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

H I G H L I G H T S

Electrodes with NMC622 ribbon lines were fabricated by a novel 3D-printing process.
Conventional 2D tape-casted NMC622 electrodes were also produced for comparison.
The two types of electrodes had similar open-circuit voltage and entropic potential.
3D-printed electrodes showed superior specific capacity and rate performance.
3D-printed electrodes featured lower electrical energy loss and heat generation.
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A B S T R A C T

This study compares the charge storage mechanisms, thermodynamics behavior, ion transport, and heat
generation in NMC622 electrodes fabricated using a novel 3D printing process and the conventional 2D tape
casting process. First, potentiometric entropy measurements revealed that the charge storage mechanisms for
both types of electrodes consisted of lithium deintercalation in a homogeneous solid solution of NMC622
followed by a transition from a hexagonal (H1) phase to another hexagonal (H2) phase through a monoclinic
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Thermal management (M) phase. Both types of electrodes had similar thermodynamics behavior with overlapping entropic potential
profiles. Furthermore, operando isothermal calorimetry at high C-rates indicated that the 3D printed electrodes
featured larger specific capacity and better rate performance than the 2D tape-casted electrodes. The better
performance of 3D printed electrodes was attributed to their larger electrode/electrolyte interfacial surface
area and electrical conductivity as well as their faster lithium ion transport. As a result, the instantaneous
heat generation rates were smaller in 3D printed electrodes than in 2D tape-casted electrodes, thus resulting
in lower overall specific electrical energy and thermal energy dissipation per unit charge stored. Overall,
additive manufacturing techniques offer great potential in producing electrodes with superior electrochemical
performance and reduced heat generation for fast charging batteries.
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1. Introduction

Electrical energy storage systems such as lithium-ion batteries [1–6]
nd supercapacitors [7–12] have come to the fore as essential compo-

nents in enabling the electrification and decarbonization of transporta-
tion. Research and development efforts have focused on the improve-

ent of energy and power densities and on the fabrication of electrodes
which combine excellent gravimetric and volumetric capacity as well
as favorable rate performance during fast charging [13–16]. There-
fore, both the equilibrium electrochemical charge storage capability
and fast ion transport have to be accounted for when designing and
manufacturing electrodes [17–21].

Additive manufacturing techniques, such as three-dimensional (3D)
rinting, have been introduced as a fabrication process of electrodes
ith optimum morphology. Multiple approaches have been proposed

ncluding (i) mixed printing of active materials, (ii) mixed printing of
recursors, and (iii) active materials deposited on printed aerogels [22].

Specifically, 3D printed electrodes made of materials such as lithium
iron phosphate (LFP), lithium titanium oxide (LTO) [23], graphene
oxide (GO) [24], and manganese oxide (MnO2) [25] have generally
demonstrated superior rate capability than their counterparts fabri-
cated by conventional slurry casting techniques. The origins of these
performance advantages can be traced to two principal factors [21,
22,26–28]. First, the increased electrode/electrolyte interfacial surface
area of a properly designed 3D printed electrode provides more sites for
physicochemical activity such as redox reactions and electrical double
layer formation. Second, the topology of a properly designed 3D printed
electrode can reduce the electronic and ionic diffusion resistances
while facilitating the accessibility of the electrolyte to the bulk of
the electrode active materials. However, although the electrochemical
behavior of various 3D printed electrodes has been illustrated in several
studies [23–25], the thermodynamics behavior and the heat generation
ates of such electrodes have not been investigated.

Our previous study [29] compared slurry-casted electrodes made
of Ti2Nb2O9 microparticles (around 1 μm) or Ti2Nb2O9 nanoparticles
(around 50 nm) using state-of-the-art potentiometric entropy measure-
ments and operando isothermal calorimetry [29–32]. We showed that
both types of electrodes had similar thermodynamics behavior due
to their identical chemical composition. However, electrodes made
of Ti2Nb2O9 nanoparticles exhibited not only superior electrochem-
ical performance but also reduced heat generation rates compared
to those made of microparticles. This difference was attributed to
the enhanced reaction kinetics and ion transport within Ti2Nb2O9
nanoparticles compared to microparticles.

The present study aims to compare the thermodynamics behavior
and the heat generation rates in 3D printed electrodes with those
in conventional slurry-casted electrodes made with the same lithium
manganese nickel cobalt oxide LiNi0.6Mn0.2Co0.2O2 (NMC622) slurry.
This compound was chosen because it has been widely adopted as
a cathode material in commercial batteries for not only its stability
ut also its large specific capacity and rate performance [33,34]. This
tudy can provide insight into the energy losses and heat dissipation
echanisms in 3D printed electrodes, particularly during fast charging.
 r

2 
2. Background

2.1. Additive manufacturing techniques for electrode fabrication

2.1.1. 3D printing of active material mixtures
In recent years, substantial attention has been paid to applications

of novel additive manufacturing techniques such as 3D printing in the
lectrode fabrication process, with rapid progress in multiple areas for

different anode, cathode, and pseudocapacitive materials [22]. The first
pproach consists of printing a mixture of active materials. For exam-
le, Fu et al. [23] produced inks for 3D printing of electrodes where the
aw materials consisted of lithium iron phosphate (LFP) or lithium tita-

nium oxide (LTO) mixed with graphene oxide (GO). The corresponding
ink viscoelasticity was optimized for extrusion-based fabrication. The
esulting 3D printed electrodes exhibited promising specific capacity,
ate performance, and cycling stability. In a similar study, Drews
t al. [35] presented a silicon/graphite blend slurry designed for 3D
rinted electrodes of interdigitated microbatteries, which also recorded

excellent cycling performance. Moreover, Zhao et al. [36] described
a fabrication method of graphene-based composite aerogel microlat-
ices built upon 3D printing. In fact, graphene/ZnV2O6@Co3V2O8 and
raphene/vanadium nitride (VN) electrodes prepared according to the
orous microlattice structure achieved superior energy and power den-
ities than other conventionally fabricated pseudocapacitive electrodes.
inally, Zhu et al. [37] proposed a direct ink writing procedure utilizing
oncentrated inks featuring low electrical resistivity, submillimeter
article size, and high mechanical stability. The process was used to
roduce a 1 mm-thick zinc electrode with sizeable areal and volu-
etric capacity without significant microstructural degradation during

ong-term cycling.

2.1.2. 3D printing of precursor material mixtures
3D printing can also be performed using a mixture of precursor

materials. For instance, Zhu et al. [24] created a mixture containing
graphene oxide (GO) precursor to form graphene composite aerogel
electrodes with a composite microlattice structure. These electrodes dis-
played excellent capacity even under high currents and power densities
comparable to 10 times thinner slurry-casted electrodes. Similarly, Yao
et al. [38] prepared a 3D printing ink by combining cellulose nanocrys-
tals (CNC) and a silica microsphere suspension. The resulting multiscale
porous carbon aerogel electrodes achieved capacitance of 149 F/g at 5
mV/s and 71 F/g at 200 mV/s when tested at −70 ◦C. These capacitance
values were 6.5 times higher than slurry-casted electrodes. In contrast
o these pseudocapacitive electrodes, Idrees et al. [39] proposed a novel

porous carbon (PC)/silicon oxycarbide (SiOC) composite for 3D print-
ing into anodes for zinc-ion batteries. Thanks to the interpenetrated
SiOC network within the PC, the electrodes enjoyed not only improved
transport properties but also uniform nucleation of zinc ions within
the voids. As a result, the superior capacity of the electrodes was ac-
companied by significantly reduced dendrite formation, thus extending
their cycle life. In the case of sodium-ion batteries, Brown et al. [40]
demonstrated a 3D printing ink consisting of ammonium thiomolybdate
mixed with graphene oxide (GO) nanosheets. This produced MoS2-
graphene aerogel electrodes with excellent specific capacity along with
fast and highly reversible sodium ion transport. As such, when utilized
as anodes for sodium-ion batteries these samples showed outstanding
ate performance and cycling stability.
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2.1.3. Deposition of active materials on 3D printed aerogels
Another 3D printing technique relies on depositing active materials

n separately 3D printed and patterned aerogels to generate the desired
electrodes for different types of supercapacitor or battery chemistries.
Yao et al. [25,41] demonstrated (i) cathodes made of 3D printed
graphene aerogels with high mass loading of deposited MnO2 and (ii)
anodes made of 3D printed graphene aerogels with high density of
surface functional groups. When paired together, the full supercapaci-
tor device achieved excellent energy and power densities, where the
primary charge storage mechanism came from redox reactions with
ast kinetic processes. More recently, Lin et al. [42] manufactured

3D printed graphene aerogels with both sparsely separated exterior
ligaments to create large open channels for mass transport and densely
rranged interior ligaments to provide large ion-accessible active sur-
ace. Similar approaches have been used to produce (i) sulfur cathodes
n lithium-sulfur batteries [43], (ii) lithium anodes in lithium-lithium
ron phosphate (LFP) batteries [44], (iii) sodium anodes in sodium-
on batteries [45], and (iv) zinc anodes in zinc-ion batteries [46]. In

general, the controlled deposition of active materials on intricately
designed 3D printed hosts not only enabled high mass loading and
excellent transport kinetics but also mitigated dendrite formation by
virtue of the more uniform ion nucleation on the electrode/electrolyte
interface.

2.1.4. 3D printing of NMC materials
For the NMC group of materials akin to the NMC622 investigated in

he present study, there have been previous attempts to utilize 3D print-
ing. Martinez et al. [47] employed a vat photopolymerization precursor
procedure to synthesize NMC111 electrodes with complex shapes and
ubmicron features which maintained adequate mechanical rigidity.
ao et al. [48] used a conformal heat-drying direct ink writing process

to produce NMC811 electrodes with enhanced rate performance (144
mAh/g at 3C) and cycling stability (60% capacity recovered after 800
cycles at 1C). The rising number of experimental studies featuring
3D printed electrodes has also prompted several numerical modeling
efforts [26–28]. These studies sought to quantitatively elucidate the
reasons of performance enhancement obtained with additive manufac-
turing techniques in order to propose design rules and optimization
strategies.

2.2. Potentiometric entropy measurements

The theoretical backgrounds for potentiometric entropy measure-
ments have been described in detail in our previous studies and need
not be repeated [29–32]. In brief, potentiometric entropy measure-
ments consist of determining the open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) and
he entropic potential 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 of a battery cell at a specified
emperature 𝑇 and pressure as functions of lithium composition 𝑥. The

evolution of both 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) and 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 can offer insight into
the charge storage mechanisms of the battery cell including lithium
ion insertion in a homogeneous solid solution, two-phase coexistence,
phase transition, and intralayer lithium ion ordering [49].

In addition, the apparent diffusion coefficient 𝐷𝐿𝑖+ (𝑥, 𝑇 ) of lithium
ons in the NMC622 working electrode can be estimated from the tran-
ient behavior of the cell potential during galvanostatic intermittent
itration technique (GITT) measurements based on Fick’s second law
f diffusion such that [50],

𝐷𝐿𝑖+ (𝑥, 𝑇 ) = −
(

𝐿𝑁 𝑀 𝐶
𝜋

)2 dlog[𝑉 (𝑥, 𝑇 , 𝑡) − 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )]
d𝑡 . (1)

Here, 𝐿𝑁 𝑀 𝐶 is the thickness of the NMC622 working electrode, 𝑉 (𝑥, 𝑇 , 𝑡)
is the recorded cell potential during the relaxation period after a given
current pulse, and 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) is the equilibrium open-circuit voltage
retrieved at the end of that particular relaxation period.
 N

3 
2.3. Heat generation in batteries

Here also, our previous studies [29–32] have presented the deriva-
tions and interpretations of different heat generation mechanisms in
batteries. In summary, the instantaneous total heat generation rate
𝑄̇𝑇 (𝑥, 𝑇 ) (in W) in a battery cell can be divided into the following
contributions: (i) Joule heating 𝑄̇𝐽 (𝑥, 𝑇 ), (ii) reversible entropic heat
generation 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ), (iii) enthalpy of mixing 𝑄̇𝑚𝑖𝑥(𝑥, 𝑇 ), and (iv) heat
generation due to side reactions 𝑄̇𝑠𝑟(𝑥, 𝑇 ), i.e. [51–54],

𝑄̇𝑇 (𝑥, 𝑇 ) = 𝑄̇𝐽 (𝑥, 𝑇 ) + 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) + 𝑄̇𝑚𝑖𝑥(𝑥, 𝑇 ) + 𝑄̇𝑠𝑟(𝑥, 𝑇 ). (2)

Any given heat generation rate 𝑄̇𝑖(𝑥, 𝑇 ) is positive (or negative) when
he corresponding phenomenon is exothermic (or endothermic) and
elease (or absorb) heat. First, the Joule heating term 𝑄̇𝐽 (𝑥, 𝑇 ) arising
rom irreversible resistive losses can be expressed as [51–54],

𝑄̇𝐽 (𝑥, 𝑇 ) = 𝐼[𝑉 (𝑥, 𝑇 ) − 𝑈𝑎𝑣𝑔(𝑥, 𝑇 )] ≈ 𝐼[𝑉 (𝑥, 𝑇 ) − 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )]. (3)

Here, 𝐼 is the imposed current, 𝑉 (𝑥, 𝑇 ) is the cell potential, and
𝑈𝑎𝑣𝑔(𝑥, 𝑇 ) is equivalent to the open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) retrieved
from potentiometric entropy measurements, with the overpotential
[𝑉 (𝑥, 𝑇 ) − 𝑈𝑎𝑣𝑔(𝑥, 𝑇 )] defined as the potential drop across the cell
due to internal resistance. Furthermore, the reversible term 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 )
ssociated with entropic changes can be expressed as [51–54],

𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) = 𝐼 𝑇 𝜕 𝑈𝑎𝑣𝑔(𝑥, 𝑇 )
𝜕 𝑇 ≈ 𝐼 𝑇 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )

𝜕 𝑇 . (4)

In addition, the term attributed to enthalpy of mixing 𝑄̇𝑚𝑖𝑥(𝑥, 𝑇 ) is
ominated by the effect of ion concentration gradients (i) across the
lectrolyte due to diffusion limitations, (ii) across the electrode due to

non-uniform current distribution, (iii) within the pores of the electrode
filled with electrolyte, and (iv) among intercalated lithium ions in the
lectrode due to electrochemical reactions [51,52,55]. Finally, the term

due to side reactions 𝑄̇𝑠𝑟(𝑥, 𝑇 ) was neglected in this study since the
attery cell was pristine and operating under moderate conditions [51,

53,54,56].
The net thermal energy 𝑄𝑖 (in J) resulting from each individual

contribution and released over a charging/discharging cycle can be
expressed as [54],

𝑄𝑖 = ∮𝑐 𝑦𝑐 𝑙 𝑒
𝑄̇𝑖(𝑥, 𝑇 , 𝑡)d𝑡 with 𝑖 = 𝑇 , 𝐽 , or 𝑚𝑖𝑥. (5)

Note that the reversible heat generation rate 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 , 𝑡) averages to
zero over a cycle, i.e., 𝑄𝑟𝑒𝑣 = 0. Similarly, the net electrical energy loss
𝛥𝐸𝑒 (in J) over a charging/discharging cycle corresponds to the area
enclosed by the hysteresis of 𝑉 (𝑥, 𝑇 ) vs. the charge transferred 𝑞 such
that [57],

𝛥𝐸𝑒 = ∮𝑐 𝑦𝑐 𝑙 𝑒
𝑉 (𝑥, 𝑇 )d𝑞 = ∮𝑐 𝑦𝑐 𝑙 𝑒

𝑉 (𝑥, 𝑇 , 𝑡)𝐼(𝑡)d𝑡. (6)

Based on the first law of thermodynamics, the total thermal energy
eleased during a cycle is equal to the net electrical energy loss,

i.e. [29–32],

𝛥𝐸𝑒 = 𝑄𝑇 = 𝑄𝐽 +𝑄𝑚𝑖𝑥. (7)

3. Materials and methods

3.1. Electrode and device fabrication

In this study, 3D printed NMC622 electrodes were prepared using an
ink consisting of NMC622 powder (Targray), conductive carbon (Super
C65 Carbon Black Conductive Additive, MSE Pro), and polyvinylidene
fluoride (Solef 5140 PVDF, Solvay) with a mass ratio of 90:5:5. Here,
oth NMC622 and conductive carbon powders were ground with mor-
ar and pestle before being added to a solution of 8 wt% PVDF in

-methyl-2-pyrrolidone (NMP) solvent. The final solvent content of the
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Fig. 1. Scanning electron microscopy (SEM) images of (a, b, c) 3D printed or (d, e, f) 2D tape-casted NMC622 electrodes with the broad view, the top view, and the cross-sectional
view, respectively.
slurry was 29 wt%. The slurry was then filtered using a stainless steel
300 × 300 mesh with 0.0021-inch opening size before being printed
on an aluminum foil current collector using a Hyrel 3D printer (Engine
High Resolution). Specifically, 10 mm × 10 mm squares with zig-zag
line patterns were printed with nozzle diameter of 0.2 mm, speed of
180 mm/min, and hatch spacing of 0.4 mm, resulting in electrodes with
an active material mass loading around 5 mg/cm2.

As a reference, 2D tape-casted NMC622 electrodes were prepared
with the same procedure, except that additional NMP solvent was
added to the slurry for a final solvent content of 58 wt% to facilitate
uniform casting. Then, the slurry was casted using a tape caster with
thickness of 150 μm to obtain electrodes with an active material mass
loading also around 5 mg/cm2. Finally, both 3D printed and 2D tape-
casted NMC622 electrodes were dried in a vacuum oven at 80 ◦C
overnight. The approximately uniform thickness of the 2D tape-casted
electrodes was around 34 μm.

One set of each type of electrodes was cut using a 0.5-inch diameter
hole punch to assemble CR2032 coin cells for potentiometric entropy
4 
measurements. Here, the coin cells consisted of (i) a 3D printed or a
2D tape-casted NMC622 working electrode, (ii) lithium metal (MTI,
99.9%) as the counter electrode (250 μm thickness, 16 mm diameter),
(iii) a 25 μm thick PP-PE-PP trilayer microporous membrane (Celgard
2325) as the separator, and (iv) 1.2 M LiPF6 in EC:EMC 3:7 w/w (Soul-
brain MI) electrolyte. Note that two pieces of 500 μm thick stainless
steel spacers and one wave spring were used in the cell assembly. The
coin cells were assembled in a glove box containing Ar gas with less
than 0.5 ppm of O2 and H2O.

Another set of each type of electrodes was cut into 1 cm × 1 cm
square to be used in operando isothermal calorimetry. Here, the so-
called calorimetric cells consisted of (i) a 3D printed or a 2D tape-casted
NMC622 working electrode, (ii) a 1 cm × 1 cm polished lithium metal
(Sigma Aldrich, 99.9%) piece 750 μm in thickness serving as the counter
electrode, (iii) a 670 μm thick glass microfiber filter sheet (Whatman
GF/D) acting as the separator and thermal insulator, and (iv) 1.2 M
LiPF in EC:EMC 3:7 w/w (Soulbrain MI) electrolyte. The calorimetric
6
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Fig. 2. Cell potential 𝑉 (𝑥, 𝑇 ), open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ), and entropic potential 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 of coin cells with working electrodes made of 3D printed or 2D tape-casted
MC622 as functions of lithium composition 𝑥 during delithiation and lithiation at C-rate of C/10.
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cells were also assembled in a glove box containing Ar gas with less
than 0.5 ppm of O2 and H2O.

3.2. Potentiometric entropy measurements and operando isothermal calori
etry

Potentiometric entropy measurements and operando isothermal cal
rimetry followed the same procedures as those described in our previ-
us studies [29–32]. For potentiometric entropy measurements, a series

of constant current pulses was imposed to the coin cell corresponding
o a C-rate of C/10 at 20 ◦C. Each current pulse lasted 30 min followed
y a relaxation period of 270 min. Towards the end of each relaxation
eriod, a step-like temperature profile was applied to the coin cell from
5 ◦C to 25 ◦C in 5 ◦C increments with a thermoelectric cold plate (TE
echnology, CP-121). The corresponding coin cell potential evolution
as simultaneously recorded by a high accuracy potentiostat (BioLogic,
SP-300).

For operando isothermal calorimetry, galvanostatic cycling was im-
posed to the calorimetric cell using a high accuracy potentiostat (Bio-
Logic, SP-150). The instantaneous heat generation rates at the working
5 
electrode made of 3D printed or 2D tape-casted NMC622 and at the
ithium metal counter electrode were measured simultaneously using

1 cm × 1 cm thermoelectric heat flux sensors (greenTEG, gSKIN-XP)
n thermal contact with the back of each electrode. Note that the
alorimeter operated under isothermal conditions and the thermal mass
f the electrodes were small so that the electrode temperature was

uniform and constant over time despite heat generation.
Finally, note that the recorded cell potential 𝑉 (𝑡) under galvanos-

atic cycling at constant current ±𝐼 exhibits a so-called IR drop denoted
s 𝛥𝑉 when switching between charging and discharging or vice versa.
hen, the internal resistance 𝑅𝐺 𝐶 of the cell was calculated according
o [58–62],

𝑅𝐺 𝐶 = 𝛥𝑉
2𝐼

. (8)

4. Results and discussion

4.1. Electrode morphology

Fig. 1 shows the scanning electron microscopy (SEM) images of (a,
b, c) 3D printed or (d, e, f) 2D tape-casted NMC622 electrodes with the
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Fig. 3. Entropic potential 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 of coin cells as a function of open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) during delithiation and lithiation at C-rate of C/10 for working electrodes
ade of 3D printed or 2D tape-casted NMC622.
c
p

,

e
a
d
3

broad view, the top view, and the cross-sectional view, respectively.
Every ribbon line of the 3D printed electrodes had an average width
f 240 μm and an average height of 50 μm, while the 2D tape-casted
lectrodes had an approximately uniform thickness of 34 μm. Both types
f electrodes were laid on an aluminum foil current collector around

15 μm in thickness. Here, we assume that the material in both types
of electrodes had identical porosity and effective density. In addition,
the cross-sectional geometry of the 3D printed electrodes is modeled
as a parabola with a width of 240 μm and a height of 50 μm, while
the 2D tape-casted electrodes have a rectangular cross-section with a
height of 34 μm equal to the electrode thickness. Finally, the length
perpendicular to the cross-section is also the same between both types
of electrodes. Overall, calculated according to these geometries, the
3D printed electrodes had nearly 15% larger exterior surface area
exposed to the electrolyte per unit volume of the bulk electrode than
the 2D tape-casted electrodes. It was also observed that the NMC622
particles in the 3D printed electrodes were more concentrated in the
outer than in the inner region of the ribbon lines, as established from
the varying textures in Fig. 1(c). By contrast, for the 2D tape-casted
lectrodes shown in Fig. 1(f), the NMC622 particles were more homo-

geneously distributed. As a result, the 3D printed electrodes featured
6 
reduced diffusion length required to reach the NMC622 particles, which
ould improve the utilization rate of the NMC622 active materials,
articularly under faster cycling conditions.

4.2. Potentiometric entropy measurements

Fig. 2 plots the cell potential 𝑉 (𝑥, 𝑇 ), open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )
and entropic potential 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 of the coin cells with working
lectrodes made of (a, c) 3D printed or (b, d) 2D tape-casted NMC622
s functions of lithium composition 𝑥 during (a, b) delithiation and (c,
) lithiation at C-rate of C/10. Here, the NMC622 mass loading of the
D printed and 2D tape-casted NMC622 electrodes was 4.7 and 5.4

mg/cm2, respectively. First, within the same potential window from
2.5 to 4.2 V vs. Li/Li+, the range of lithium composition 𝑥 was almost
identical between the two cells, i.e., 0 < 𝑥 < 0.6. This corresponds to a
specific capacity of 166 mAh/g consistent with that reported in other
studies [33,34].

Furthermore, the similar evolutions of 𝑈𝑂 𝐶 𝑉 (𝑥,
𝑇 ) and 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 for both cells indicate the same charge storage
mechanisms during both delithiation and lithiation. In Region I (0
< 𝑥 < 0.2), 𝑈 (𝑥, 𝑇 ) increased monotonously and 𝜕 𝑈 (𝑥, 𝑇 )∕𝜕 𝑇
𝑂 𝐶 𝑉 𝑂 𝐶 𝑉
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mostly decreased corresponding to lithium deintercalation in a homo-
geneous solid solution [49]. A similar behavior was observed in Region
III (0.4 < 𝑥 < 0.6), where the increasing 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) and the decreasing
 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 were again associated with lithium ion deinsertion in
 homogeneous solid solution [49]. Finally, in the intermediate Region

II (0.2 < 𝑥 < 0.4), 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) increased with a reduced slope while
𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 increased rapidly. Interestingly, Region II coincided
with the so-called transition from a hexagonal (H1) phase (Region I)
to another hexagonal (H2) phase (Region III) through a monoclinic
(M) phase, as described in Ref. [34]. In contrast to a typical transfor-

ation between two fundamentally distinct phases, here the transition
nly caused a minor increase in the 𝑐 lattice parameter of NMC622

during delithiation. This resulted in a slight gliding between adjunct
ransition metal-oxygen layers and a slight repulsion of neighboring

oxygen layers [34]. Nevertheless, this structural distortion likely shifted
he configurational entropy which in turn resulted in an increase in
 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 [49].

Fig. 3 plots the entropic potential 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 of the coin cells
as a function of open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) during (a) delithiation
and (b) lithiation at C-rate of C/10 for working electrodes made of
c) 3D printed or (d) 2D tape-casted NMC622. This so-called entropic
otential profile, first proposed by Hudak et al. [63], enables a direct
omparison between the thermodynamics behavior of different cells.

In fact, this profile eliminates interferences from factors such as spe-
cific capacity differences, lithiation/delithiation hysteresis, and specific
capacity loss from trapped lithium ions and/or increasing kinetic bar-
riers over cycles. Here, Figs. 3(a) and 3(b) indicate that the entropic
potential profiles of both cells overlapped with negligible discrepancy
during both delithiation and lithiation. In addition, Figs. 3(c) and 3(d)
establish that the entropic potential profiles of both types of NMC622
electrodes were highly reversible between delithiation and lithiation.
Only minor hysteresis existed at potentials above 3.8 V previously
identified as Region III and associated with lithium deintercalation
within the H2 phase.

The GITT procedure as part of potentiometric entropy measure-
ments can also inform transport phenomena within the cells. First, it
is evident from Fig. 2 that both cells exhibited very small overpotential
[𝑉 (𝑥, 𝑇 ) − 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )] and very small hysteresis in 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ). Fig. 4
plots the apparent diffusion coefficient 𝐷𝐿𝑖+ (𝑥, 𝑇 ) of lithium ions in
the working electrodes made of 3D printed or 2D tape-casted NMC622
during (a) delithiation and (b) lithiation calculated according to Eq. (1).
It indicates that the rate of lithium ion transport in both samples was
relatively consistent throughout the entire range of lithium composi-
tion 𝑥. Overall, the 3D printed NMC622 electrodes showed slightly
less overpotential and slightly enhanced apparent diffusion coefficient
compared to the 2D tape-casted NMC622 electrodes. In order to observe
the effects of the larger electrical conductivity and/or faster lithium ion
transport in 3D printed vs. 2D tape-casted NMC622 electrodes [64], the
cells should to be tested under faster cycling conditions using operando
sothermal calorimetry measurements.

4.3. Operando isothermal calorimetry

4.3.1. Cell potential
Figure S1 in Supplementary Materials plots the temporal evolution

f the potential 𝑉 (𝑡) of the calorimetric cells with working electrodes
made of (a) 3D printed or (b) 2D tape-casted NMC622 and lithium
metal counter electrodes were subjected to galvanostatic cycling within
the potential window from 1.7 to 5.0 V vs. Li/Li+ at C-rates of 1C
(around 0.8 mA/cm2), 2C, and 3C. Although NMC622 is indeed a
material with good rate performance compared to other cathode ma-
erials, an NMC622/lithium cell still typically shows visible capacity

fade for C-rates exceeding 1C [65]. Therefore, the calorimetric cells
ere not tested at C-rates higher than 3C, as the specific capacity at
igher C-rates would be too small to be relevant in practice. Note
hat this potential window was wider than that imposed in other
 𝐶

7 
Fig. 4. Apparent diffusion coefficient 𝐷𝐿𝑖+ (𝑥, 𝑇 ) [Eq. (1)] of lithium ions in the working
electrodes made of 3D printed or 2D tape-casted NMC622 during (a) delithiation and
(b) lithiation.

measurements to account for the increased amount of overpotential
observed in the calorimeter due to the thicker separator. Here, the
NMC622 mass loading of the 3D printed and 2D tape-casted NMC622
electrodes was 4.3 and 5.0 mg/cm2, respectively. Each colored region
in Figure S1 corresponded to the five consecutive galvanostatic cycles
t each of the C-rates considered. It shows that the potential 𝑉 (𝑡) of both
ells was nonlinear, asymmetric between charging and discharging, and
epeatable at any given C-rate except for the first formation cycle. The
uration of charging or discharging half-cycles were denoted respec-
ively by 𝑡𝑐 or 𝑡𝑑 [Figure S1(c)]. Higher C-rates led not only to faster
harging and discharging rates but also to smaller specific capacity.
oreover, the cycle period 𝑡𝑐 𝑑 = 𝑡𝑐 + 𝑡𝑑 and thus the specific capacity

f the cell with the 3D printed NMC622 electrode was longer than
hat with the 2D tape-casted NMC622 electrode and did not decrease
s much with increasing C-rate. Figure S1(d) compares the specific
apacity of charging or discharging half-cycles, denoted respectively by

𝑚,𝑐 or 𝐶𝑚,𝑑 , for the two cells at various C-rates. It reveals the superior
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Fig. 5. Instantaneous heat generation rates (a, b) 𝑄̇𝑁 𝑀 𝐶 (𝑡) measured at the working electrodes made of 3D printed or 2D tape-casted NMC622 with similar mass loading and (c,
) 𝑄̇𝐿𝑖(𝑡) measured at the respective lithium metal counter electrodes as functions of dimensionless time 𝑡∕𝑡𝑐 𝑑 averaged over the last three consecutive cycles at C-rates of 1C, 2C,
nd 3C.
d
e

t

t

rate performance of the 3D printed NMC622 electrode. Note that the
absolute values of capacity shown in Figure S1(d) is relatively small
since the thicker separator serving as thermal insulation between the
electrodes in the calorimetric measurements increased the total cell
resistance and reduced the specific capacity compared to most other
cell configurations.

4.3.2. Instantaneous heat generation rates
Fig. 5 plots the instantaneous heat generation rates (a, b) 𝑄̇𝑁 𝑀 𝐶 (𝑡)

measured at the working electrodes made of 3D printed or 2D tape-
casted NMC622 and (c, d) 𝑄̇𝐿𝑖(𝑡) measured at the respective lithium
metal counter electrodes as functions of dimensionless time 𝑡∕𝑡𝑐 𝑑 av-
eraged over the last three consecutive cycles at C-rates of 1C, 2C, and
3C. Note that the measurements of 𝑄̇𝑁 𝑀 𝐶 (𝑡) and 𝑄̇𝐿𝑖(𝑡) were repeatable
cycle after cycle. First, the magnitudes of 𝑄̇𝑁 𝑀 𝐶 (𝑡) and 𝑄̇𝐿𝑖(𝑡) in both
cells followed similar temporal behavior and increased with increasing
C-rate. More importantly, Figs. 5(a) and 5(b) indicate that, at any given
C-rate, 𝑄̇𝑁 𝑀 𝐶 (𝑡) was larger by nearly a factor of 2 at the working
electrode made of 2D tape-casted NMC622 than at that made of 3D
rinted NMC622 with similar mass loading. Furthermore, 𝑄̇ (𝑡)
𝑁 𝑀 𝐶 e

8 
in both cells not only decreased at the start of delithiation but also
increased towards the end of lithiation. This could be attributed to
the increasing electrical resistivity of NMC622 with lithiation [33,34],
resulting in increasing Joule heating.

Figs. 5(c) and 5(d) establish that the heat generation rate 𝑄̇𝐿𝑖(𝑡) of
the lithium metal counter electrode was nearly the same in either cell
at any given C-rate. In addition, 𝑄̇𝐿𝑖(𝑡) remained relatively constant
uring delithiation of NMC622. This could be attributed to the constant
lectrical resistivity of lithium metal [29,31,32] and the continuous

process involving endothermic desolvation of lithium ions prior to the
exothermic plating of the lithium metal counter electrode. By contrast,
𝑄̇𝐿𝑖(𝑡) increased towards the end of lithiation of NMC622. This was
possibly due to the onset of exothermic ion pairing [29,31,32] in addi-
ion to the endothermic lithium ion stripping followed by exothermic

lithium ion solvation at the lithium metal counter electrode. The transi-
tion between the endothermic desolvation and the exothermic solvation
events explained the upturn in 𝑄̇𝐿𝑖(𝑡) when switching from delithiation
o lithiation of NMC622, and vice versa. Similar phenomena were also

observed in our previous studies with PNb9O25 [31], Ti2Nb2O9 [29],
or (W0.2V0.8)3O7 [32] working electrodes and lithium metal counter
lectrodes.
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Fig. 6. Measured total heat generation rate 𝑄̇𝑇 (𝑥, 𝑇 ), along with heat generation rates 𝑄̇𝐽 (𝑥, 𝑇 ) and 𝑄̇𝐽 (𝑥, 𝑇 ) + 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) calculated according to Eqs. (3) and (4), as well as
measured cell potential 𝑉 (𝑥, 𝑇 ) and open-circuit voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) as functions of lithium composition 𝑥 during delithiation and lithiation at C-rate of 1C in calorimetric cells

ith working electrodes made of 3D printed or 2D tape-casted NMC622 and lithium metal counter electrodes.
h

d
r

4.3.3. Total heat generation rate of the cell
Fig. 6 plots the measured total heat generation rate 𝑄̇𝑇 (𝑥, 𝑇 ) in the

calorimetric cells with working electrodes made of (a, b) 3D printed or
c, d) 2D tape-casted NMC622 and lithium metal counter electrodes as

a function of lithium composition 𝑥 during delithiation and lithiation at
C-rate of 1C. Here, the measured cell potential 𝑉 (𝑥, 𝑇 ) and open-circuit
voltage 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) were also plotted. Figure S2 in Supplementary Ma-
terials shows that the overpotential [𝑉 (𝑥, 𝑇 ) − 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )] was smaller
in the cell with 3D printed NMC622 than that with 2D tape-casted
NMC622. This demonstrates that, under such faster cycling conditions,
the cell with 3D printed NMC622 achieved smaller internal resistance,
which can be associated with smaller electrode/electrolyte interfacial
resistance due to faster interfacial kinetics, as well as smaller mass
transfer resistance due to faster lithium ion transport. Fig. 6 also shows
the heat generation rates 𝑄̇𝐽 (𝑥, 𝑇 ) and 𝑄̇𝐽 (𝑥, 𝑇 ) + 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) predicted
ccording to Eqs. (3) and (4). Note that the values of 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )

and 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇 previously determined by potentiometric entropy
measurements (Fig. 2) were used as the values of 𝑈𝑎𝑣𝑔(𝑥, 𝑇 ) and
 𝑄

9 
𝜕 𝑈𝑎𝑣𝑔(𝑥, 𝑇 )∕𝜕 𝑇 in these equations. Here, the measured total heat gen-
eration rate 𝑄̇𝑇 (𝑥, 𝑇 ) agreed relatively well with the calculated heat
generation rate 𝑄̇𝐽 (𝑥, 𝑇 ) + 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ). The contribution from Joule
eating 𝑄̇𝐽 (𝑥, 𝑇 ) was generally larger in the cell with 2D tape-casted

NMC622 than that with 3D printed NMC622. In addition, in both
cells 𝑄̇𝐽 (𝑥, 𝑇 ) surged towards the end of lithiation due to the growing
ifference between 𝑉 (𝑥, 𝑇 ) and 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 ) (Fig. 2). Moreover, the
eversible entropic heat generation 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) was endothermic during

delithiation and exothermic during lithiation, since 𝜕 𝑈𝑂 𝐶 𝑉 (𝑥, 𝑇 )∕𝜕 𝑇
always carried a negative value. Nevertheless, 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) was found to
be negligible compared to 𝑄̇𝐽 (𝑥, 𝑇 ) which dominated heat generation.
The difference between 𝑄̇𝑇 (𝑥, 𝑇 ) and 𝑄̇𝐽 (𝑥, 𝑇 ) + 𝑄̇𝑟𝑒𝑣(𝑥, 𝑇 ) originated
from the irreversible exothermic enthalpy of mixing 𝑄̇𝑚𝑖𝑥(𝑥, 𝑇 ) due to
ion concentration gradients.

4.3.4. Time-averaged heat generation rates
Fig. 7(a) plots the time-averaged irreversible heat generation rates

̄̇ and ̄̇𝑄 as functions of current 𝐼 for calorimetric cells with
𝑖𝑟𝑟,𝑁 𝑀 𝐶 𝑖𝑟𝑟,𝐿𝑖



Y. Zhou et al.

F
r
𝑄
𝐼
n
f

c

l

=

c
w
t
c
N
B
o

[

a

w

a
p
c
b

p
p
r
s

Journal of Power Sources 629 (2025) 235861 
working electrodes made of 3D printed or 2D tape-casted NMC622.
irst, ̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶 and ̄̇𝑄𝑖𝑟𝑟,𝐿𝑖 in both cells increased with increasing cur-
ent 𝐼 . Specifically, least squares fitting revealed that both ̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶 and
̄̇
𝑖𝑟𝑟,𝐿𝑖 increased quadratically with respect to current 𝐼 , i.e., ̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶 ∝
2 and ̄̇𝑄𝑖𝑟𝑟,𝐿𝑖 ∝ 𝐼2. This suggests that in both cells Joule heating domi-
ated the irreversible heat generation at both electrodes. Furthermore,
or any given current 𝐼 , ̄̇𝑄𝑖𝑟𝑟,𝐿𝑖 was similar in both cells as observed in

Figs. 5(c) and 5(d). Indeed, each lithium metal counter electrode was
ut from the same piece into the same size and therefore should have

approximately the same resistance. By contrast, for any given current
𝐼 , ̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶 was larger at the working electrode made of 2D tape-casted
NMC622 than at that made of 3D printed NMC622 with similar mass
oading. This could be due to the fact that the electrical resistivity

was larger and the lithium ion transport was slower in 2D tape-casted
NMC622 than in 3D printed NMC622.

In fact, Fig. 7(b) plots the half-cell resistances estimated as 𝑅𝑎𝑣𝑒,𝑁 𝑀 𝐶
̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶∕𝐼2 and 𝑅𝑎𝑣𝑒,𝐿𝑖 = ̄̇𝑄𝑖𝑟𝑟,𝐿𝑖∕𝐼2 at constant C-rate. While the

resistance 𝑅𝑎𝑣𝑒,𝐿𝑖 of the lithium metal counter electrode was nearly
the same between the two cells, the resistance 𝑅𝑎𝑣𝑒,𝑁 𝑀 𝐶 was larger for
the half-cell with 2D tape-casted than that with 3D printed NMC622
working electrode. In addition, Fig. 7(c) plots the cell resistance 𝑅𝐺 𝐶
alculated from the IR drop [Eq. (8)] in the calorimetric cells with
orking electrodes made of 3D printed or 2D tape-casted NMC622 at

he end of the lithiation or delithiation steps during cycling at constant
urrent 𝐼 . Here also, the resistance 𝑅𝐺 𝐶 of the cell with 2D tape-casted
MC622 was systematically larger than that with 3D printed NMC622.
oth sets of independently obtained results were consistent, as the sum
f half-cell resistances 𝑅𝑎𝑣𝑒,𝑁 𝑀 𝐶 and 𝑅𝑎𝑣𝑒,𝐿𝑖 [Fig. 7(b)] was within the

range of cell resistances 𝑅𝐺 𝐶 ,𝑙 and 𝑅𝐺 𝐶 ,𝑑 in lithiated or delithiated state
Fig. 7(c)].

4.3.5. Energy balance
Fig. 8 plots the specific net electrical energy loss 𝛥𝐸𝑒∕𝐶𝑚 [Eq. (6)]

nd the specific total thermal energy dissipated 𝑄𝑇 ∕𝐶𝑚 [Eq. (5)] per
unit charge stored, as well as the predicted contributions from Joule
heating 𝑄𝐽∕𝐶𝑚 and enthalpy of mixing 𝑄𝑚𝑖𝑥∕𝐶𝑚, averaged over the
last three consecutive charging/discharging cycles for calorimetric cells
with working electrodes made of (a) 3D printed or (b) 2D tape-casted
NMC622 and lithium metal counter electrodes. Note that each term

as divided by the specific capacity 𝐶𝑚 of the cell to correct for any
difference in mass loading. Here, for both cells at any given current
𝐼 , the specific total dissipated thermal energy 𝑄𝑇 ∕𝐶𝑚 measured by
operando isothermal calorimetry fell within experimental uncertainty
of the specific net electrical energy loss 𝛥𝐸𝑒∕𝐶𝑚 measured by the
potentiostat. In other words, the net electrical energy loss was entirely
dissipated in the form of heat. These results confirm the accuracy
of our measurements. As expected, the contributions of each energy
dissipation mechanism increased with increasing C-rate in both cells.
However, the cell with the 3D printed NMC622 electrode displayed
33% less thermal energy dissipation per unit charge stored than that
with the 2D tape-casted NMC622 electrode. These results demonstrate
that the novel 3D printing technology produced NMC622 electrodes
with improved ionic transport and enhanced electronic transport re-
sulting in superior specific capacity and significantly reduced heat
generation. These features make 3D printed electrodes particularly
attractive for fast charging applications, requiring less stringent thermal
management to prevent thermal runaway, thus enhancing safety during
operation.

5. Conclusion

This study compares the thermodynamics behavior, ion transport,
nd energy dissipation in NMC622 electrodes made by a novel 3D
rinting technology with those made by the conventional 2D tape
asting procedure. Potentiometric entropy measurements indicated that
oth types of electrodes had similar thermodynamics behavior. They
 e
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Fig. 7. (a) Time-averaged irreversible heat generation rates ̄̇𝑄𝑖𝑟𝑟,𝑁 𝑀 𝐶 and ̄̇𝑄𝑖𝑟𝑟,𝐿𝑖 as
functions of current 𝐼 . (b) Half-cell resistances 𝑅𝑎𝑣𝑒,𝑁 𝑀 𝐶 and 𝑅𝑎𝑣𝑒,𝐿𝑖 and (c) cell
resistances 𝑅𝐺 𝐶 ,𝑙 and 𝑅𝐺 𝐶 ,𝑑 in lithiated or delithiated state [Eq. (8)] for calorimetric
cells with working electrodes made of 3D printed or 2D tape-casted NMC622 under
constant current cycling.

both underwent lithium deintercalation in a homogeneous solid so-
lution of NMC622 followed by a transition from a hexagonal (H1)
hase to another hexagonal (H2) phase through a monoclinic (M)
hase, as identified in other studies. Operando isothermal calorimetry
evealed that, at high C-rates, the 3D printed electrodes exhibited larger
pecific capacity and better rate performance than the 2D tape-casted
lectrodes. This could be attributed to the larger electrode/electrolyte
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Fig. 8. Specific net electrical energy loss 𝛥𝐸𝑒∕𝐶𝑚 [Eq. (6)] and specific total thermal
nergy dissipated 𝑄𝑇 ∕𝐶𝑚 [Eq. (5)] per unit charge stored, as well as predicted
ontributions from Joule heating 𝑄𝐽 ∕𝐶𝑚 and enthalpy of mixing 𝑄𝑚𝑖𝑥∕𝐶𝑚, averaged
ver the last three consecutive charging/discharging cycles for calorimetric cells with
orking electrodes made of (a) 3D printed or (b) 2D tape-casted NMC622 and lithium
etal counter electrodes.

interfacial surface area and electrical conductivity, and to the faster
lithium ion transport in the 3D printed electrodes. These attributes also
contributed to the smaller instantaneous heat generation rates and the
reduced overall specific electrical energy and thermal energy dissipa-
tion per unit charge stored at the 3D printed electrodes than at the
D tape-casted electrodes when tested under the same conditions. The
uperior electrochemical performance and the reduced heat generation
f 3D printed NMC622 electrodes highlights the prospects of employing
dditive manufacturing techniques to create electrodes for fast charging
atteries.
11 
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