39 S/m) than the 
4CMC_2PEDOT electrodes (2.48 S/m). This highlights 
the detrimental effect of the insulating CMC on the elec-
trical conductivity of the electrodes. The incorporation 
of PEDOT:PSS to the formulation leads to significant 
increase in the electrical conductivity of the electrodes, 
which is in line with the observation from Bao et al. [33] 
It is important to note that the four-point probe measure-
ment did not work on 4CMC electrode samples due to 
the very low conductivity of the CMC. This was further 
corroborated by the electronic bulk resistance data of the 
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4CMC and 4CMC_2PEDOT electrodes (see supporting 
information). The results indicated that the bulk elec-
tronic resistance of the 4CMC electrode is significantly 
higher (400 Ω) than that of the 4CMC_2PEDOT electrode 
(30Ω). Moreover, the more diffuse pattern of the fibers 
in the 2CMC_2PEDOT relative to the 4CMC_2PEDOT 
electrodes leads to a better connectivity between the fib-
ers which facilitates the electron transport throughout the 
electrode volume.

The doctor blade-coated 4CMC_2PEDOT electrode 
shows a higher electronic conductivity compared to its 
3D-printed counterpart (Table 3). This can be attributed 
to the longer conduction pathways in the 400 µm thick 
3D-printed electrodes compared to the 170-µm-thick doctor-
blade electrodes. Particularly, the through-plane conduction 

is more limited in the 3D-printed design adopted in this 
work where the electrons need to first travel in-plane to the 
cross-section point between the two adjacent layers before a 
through-plane cross over between the layers (Fig. 3d). This 
observation highlights that the 3D patterns need to be opti-
mized not only with respect to the ionic percolation but also 
the electronic network of the electrode.

In 2018, Wang et al. highlighted the influence of various 
designs of 3D-printed electrodes on the battery performance 
[16]. However, how these designs impact the tortuosity and 
electrical conductivity of their 3D-printed electrodes was not 
thoroughly reported. In our present work, it is clearly dem-
onstrated that the grid-patterned 3D-printed structures are 
not as electrically conductive as their doctor blade-coated 
counterparts (Fig. 3a, Table 3). This can be attributed to 

Fig. 4   a The rate capability of the Li/LFP cells with different 
3D-printed and doctor blade-coated LFP electrodes. Cycling per-
formance at C/10 of the b 4CMC_2PEDOT 3D-printed elec-
trode (400 µm thick, 27.1 mg of LFP per cm2) and c doctor-blade 

4CMC_2PEDOT_DB counterpart (170 µm thick, 24.7 mg of LFP per 
cm2). The optical image of the recovered d 4CMC_2PEDOT and e 
Li electrodes after long-term cycling. The SEM cross section of the 
4CMC_2PEDOT electrodes f before and g after 100 cycles
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the less contact area between the layers of materials in the 
3D-printed structures compared to that of the traditional 
thick structures, leading to the slowdown of electron trans-
port across the electrodes. Our observation is in line with 
the recent report of Miller et al. where they show that grid-
patterned designs are not beneficial to the electron trans-
fer kinetics of 3D-printed electrodes for sensing applica-
tions [58]. Our results highlight the significant impact of 
the configuration of the electronic percolation network on 
the effective conductivity of a porous electrode. The spatial 
distribution of the individual components of an electrode 
significantly impacts it’s through- and in-plane conductivity. 
As such, it is expected that in a 3D-printed electrode with 
multiple layers, the establishment of an optimal through-
plane percolation is very sensitive to the 3D pattern and 
the contact area between the different layers. This requires 
a careful optimization of the ink formulation as well as the 
3D pattern of the electrode.

It is important to distinguish between the distinct physical 
and chemical properties of the PEDOT:PSS and CMC bind-
ers to better understand their impact on the printability and 
the electrical conductivity of the printing inks and the elec-
trode performances reported in this study. The PEDOT:PSS 
is a conductive polyelectrolyte complex consisting of the 
polycation PEDOT and the polyanion PSS. It is noteworthy 
that PEDOT:PSS has a core-shell structure, with a PEDOT-
rich core and a PSS-rich shell being held together by strong 
coulomb forces [59]. As a dry film, the PEDOT:PSS grains 
are connected by the hydrogen bonds between the sulfonate 
group of PSS. However, these hydrogen bonds get weakened 
in a moisture-rich environment [60], leading to the low stor-
age modulus of PEDOT:PSS [61], which explains the low 
G’ value and the weak mechanical strength of 4PEDOT ink 
and structures shown in Fig. 2.

CMC, on the other hand, can create a strong hydrogen-
bonded network with water and other materials, thanks to 
the hydrophilic hydroxyl group from the cellulose backbone 
and the carboxymethyl group [62]. A study on the bind-
ing mechanism of CMC and graphitic particles shows that 
CMC forms a network to hold and bind the anode materi-
als together [63]. This strong network between CMC and 
the active-material particles of an electrode enhances the 
overall mechanical integrity of the electrode. Furthermore, 
we reported the higher conductivity of 3D-printed struc-
tures formulated with PEDOT:PSS (2CMC_2PEDOT, 
4CMC_2PEDOT) compared to those formulated with only 
CMC (4CMC) (Fig. 3a, Table 3). The conductive property 
of PEDOT:PSS stems from PEDOT, which has a conjugated 
π system in its thiophene rings that provides a pathway for 
electrons to move between individual particles [64]. On the 
contrary, CMC acts as an insulator due to the nature of its 
glucose backbone, explaining the low conductivity of 4CMC 
structures.

Battery performance

The short- and long-term performance of the Li/LFP coin 
cells assembled from the different LFP electrodes is sum-
marized in Fig. 4. The rate capability of the 3D-printed elec-
trodes containing PEDOT:PSS outperforms that of the elec-
trodes containing only CMC (Fig. 4a, Fig. S6). 4CMC cells 
fail to cycle at C/5 while an average capacity of 115 mAh/g 
is delivered by the 2CMC_2PEDOT and 4CMC_2PEDOT 
cells at the same C-rate. The higher electrical conductiv-
ity and lower tortuosity of the 2CMC_2PEDOT electrodes 
enable them to sustain C/2 rate unlike the 4CMC_2PEDOT 
which are limited to the C/5. Overall, the 2CMC_2PEDOT 
cells outperform the 4CMC_2PEDOT cells with respect to 
the rate capability which is in line with the electrical conduc-
tivity and tortuosity of these samples (Fig. 3, Table 3). On 
the other hand, the doctor-blade coated 4CMC_2PEDOT_
DB cells have a superior rate capability compared to the 
3D-printed electrodes despite their inferior tortuosity. This 
highlights the significant share of the intra-fiber tortuosity 
in the polarization of the 3D-printed electrodes which limits 
their rate-capability and needs a dedicated investigation in 
the future works.

The electrochemical impedance spectroscopy (EIS) of the 
cells confirms the rate-capability data (Fig. S6−7). Particu-
larly the charge-transfer resistance of the cells with 4CMC 
and 4CMC_2PEDOT_DB reads highest and lowest, respec-
tively. The charge-transfer resistance is directly correlated to 
the electrochemically active surface area of the electrode. In 
this regard, the CMC has a negative impact on the effective 
surface area of the electrodes which is also in line with the 
insights gathered from the N2-physisorption measurements 
(Table 3).

The long-term cycling of the 4CMC_2PEDOT and 
4CMC_2PEDOT_DB electrodes at C/10 are compared 
in Fig. 4b, c. The data suggests that the Li/LFP cells with 
the 3D-printed electrodes have a better reliability in two 
aspects. First, the reproducibility of the aging dynamics is 
much higher for the 3D-printed electrodes relative to the 
conventionally coated electrodes. This is more evident when 
the best and worst performances recorded for the Li/LFP 
cells made from the two categories of 3D-printed and doc-
tor blade-coated samples are compared against each another 
(Fig. 5). The evolution of the charge/discharge profiles and 
energy density of the 3D-printed electrodes exhibit much 
lower variance relative to the doctor-blade coated samples 
when the experiments are repeated during the reproducibil-
ity tests. This highlights the poor control over the micro-
structural details of the electrodes when a conventional 
doctor-blade technique is employed to prepare higher load-
ing and thicker electrodes. Second, the capacity retention 
of the 3D-printed electrode is on average ~ 42% after 100 
cycles. In contrast, the 4CMC_2PEDOT_DB electrodes have 
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a capacity retention below 35% while in some repetitions the 
capacity drops to zero only after tens of cycles.

The preliminary post-mortem analysis of the aged cells 
reveals that the structure of the 3D-printed electrodes is well 
preserved after long-term cycling (Fig. 4d, Fig. S8). A com-
prehensive aging analysis of the doctor blade-coated and 
3D-printed electrodes needs a dedicated study. However, our 
preliminary analysis suggests that the electrolyte decomposition 
at the interface with Li electrode is a major source of capacity 
loss. The electrolyte decomposition and passivation of the Li 
electrode continuously raises the internal resistance of the cell 
and can lead to electrolyte dry-out and ion depletion at some part 
of the thick LFP electrodes (Fig. 4e). This can eventually isolate 
some fraction of the LFP particles at far-fetched depths in the 
thick LFP electrodes and turns them electrochemically inacces-
sible for Li (de)insertion. This can partly explain why the onset 
cycle for the visible decline in the capacity of the 3D-printed 
electrodes is much earlier than that for the doctor-blade-coated 
electrodes (Fig. 4). The thickness of the 3D-printed electrode 
is more than 2 times that of the doctor-blade-coated electrode 
and therefore the effects of the electrolyte degradation and loss 
manifests faster for the thicker 3D electrodes.

A preliminary test was conducted to approximate the share 
of Li and electrolyte degradation in the overall aging dynamics 
of the Li/LFP cells. The C/10 cycling of the Li/LFP cell with 
3D-printed “4CMC_2PEDOT” electrode was stopped after 
40 cycles and the LFP electrode was recovered to assemble a 
new coin cell with a fresh Li and electrolyte. The cycling was 
then resumed to further investigate the aging path of the cell 
(Fig. S9). As expected, after 10 cycles, the refurbished coin 
cell gradually recovers ~ 60% of the capacity loss experienced 
by the original cell. This observation confirms the major role 
of the Li and electrolyte degradation in the capacity loss of our 
Li/LFP cells. In this regard, a comprehensive aging investiga-
tion of the 3D-printed LFP electrodes should use a full cell 
configuration by pairing the 3D electrodes with a Li-insertion 
anode such as graphite. This facilitates the assessment of the 
aging behavior of the 3D-printed electrodes in the absence of 
complications introduced by the continuous electrolyte decom-
position at Li electrode.

The second source of capacity loss is speculated to be 
linked with the intra-particle fracture of the LFP electrodes 
(Fig. 4f, g). The excessive fracture of the secondary LFP 
aggregates can possibly isolate some primary particles 

from the electronic percolation network of the electrode 
and decrease the cell capacity. This intra-particle fracture 
also explains the decrease of the charge-transfer resistance 
of the Li/LFP cells over short-term cycling observed in the 
EIS spectra of the cells (Fig. S6−7).

The performance of the Li-ion cells with the porous elec-
trodes coated by the conventional coating techniques is very 
sensitive to the drying conditions which is well documented 
in the literature [65–67]. Previous studies have indicated 
that high drying temperature causes binder migration to the 
electrode surface, leading to inhomogeneous binder distri-
bution [65, 68, 69]. This deteriorates the electrochemical 
properties of the electrode [70]. Furthermore, the elevated 
temperature (110–130 °C) was reported to promote the 
segregation of binder and conductive additive [71], result-
ing in lower adhesion strength between the coated mate-
rial layer and the current collector [72, 73]. However, such 
inactive material segregation and poor adhesion strength 
can be improved by drying the electrode at a temperature 
lower than 80 °C [71]. Additionally, a high drying tempera-
ture and fast drying rate also trigger electrode cracks on 
thicker electrodes manufactured using water-based solvent 
[74]. In this regard, further research is essential to explore 
the possible optimization of the drying conditions for the 
3D-printed electrodes. Previous reports on 3D-printed elec-
trodes employ high temperatures to dry the electrodes [18, 
21, 75]. In addition to high-temperature drying, freeze-dry-
ing is a commonly used drying method to treat water-based 
3D-printed electrodes [16, 33, 45, 76].

We performed a preliminary analysis for the 
impact of drying conditions on the performance of the 
4CMC_2PEDOT electrodes. Three different drying condi-
tions were tried, namely vacuum drying at 25 °C, vacuum 
drying at 120 °C and freeze drying followed by vacuum 
drying at 25 °C. Despite high LFP loading (27.1 mg/cm2) 
and thickness (400 µm), no structural defects were detected 
irrespective of the drying method (Fig. 6a-c). The rate capa-
bility data (Fig. 6d) shows that while the electrodes dried at 
vacuum oven at 25 °C and 120 °C show comparable per-
formance at low C-rates, freeze-dried electrodes deliver a 
noticeably lower average capacity at C/10 and C/5. How-
ever, at C-rates above C/5, the performance of the electrodes 
prepared with different drying conditions is very similar 
(Fig. 6d). This preliminary investigation demonstrates the 
superior resilience of the 3D-printed electrodes to high dry-
ing temperatures in contrast to the conventional coating 
methods.

Towards the optimization of the rate‑performance 
of the 3D‑printed electrodes

The observation of inferior rate capability of the 3D-printed 
electrodes based on LFP#1 compared to its doctor-blade 

Fig. 5   Galvanostatic (dis)charge profiles (a–d) and energy density 
evolutions (e–h) corresponding to the results presented in Fig.  4, 
C/10 cycling of Li/LFP cells with 4CMC_2PEDOT 3D-printed and 
doctor blade-coated electrodes. The subplots (a, e) and (c, g) rep-
resent the best and worst performances recorded for the 3D-printed 
electrodes. The best and worst performances among the repetitions 
for doctor blade-coated electrodes are presented in subplots (b, f) and 
(d, h), respectively. The energy density is normalized to the weight of 
LFP electrode and electrolyte

◂
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Fig. 6   Optical microscopy images of 4CMC_2PEDOT 3D-printed electrodes prepared with different drying conditions a vacuum oven dry at 25 
°C, b vacuum oven dry at 120 °C, and c vacuum freeze dry. d Rate capability of the Li/LFP cells as a function of the drying condition

Fig. 7   a Comparison of the rate performance of the Li/LFP cells 
made from two high-loading (~ 25 mg/cm2) doctor blade-coated LFP 
electrodes with the same formulation (4CMC_2PEDOT & 2 wt.% 
CB) but different types of LFP powders: 4CMC_2PEDOT_DB* 
and 4CMC_2PEDOT_DB (Table  1), b the bulk electrical conduc-

tivity of the 3D-printed LFP electrodes compared between the thick 
3-layer and thinner 2-layer printed electrodes formulated with the 
same formulation (4CMC_2PEDOT & 2 wt.% CB) but with different 
types of LFP and loading: 4CMC_2PEDOT*, 4CMC_2PEDOT, and 
4CMC_2PEDOT_thin*
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counterpart (Fig. 4a) calls for more investigation. A com-
prehensive optimization of the rate-performance of the 
3D-printed electrodes deserves a dedicated study. However, 
to do so, a preliminary analysis suggests two main adjustable 
design parameters, namely the properties of the LFP mate-
rial and the share of the conductive additive in the electrode 
formulation. Particularly, the impact of intrinsic electronic 
conductivity of the LFP particles on the rate performance 
of the 3D-printed electrodes was investigated by using a 
different source for the LFP powder (Fig. 7). The LFP#2 
powder has a higher carbon content (1.7 wt.%) and smaller 
particle size (100 nm) compared to the LFP#1 (Table 1, 
experimental section). The discharge capacity of the thick 

doctor blade-coated LFP#2 electrode is lower compared to 
the LFP#1 at C-rates below C/2, and higher at C-rates above 
C/2 (Fig. 7a). This suggests that the LFP#2 is a better candi-
date for power applications while the LFP#1 is better suited 
for the energy applications. The higher intrinsic electronic 
conductivity of the LFP#2 is also reflected in the effective 
bulk electronic conductivity of the 3D-printed electrodes 
made thereof (Fig. 7b). The conductivity measurements 
show that the intra- and inter-fiber electronic conductivity of 
the 3D-printed electrodes is significantly enhanced by using 
LFP#2 powders. A high electronic conductivity with LFP#2 
sample is observed which is indifferent to the thickness of 
the 3D printed electrodes in the range of 270–400 µm.

Fig. 8   Rate performance of the Li/LFP cells based on the LFP elec-
trodes formulated with the “4CMC_2PEDOT” binder but with dif-
ferent content of carbon black (CB), type of LFP, and areal loading. 
a Impact of LFP type (LFP#1 vs. LFP#2) and wt.% of carbon black 
(2 vs 8% wt.%) on the rate performance of the 3D-printed electrodes 
using the base 3-layer design. b Sensitivity of the rate performance 

to the areal loading of the LFP#2 in 3D-printed electrodes with areal 
loadings of 18.1 mg/cm2 (2-layer design, 270 µm) vs. 26.5 mg/cm2 
(3-layer design, 400 µm). c 3D-printed LFP#2 electrodes (3-layer 
design) against its doctor-blade counterpart with 2 wt.% CB, and d 
8 wt.% CB
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The rate performance of the 4CMC_2PEDOT* 
3D-printed electrode formulated with the LFP#2 powder and 
2 wt.% CB demonstrates a significant power boost at C/2 and  
1 C compared to the LFP#1 (Fig. 8a). Increasing the share 
of CB conductive additive in the ink formulation is another 
trivial method to increase the power performance of the 
3D-printed electrodes, although this approach is associated 
with a penalty on the gravimetric energy density of the elec-
trode. Further power enhancement can be achieved with a 
lower loading of LFP#2 (23.9 mg/cm2) and a higher share of 
CB conductive additive, i.e., 8 wt.% CB (Fig. 8a). Decreas-
ing the electrode thickness (400 µm down to 270 µm) while 
using the base formulation for conductive additives (2 wt.% 
CB) shows minor improvement to the rate performance of 
the 3D-printed LFP#2 electrode (Fig. 8b). This observa-
tion is in-line with the similar electronic conductivity of the 
2-layer and 3-layer 3D electrodes shown earlier in Fig. 7b.

Although the rate performance of the 3D-printed LFP#2 
is superior to the LFP#1, it still delivers a lower discharge 
capacity at  1 C compared to its doctor-blade counterpart 
(Fig. 8c). At C/2 and  1 C, the rate capability of the 3D-printed 
LFP#2 with 2% C is lower than its doctor-blade counterpart 
even when the delivered energy is compared between the two 
cells (Fig. S10). This suggests that the 2% conductive addi-
tive is not enough to secure a competitive electronic charge 
transport across the 400-µm thickness compared to that in the 
thinner DB electrode (170 µm). However, the significant infe-
rior performance of the DB-coated electrode at C/20 relative 
to the 3D-printed electrode suggests that > 20% of LFP par-
ticles are disconnected from the charge percolation network 
and are completely inactive during the (dis)charge of the DB 
electrode even at a pristine state (Fig. 8c). This observation 
suggests that in a thick doctor-blade coated electrode there 
are some LFP particles that are completely shielded likely 
with a very thick carbon-binder domain and are isolated from 
the rest of the electrode.

At 2% conductive additive, the 3D electrode is more suit-
able for energy applications compared to the power appli-
cations. This shortcoming, however, can be tackled with 
the 4CMC_2PEDOT_8CB* electrodes with 8 wt.% of CB 
(Fig. 8d). This 3D-printed electrode with 23.9 mg/cm2 load-
ing of LFP#2 outperforms its doctor-blade counterpart over 
the whole range of C-rate (Fig. 8d). This inferior rate perfor-
mance of the doctor-blade coated electrode can be partially 
attributed to the side effects of increasing the CB content in the 
formulation of the conventionally coated thick electrodes. The 
thickness of the doctor blade-coated LFP#2 electrode increases 
from 172 to 210 µm when the CB additive rises from 2 to 
8 wt.% to keep a similar areal loading (~ 25 mg/cm2). This 
facilitates the manifestation of the long-range transport limita-
tions and showcases the higher performance vulnerability of 
the electrodes prepared with the traditional coating methods 

compared to the incremental thickening at higher thicknesses 
relative to the 3D printing.

The 3D-printed electrodes tested in this research show a 
competitive performance to their analogous doctor-blade-
coated electrodes over the whole range of C-rate in terms 
of the gravimetric energy density when formulated with 86 
wt.% LFP and 8 wt.% CB (Fig. S11). This is similarly the 
case for the other formulations tested in this study (i.e., 92 
wt.% LFP, 2 wt.% CB) but at C-rates up to C/2 (Fig. S10). 
This is mainly thanks to the better utilization of the loaded 
mass of the LFP particles which is more uniformly distrib-
uted in a 3D-printed electrode compared to a thick electrode 
coated with a conventional coating technique which is prone 
to binder migration and significant structural heterogeneity. 
However, the volumetric energy density of the 3D-printed 
electrodes is inferior to the doctor-blade-coated electrodes 
due to their substantially larger thickness. Further optimiza-
tion in future works is required to fine tune the 3D design 
of the electrodes, fiber dimensions, electrode porosity, and 
weight percentage of the conductive additive to strike an 
optimal balance between the gravimetric and volumetric 
energy density of the 3D-based cells for a given energy or 
power application.

Conclusion

In this study, the LFP electrodes with a superior loading 
as high as 47.1 mg/cm2 and areal capacity of 4.7 mAh/cm2 
were prepared by DIW 3D-printing at room temperature. 
The impact of the CMC, PEDOT:PSS, and their mixture as 
binder was comprehensively investigated on the printability, 
microstructure, and battery performance of the 3D-printed 
LFP electrodes. The results showed the constructive syner-
gistic impact of CMC and PEDOT:PSS when used together 
for obtaining well-printed 3D electrodes. The combination 
of CMC and PEDOT:PSS improves the mechanical integrity 
of the electrodes and mitigates the formation of inter- and 
intra-fiber cracks.

The tortuosity and electrical conductivity measurements 
of the electrodes revealed that excessive CMC content in the 
formulation results in high tortuosity and low electrical con-
ductivity, ultimately leading to poor battery performance. 
In contrast, the PEDOT:PSS decreases the tortuosity and 
enhances the electrical conductivity and rate capability of 
the electrodes. Another important finding of this work is 
that the lower apparent tortuosity of the 3D-printed relative 
to the conventional electrodes will not necessarily result in 
the superior performance of the 3D-printed electrodes. The 
intra-fiber tortuosity in the 3D-printed electrodes can limit 
the rate performance and needs careful optimization. Moreo-
ver, the 3D arrangement of the fibers through- and in-plane 
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of the electrode has a significant impact on the effective 
electronic conductivity of the 3D-printed electrodes.

Although the non-optimized fiber dimension, micro-
structure, and 3D arrangements were used in this study, the 
prepared 3D-printed electrodes demonstrated a superior 
behavior compared to the doctor blade-coated electrodes. 
The follow-up studies need to address the challenges rel-
evant to the control of intra-fiber tortuosity and porosity and 
fiber configurations in the electrode.
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