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

• Identify the ionic and electronic trans-
port in additively fabricated 3D 
electrodes. 

• Macro/micro mechanical responses of 
3D electrodes during charging/ 
discharging. 

• Correlate battery performance with 
shapes, thicknesses, packing density, 
porosities. 

• Optimize the length scale of members 
forming electrode structures. 

• 3D electrode designs and manufacturing 
routes for superior battery performance.  
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A B S T R A C T   

Optimized three-dimensional (3D) electrode architectures hold the promise of improving battery performance, a 
goal that cannot be obtained via conventional laminated structures. This paper reports on the mechanisms by 
which 3D electrodes enhance battery performance. The diffusion/migration of electrons/ions inside the battery 
was comprehensively analyzed via a 3D electrochemical model and subsequently validated by experiments on 3D 
micro-lattice electrodes made by Aerosol Jet printing. Lithium concentration and potential distribution were 
mapped to correlate battery performance with different shapes, thicknesses, packing density, and porosities. The 
study revealed that the main factors determining battery performance are ion diffusion in the electrolyte and 
electron transport in the 3D electrode skeleton. Further, the emergence of a competition between available 
volume for intercalation and an easier electronic/ionic path was shown, which determined their areal/specific 
capacities. In order to fully reap the benefits offered by 3D structures for both energy and power performance, 
the length scale of members forming electrode structures needs to be optimized at a scale of the order of the 
intercalation diffusion length, which is tens of micrometers. This study reveals highly useful guidelines for 
optimized 3D electrode designs and the possible manufacturing routes to realize them in order to achieve su-
perior battery performance.   
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1. Introduction 

Lithium ion batteries are one of the most important energy storage 
systems for portable devices, transportation, and renewable grids. To 
meet the increasing requirements by these applications, batteries with a 
higher energy and power density are urgently needed. Battery perfor-
mance can be improved either by using higher capacity electrode ma-
terials or by improving the transport of the species during battery 
operations. Although significant progress has been made in these areas, 
most of the materials used in today’s commercial Li-ion batteries are 
similar to those discovered about 20–30 years ago [1,2]. A different 
route to increase battery capacity and power is to create well-defined, 
three-dimensional (3D) porosity within the electrodes [3–6]. For 
example, conventional laminated composite electrodes fabricated via a 
tape casting process show a trade-off between energy density and power 
density. To improve the energy density, more active material needs to be 
loaded by increasing the electrode thickness and packing density. This, 
however, limits the transport of ions and electrons, leading to poor 
power performance and inefficient utilization of the electrode materials. 
A 3D lattice electrode structure, on the other hand, allows an increase in 
surface-to-volume ratio, enabling the electrolyte to penetrate through 
the electrode volume. The free surface also reduces lithiation stress, 
enabling the use of high-capacity materials that undergo large volu-
metric changes during the battery’s electrochemical cycles. Lastly, 
3D-structured electrodes enable large specific surface area and short ion 
diffusion lengths which in turn enhance the energy density without 
much sacrifice of power density. 

The manufacture of 3D-structured electrodes at microscales has been 
challenging because of the fact that most microfabrication methods have 
been largely planar. Recent advances in 3D printing (i.e., additive 
manufacturing), however, have opened new pathways to realize 
geometrically optimized electrode architectures. The first 3D micro- 
battery was fabricated in an interdigitated structure with Li4Ti5O12 
(LTO) and LiFePO4 (LFP) by an extrusion-based direct ink writing 
technique. The micro-battery showed a high areal energy density of 9.7 
J/cm2 with a power density of 2.7 mW/cm2 [7]. Subsequently, electrode 
performance was enhanced by interdigitated structures of graphene 
oxide-based LiFePO4 and Li4Ti5O12 [8], LiMn0⋅21Fe0⋅79PO4 [3], LiMnO4 
[9], reduced chemically-modified graphene (rCMG) [10], and 
CNF-based LFP/Li [11]. In addition, multilayered thick electrodes of 
different patterns, such as the grid [12] and Z patterns [13,14], were 
developed. However, the use of interdigitated structures is limited in the 
further improvement of porosity and pore volume because of their 
simple geometry, which plays an important role in the electron transport 
and mechanical stress relief [15]. Other methods to create 3D-archi-
tected electrodes include self-assembled nanolattices of an electrolyti-
cally active material sandwiched between rapid ion and electron 
transport pathways that exhibit high charge-discharge rates [16,17]. 
Si-electrodes with porosities at a length scale of >20 μm were shown to 
relieve strain and prevent pulverization of the anodes during electro-
chemical cycling [18]. Lastly, hollow gold tube electrodes, fabricated 
with periodic pores with sizes in the hundreds of nanometers using 
two-photon lithography followed by atomic layer deposition, were used 
in Li-ion batteries for fundamental electrochemical studies [19,20]. 

Recently, complex 3D micro-lattice electrodes with a hierarchical 
porosity over several orders of magnitude in length scale were reported 
to be achieved by Aerosol Jet (AJ) 3D printing [21]. AJ is an innovative, 
noncontact printing process that deposits aerosolized microdroplets of 
nanoparticles dispersed in a solvent onto a substrate to create 3D 
structures such as lattices [22]. Compared with traditional extrusion and 
inkjet printing, the AJ method facilitates the use of a large viscosity 
range for inks (up to 1000 cP) and a stand-off height of up to 5 mm 
between the substrate and nozzle, which enables printing on complex 3D 
substrates [23,24]. The length scale of the truss members of the lattice 
structure is about 10 μm [21], a scale comparable to the characteristic 
diffusion length of Li ions in several host materials for reasonable 

charge-discharge times. Further, the sintering process creates an internal 
porosity within the truss members, which is of the order of a micron or 
less, thus forming a hierarchical porous structure [21]. 

For energy storage devices, a hierarchical electrode porosity in three 
dimensions provides several advantages [25–28]. For example, the 
electrochemical performance of the electrode material would be influ-
enced not only by submicron scale porosity via parameters such as pore 
size, pore distribution, and pore morphology, but also by macroscale 
porosity that forms the electrode structure. During the AJ 3D printing 
process, the submicron scale porosity can be adjusted by sintering pa-
rameters and the macroscale electrode structure is determined by the 
initial design/printing program [22]. Theoretically, pores can facilitate 
the species transport from the electrolyte to the electrode surface. 
However, too small pores would impede species movement. On the 
other hand, volumetric energy density is reduced by the existence of 
large pores [29]. The macro-porous Sn–Cu alloy electrode has an 
average pore size of 180 nm, and it delivered a reversible capacity of 350 
mAh/g in the 70th cycle, improving on the 270 mAh/g attributed to an 
average pore size of 500 nm [30]. In 3D-ordered macro-porous Li4Ti5O12 
electrodes, a porous internal wall structures exhibited better rate capa-
bility and extremely high capacities [31]. In mesoporous anatase TiO2, 
the specific capacities of electrodes increased as the pore size of the 
surfactants used in the preparation increased from 5.7 nm to 7.0 nm 
[32]. The interconnectivity between pores is also critical for electrode 
performance because it affects the electrolyte distribution. For example, 
in mesoporous anatase TiO2 a uniform pore size distribution was re-
ported to be beneficial because it allowed an optimal open volume for 
best mass transport without wasted space [28]. In a study of 3D vana-
dium pentoxide aerogel, the tortuosity of the material was reduced by a 
hierarchically-ordered, inverted opal structure, leading to less polari-
zation and a high capacity at high C-rate compared with bulk aerogels 
[33]. In addition, pore structure was shown to correlate with both sur-
face area and pore wall thickness of the electrode material [34,35]. 
Large specific surface area can effectively reduce the current density per 
unit surface area, alleviating the polarization at the interface and 
facilitating ion transfer [36]. Further, pore wall thickness determines the 
length of lithium ion diffusion during the intercalation and dein-
tercalation process, impacting the capacity and rate capability of the 
material [37,38]. It is notable that few studies have reported an exper-
imental realization of electrodes with feature sizes of the order of 10s of 
micrometers [21,39,40]. Our previous work on Aerosol Jet printed 
electrodes [21] showed a significant improvement in areal capacity for 
X-structure compared to block structures of Ag electrodes (100% in-
crease with electrode thickness increasing from 200 μm to 450 μm). A 
near-complete utilization of the electrode volume for micro-lattice 
scaffolds was also observed. Extrusion-based additive manufacturing 
[39] was used to fabricate 3D electrodes with feature sizes of tens of 
micrometers that exhibited improved electrochemical performance. 
Chemical etching was used to fabricate ‘sponge-like’ Si structures with 
feature sizes in tens of micrometers that showed a significant improve-
ment in battery capacity with minimal capacity fade [40]. 

Although it has been shown that 3D-structured electrodes can 
improve battery performance, the extra freedom related to geometrical 
construction and its complex influence on electrochemical properties 
necessitates better understanding of the mechanisms of performance 
enhancement to allow the identification of optimized 3D electrode 
structures. Because it is too costly to use experimental trial and error 
methods, numerical modeling, validated by experiments for a few ge-
ometries, provides an effective way to predict the electrochemical 
properties of different sets of parameters while reducing time and cost. 
Over the past decades, several studies have been performed to include 
the features of electrode structure in battery performance simulations. 
For example, tortuosity was regarded as a key parameter to represent the 
impact of geometry on battery properties [41]. It was implemented as a 
correction factor for effective material properties such as mass transport, 
liquid phase diffusivity, and conductivity. Tomography was utilized as a 
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way to input the microstructural information of the electrodes [15,42]. 
The microstructure of electrodes can be meshed according to X-ray 
nano-CT images or SEM images [42] by using the finite volume method, 
thus allowing for the investigation of the spatial distribution of elec-
trochemical properties in the model. Some works also implemented a 3D 
finite element scheme based on assumptions on particle size selection, 
arrangement, and material properties [43,44]. In these works, micro-
structure was created by assembling particles in random or pre-set ar-
rays in a unit cell with periodic boundary conditions. However, all the 
models mentioned above consider microstructural information only at 
the micro-scale while assuming a homogenous structure at the 
macro-scale. To take into account the effect of both micro- and 
macro-scale pores in 3D electrode architectures, a model that is able to 
separately consider structural information at different scales needs to be 
developed. 

Mechanical deformation and failure of the electrodes are important 
factors affecting battery electrochemical performance. The intercalation 
and de-intercalation of Li ions can cause an expansion and contraction of 
electrode volume, leading to micro and/or macro-scale stress generation 
in the electrode [45,46]. This chemically induced stress is even more 
important for electrodes with 3D complex shapes, and can affect their 
mechanical stability during the charge-discharge cycles [21]. In addi-
tion, possible structural defects in such electrodes can amplify the 
stresses, adversely affecting their cyclic life and capacity [45,47]. This 
effect can be studied by introducing an electromechanical-mechanical 
coupling term in the battery models. In few past studies, the impact of 
stress generation, particle deformation, crack propagation, and diffusion 
have been investigated in a single particle [48–52]. Several researchers 
also report macro-scale models that account for geometrical changes 
such as thickness increase and thermal swelling [53–56]. None of these 
studies [48–56], however, considered complex 3D electrode architec-
tures in their models. 

In this paper, we analyze the effect of macro- and microscale struc-
tural features of 3D lattice-shaped electrodes on battery performance 
using a 3D electrochemical-mechanical model. In this model, the micro- 
scale structures are implemented based on a porous electrode theory, 
while the macro-scale structures are modeled by a 3D finite element 
scheme. The model is validated by experimental observation based on 
AJ printed 3D micro-lattice electrode Li-ion battery cells. The impact of 
two-level structural porosity on the electrochemical properties of the 
battery is analyzed by including different volume fractions of the solid 
phase at the micro-scale and different electrode geometries and their 
electrode thicknesses at the macro-scale. This extensive study on the 
relationship between micro/macro electrode geometry and battery 
performance provides the scientific basis to facilitate high-capacity 
electrode designs that can be realized by additive manufacturing. 

2. Experimental setup 

A 40 ± 2 wt % Ag nanoparticle ink with a particle size of 30–50 nm 
and a viscosity of 1.5 cP (Perfect-TPS 50 G2, Clariant Group, Frankfurt, 
Germany) was adopted for printing. The ink was loaded into a com-
mercial AJ printer (AJ-300, Optomec, Inc. Albuquerque, NM) to be 
deposited in a 3D geometry on a chromium-coated stainless steel 
connector disk of 11 mm diameter and 500 μm thickness under ambient 
conditions. The geometry of the electrode was drawn in AutoCAD by the 
software AutoLISP (AutoCAD 2015, Autodesk Inc. San Rafael, CA) and 
imported into the printer controller to guide the printing process. Sub-
sequently, the printed pattern was sintered at 350 ◦C for 2 h in a pro-
grammable oven (Neytech Vulcan furnace, Model 3–550, Degussa-Ney 
Dental Inc. Bloomfield, CT). The detailed preparation process of the 3D 
electrodes was presented in our previous paper [21]. 

A CR2032 coin cell (Wellcos Corp) was used to assemble a battery in 
an argon-filled glove box (Mbraun). A printed silver lattice was used as 
the working electrode (theoretical specific capacity 290 mAh/g). The 
counter electrode, separator, and electrolyte were Li foil (Sigma 

Aldrich), commercial PP/PE/PP membrane (Celgard), and 1 M LiFP6 EC: 
DMC 1:1 v/v (Sigma-Aldrich), respectively. The charge/discharge pro-
cess was conducted from 0.02 to 2.8 V using a battery test station 
(IVIUMnSTAT, Ivium Tech). 

3. Electrochemical model 

A 3D full-order electrochemical model was developed and imple-
mented to evaluate the performance of the 3D lattice electrodes. The 
model is based on the porous electrode theory [57], where an electrode 
sketch is incorporated in the geometry and meshed by the finite element 
method. The Li ion concentration in the solid phase was evaluated via a 
fourth-order approximate analytic solution of the solid-phase diffusion 
equation [58]. Pore structure and then 3D geometry of the electrode that 
form the two-level porosity were treated as being at different scales: the 
pore structure was regarded as a homogenized system superimposed by 
electrode and electrolyte and the 3D geometry was simulated as if it 
were composed of individual solid and liquid phases [44]. To incorpo-
rate the 3D geometry of the electrode into the model, a half-cell model 
was developed as shown in Fig. 1. The mass conservation and charge 
conservation equations were evaluated in a 3D electrode according to 
the porous electrode theory, shown in Fig. 1b. The equations used in the 
3D model are summarized in Table 1. COMSOL 5.4 was used to imple-
ment all governing equations above into finite element simulation to 
determine the electrochemical behavior within the 3D electrodes sche-
matized in Fig. 1b. The material parameters used in the simulation are 
listed in Table 2. 

4. Results and discussion 

4.1. Model validation using experimental results 

4.1.1. Voltage profile 
Schematics of the 3D electrodes’ lattice structure used for model 

validation along with a unit cell are shown in Fig. 1c. Two electrode 
structures fabricated by AJ printing – an open octahedral structure 
(called ‘X-structure’ in this paper) and a solid block-structure – are 
shown in Fig. 1d. In the X-structure, the diameter of the electrode truss 
members of the micro-lattice was about 35 μm, which is on the same 
order of magnitude as the characteristic diffusion length (

̅̅̅̅̅
Dt

√
) for full 

lithiation at 0.5 C. The pore size in the printed micro-lattice structure 
was about 100 μm × 100 μm, which is sufficient for the electrolyte 
(viscosity <10 cP) to undergo capillary absorption [59]. The truss 
members of the electrode had an internal porosity ranging between 500 
nm–1 μm, also described in our previous work [21]. The block electrode 
and the X-structured electrode exhibited similar thicknesses of approx. 
450 μm. 

Fig. 1e shows a comparison between the measured discharge profiles 
of the two types of electrodes and the model prediction, respectively. 
The model predictions for both X-structure and block-electrode geom-
etry show good agreement with the experimental data, which indicates 
that the modeling approach developed in this work can be used to 
capture the effect of electrode geometry on battery performance. The 
spatial distributions of state-of-charge (SOC) in the X- and the block 
structure are plotted in Fig. 1f. When the capacity of a structure is larger, 
its SOC distribution is expected to be more uniform, and the average 
SOC is expected to be closer to 1, that is, a fully charged state. Note that 
the top surface in the Z-axis is the electrode/separator interface and the 
bottom side is the electrode/collector interface. For the block structure, 
a limitation in species transport results in a maximum SOC of 0.54 along 
with a high concentration gradient from the electrode/separator inter-
face to the electrode/current collector interface (ΔSOC being 0.32). This 
leads to a small average SOC for the entire electrode. By contrast, the 
SOC in the open octahedral structured electrode is larger than 0.99 at all 
positions, indicating a high utilization of the electrode material. This 
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Fig. 1. Half-cell and model description: (a) Illustration of half-cell with porous electrode, (b) 3 × 3 × 3 array of 3- dimensional open octahedral micro-lattice 
structure (called “X-structure”) used to develop the electrochemical model; 3D micro-lattice battery electrode experiments and model validation. (c) Schematic of 
aerosol jet (AJ) printing process to fabricate 3D micro-lattice structures, along with a schematic of the battery assembly process, (d) AJ-printed open octahedral 
electrode architecture (called ‘X-structure’ in this paper, left) and block electrode architecture (right). Model validation: (e) Comparison of battery performance for 
3D printed electrodes with the model developed in the work demonstrating good agreement. (f) Spatial SOC distribution and flux distribution (red arrows) at 0.02 V 
for the open octahedral electrodes and block-structured electrodes. SEM image and simulated deformation of (g) X-structure electrode and (h) block-structure 
electrode in (left) as-fabricated state (0% capacity, x = 0) and (center) fully lithiated state (100% capacity, x = 1). Stress distribution of fully lithiated state in X- 
structure electrode (i) and block-structure electrode (j). Morphology evolution (k) at 20%, 40%, 60% and 80% capacity (x = 0.2, 0.4, 0.6 and 0.8). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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significantly improved behavior was attributed to the geometry of the 
3D electrodes, which enhances the transport of the lithium ions. As 
indicated by the red arrows (representing flux), lithium ion flux was able 
to distribute at the surface of every unit lattice of the octahedral struc-
ture in various directions, rather than entering the electrode material 
only from the top surface in the block structure, which greatly improved 
the efficiency of lithium ion transfer. 

4.1.2. Li-ion intercalation induced electrode displacement 
It was observed in the experiments that the morphology of X-struc-

tured electrodes changed considerably after intercalation with Li-ions 
(Fig. 1g and h), which was caused by the volume change induced by 
the variation in the Li-ion concentration. To simulate this phenomenon, 
a stress model was developed by coupling the electrochemical- 
mechanical interaction at macro- and micro-scales. We note that since 
the battery model developed in this work is based on the porous theory, 
the mechanical response of the electrode should be interpreted based on 
a multiscale perspective. The micro-scale stress model deals with the 
stress generated inside the particle induced by Li ion concentration 
change. The macro-scale stress model deals with the stress generated 
across the entire skeleton caused by the volume change of individual 
particles. In the micro-scale, the particles were assumed as spheres. 
Therefore, the radial stress, σr, and tangential stress, σt, of individual 
particle can be expressed as [49]. 

σr =
2ΩE

3(1 − υ)

(
1
r3

0

∫ r0

0
cs,avgr2dr −

1
r3

∫ r

0
cs,avgr2dr

)

(13)  

σt =
ΩE

3(1 − υ)

(
2
r3

0

∫ r0

0
cs,avgr2dr+

1
r3

∫ r

0
cs,avgr2dr − cs,avg

)

(14)  

where r0 is the radius of the particle, E is the effective Young’s modulus, 
υ is Poisson ratio, and Ω is the partial molar volume expansion of silver 

which is obtained from first-principles simulations and fitting of 
experimental data. The simulation data of AgLix volume expansion and 
derivative process of Ω from a density functional theory (DFT) calcu-
lation are shown in Supplementary Material. 

At particle surface (r = r0) 

σr = 0 σt =
ΩE

3(1 − υ)
(
cs,avg − cs,surf

)
(15) 

The tangential stress-strain relations and strain-displacement re-
lations can be expressed as 

εt =
1
E
(σt − υ(σr + σt)) +

Ω
3

cs,avg (16)  

εt =
u
r

(17) 

By importing Eq. (15) into Eq. (16) and Eq. (17), the particle surface 
displacement can be obtained as 

usurf =
Ωr0

3
(
cs,avg − c0

)
(18) 

In spherical particles, the micro-scale chemically induced eigenstrain 
ech

s is equal to the particles’ volumetric strain, which is 

ech
s =

1
3

((
r0 + usurf

)3

r3
0

− 1
)

(19) 

According to the Mori-Tanaka effective-field theory, the particle 
surface pressure is decided by the macro-scale total strain and the micro- 
scale volumetric strain. Therefore, the macro-scale eigenstrain ech can be 
computed as [56]. 

ech = ech
m + εs

(
ech

s − ech
m

)
+ εs

(
C− 1

s − C− 1
m

)
bs (20)  

Fig. 1. (continued). 
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where εs is solid phase volume fraction, and ech
m is the chemically induced 

strain in the electrolyte, which is assumed to be 0 here. Cs and Cm are the 
stiffness matrices for the solid and liquid phase; while bs is a function of 
Cs and Cm. 

The governing equation of macro-scale mechanical deformation is 

∇ ⋅ σ = 0 (21)  

σ =Ceff : (e − ech) e=
1
2
(
∇u+∇uT) (22)  

where σ is the macro-scale stress, e is the total macro-scale strain tensor 
and u is the total displacement, Ceff is the effective elasticity tensor can 
be calculated as 

Ceff =Cm + εs(Cs − Cm)As (23)  

As =AD[(1 − εs)I + εsAD]
− 1 (24)  

AD =
[
I + SC− 1

m (Cs − Cm)
]− 1 (25)  

S is Eshelby’s tensor, which is a function of the aspect ratio of the par-
ticle and the Poison’s ratio of the matrix phase. 

A comparison of simulated deformation of the X-structured and 
block-structured electrodes with the experimental observations is shown 
in Fig. 1g and h, respectively. For the X-structure, when the electrode 
was fully lithiated, the deformation resulted in complete filling of the 
spaces between truss members and the maximum displacement of the 
electrodes was located at the crosslinks, which matches quite well with 
the experiments (SEM images in Fig. 1g). For the block structure, the 
electrode shape did not change upon lithiation. This was because the 
SOC change in the block structure was not as large as that in the X 
structure as shown previously in Fig. 1f, and, according to Eq. (15), the 
volume expansion was proportional to SOC changes. This result also 
matches with the experimental observations (SEM images in Fig. 1h). 
The corresponding spatial distributions of stress are shown in Fig. 1i and 
j. As shown, the maximal stress in X-structure was around 5.93 MPa in 
the centers of truss members, while the maximal stress in block was 87.9 
kPa at the edges of sides. Although the stress levels of those two struc-
tures are much smaller than the yielding point of the order of 100 MPa, 
the stress level of block structure is smaller than in X-structure for two 
reasons. First, the SOC change from as-fabricated state to fully charged 
state in block structure is around 50% less than that in X-structure 
(Fig. 1f). Secondly, the partial molar volume for Ag ~ AgLi (0–55.56% 
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Table 2 
Model parameters used in simulation studies.  

Parameter Value Description 

brug [44] 1.5 Bruggeman coefficient 
Ce,k,0 [44] 2000 Initial electrolyte concentration (mol m− 3) 
Cmax, pos 102870 Maximum concentration of Li-ion in cathode (mol m− 3) 
De [44] 7.5 × 10− 11 Diffusion coefficient in electrolyte (m2s− 1) 
Ds,p [44] 2.5 × 10− 15 Solid-phase Li diffusivity, positive electrode (m2s− 1) 
F 96487 Faraday’s constant (C mol− 1) 
i0 [44] 0.85 Constant flux for half-cell 
I Variable Applied current density (A m− 2) 
Ks,p [44] 3.8 Solid phase conductivity (S m− 1) 
kp [44] 2 × 10− 6 Reaction rate coefficient, cathode (m2.5mol− 0.5s− 1) 
R 8.314 Universal gas constant (J mol− 1 K− 1) 
Rp [44] 13 × 10− 6 Particle radius, positive electrode (m) 
t+ [44] 0.363 Cationic transport number 
εp Variable Solid phase volume fraction of cathode 
εs [44] 0 Solid phase volume fraction of separator 
E 2.82 × 106 Effective Young’s module (Pa) 
ν 0.37 Poisson’s ratio 
Ω 1.15 ×

10− 4 
Partial molar volume expansion of Ag ~ AgLi (m3 

mol− 1) 
6.07 ×
10− 6 

Partial molar volume expansion of AgLi ~ AgLi1.8 (m3 

mol− 1)  
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SOC) is less than that for AgLi ~ AgLi1.8 (55.56%–100% SOC) according 
to the first-principles calculation and fitting of the experimental data 
(see section S2 of the Supplementary Material). Therefore, both the 
volume changes and stress in block structure is smaller than that of X- 
structure. The evolution of the X-structure as a function of SOC as pre-
dicted by our model is shown in Fig. 1k. The volume expansion increased 
with the increasing of capacity ratio (x) under intercalation of Li ions. It 
is noted that the volume change from x = 0 to x = 0.6 was not as large as 
that from x = 0.6 to x = 1 due to the nonuniform of the partial molar 
volume at different SOC range. The reason for this phenomenon is that 
the volume expansion does not scale linearly with x. The partial molar 
volume for Ag ~ AgLi is less than that for AgLi ~ AgLi1.8 according to the 
first-principles calculation and fitting of the experimental data (see 
section S2 of the Supplementary Material). Therefore, the silver elec-
trode has a larger volume expansion at high SOCs. The excellent match 
between the SEM images and simulation results for volume expansion 
are a good validation for 3D model developed in this work. Further, by 
coupling the stress part, this electrochemical-mechanical model can also 
be applied to analyze the mechanical stability of other 3D electrodes in 
the future. 

4.2. Effect of micro-lattice geometry on battery performance 

4.2.1. State of charge for different electrode geometries 
First, to investigate the impact of microlattice structure on battery 

performance, three different 3D lattice architectures were considered 
because they can be fabricated by 3D printing techniques [21,60]. The 
schematics of the unit cells of these structures are shown in Fig. 2a. The 
first unit cell was formed by diagonally joining the corners of an octa-
hedron without the horizontal elements; it was identified as the 
“X-structure” (same as the micro-lattice electrode in Fig. 1d). The second 
unit cell was constructed by solid square prisms perpendicular to each 
other in x, y, and z directions (i.e., “cubic-structure”). The third unit cell 
was constructed by subtracting a sphere from a solid cube (i.e., “inverse 
sphere-structure”). To exclude the influence of mass, the investigated 
structures were manipulated to be identical in mass in the same-sized 
box (330 μm × 330 μm × 305 μm). As shown in Fig. 2b and c, the 
specific capacities of the X-s and the cubic-structure at 0.5 C discharge 
capacity were similar (at approx. 190 mAh/g), while the specific ca-
pacity for the inverse sphere-structured electrode was lower (approx. 
146 mAh/g). At a discharge current of 0.5 C and 0.8 C, the capacity of 
the cubic-structure was 1.8% and 2.2% higher than that of the 
X-structure, and the capacity of the inverse sphere-structure was 24.1% 
and 36.4% lower than that of the X-structure, respectively. This large 
difference in discharge capacity was attributed to the non-uniform dis-
tribution of lithium ions in these three structures, as shown in Fig. 2d. It 
can be seen that at 0.02 V, the ranges of SOC in both the X- and the 
cubic-structure were 0.7–0.9, with a low SOC gradient. In the inverse 
sphere-structure, the SOC range increased and reached 0.54–0.68 (max), 
indicating low efficiency in material utilization. 

Fig. 2. Comparison between three different lattice structures. (a) Unit cell of X-structure (left), cubic-structure (center), and inverse sphere-structure (right), (b) 
discharge voltage profile at 0.5 C, (c) discharge capacity at 0.1 C, 0.5 C, and 0.8 C, (d) spatial SOC distribution at the end of discharge. 
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4.2.2. Impact of micro-lattice structures on species transport 
In the X- and cubic-structure, SOC reaches its maximum value at the 

separator/electrode interface and then gradually decreases towards the 
electrode/collector interface. In case of the inverse sphere-structure, 
however, the maximal SOC is seen at the electrode/collector interface, 
which is opposite to conventional laminated structures where the cur-
rent is generally higher at the separator side. The observed phenomenon 
was attributed to the changes in electron and ion transport as a function 
of electrode geometry. To shed further light on this phenomenon, the 
spatial and temporal distribution of the lithium concentration were 
analyzed. They are affected by many factors, including Li ion diffusion in 
solid and liquid phases and electron transport in the solid phase. For 

solid phase diffusion, it turns out that the lithium ion diffusion is not the 
limiting factor in determining battery performance. When the Li ion 
diffusivity (D) in the solid phase is increased by a factor of 10, the bat-
tery capacity remains almost the same as the original D (D = 2.5 × 10− 15 

m2s− 1) (See Figs. S1 and S2). This indicates that Li ion diffusivity is 
relatively large and not a limiting factor in the diffusion processes. It is 
thus concluded that Li ion diffusion in the liquid phase and electron 
transport in the solid phase are the two primary factors affecting the 
electrochemical processes through the 3D lattice structures. As shown 
in Fig. 1b, electron transport occurs from the current collector side to the 
separator side of the electrode so that the solid phase potential gradually 
increases from bottom to top. Meanwhile, Li ions diffuse from the 

Fig. 3. Temporal distribution of solid phase potential, Li ion concentration in the liquid phase and solid phase. (a) X-structure at 0 s, 2000 s, and 3900 s, and (b) 
inverse sphere-structure at 0 s, 1300 s, and 2800 s; Effect of geometry (c) The distribution of the gradient of solid phase potential in Z direction (V/m) at the end of 
the discharge process, (d) ps

eff and qs
eff, (e) p2

eff and q2
eff and (f) Ss of different structures. 
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separator to cathode section, decreasing the electrolyte concentration 
from top to bottom. According to Eq. (10), the intercalation flux is 
affected by electrolyte concentration and electric potential, which 
eventually affect lithium distribution and SOC. 

The temporal evolution of the spatial distribution of SOC, electrolyte 
concentration, and solid phase potential in X- and inverse sphere- 
structures are plotted in Fig. 3a and Fig. 3b, respectively. It can be 
seen that in the X-structure, at 0 s, both the electrolyte and solid phase 
potential gradients are very small (3.55 mol/L and 0.01 V), having a 
negligible impact on SOC distribution. Therefore, the maximal SOC is 
located at both the top and bottom side. However, the impact of elec-
trolyte concentration becomes overwhelming as time evolves. As a 
result, the maximum SOC is distributed only at the top side at the end of 
the discharge. However, in the inverse sphere-structure (Fig. 3b), the 
difference of solid phase potential is larger than that in the X-structure 
(approx. 0.04 V from 0 s to 3900 s), while the electrolyte concentration 
gradient is almost the same for both. Therefore, the effect of the solid 
phase potential is dominant with respect to SOC distribution during the 
entire discharge process, and SOC is always maximal at the bottom. This 
significant potential gradient was attributed to the characteristic ge-
ometry of the electrodes. The comparison of potential gradients of the 
three structures is shown in Fig. 3c. It can be seen that crosslinks or 
bottlenecks in the structures, such as the intersection of hexagonal 
prisms in the X-structure, the cubic column in the z-direction in the 
cubic-structure, and the thinnest part at the column in the sphere- 
structure, often occupy a larger potential gradient because the elec-
tron transport is impeded. The largest gradient of the solid phase 

potential in the sphere-structure is about 1000 V/m, which is 
nearly 10 times that of the gradient in the other two geometries, 
indicating a severe limitation in electron transport caused by the 
geometry. 

4.2.3. Mechanisms of electron and ion transport 
To further understand the coupled physics of ion and electron 

transport in the solid and liquid phase, the individual transport phe-
nomena were analyzed by decoupling them and obtaining the effective 
diffusivity for each. The diffusion and conduction in the solid and liquid 
were examined by the ratio of effective diffusion coefficient or con-
ductivity to the material diffusion coefficient or conductivity, which are 
expressed as ps

eff, qs
eff, p2

eff, q2
eff and defined as: 

peff
s =

Deff
s,p

Ds,p  

qeff
s =

Keff
s,p

Ks,p  

peff
2 =

Deff
2

D2  

qeff
2 =

Keff
2

K2
(13)  

in which Ds,p
eff is the effective solid phase diffusion coefficient which is 

Fig. 3. (continued). 
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Fig. 4. Effect of column width in cubic structures (a) Schematics of different cubic structures with different column widths, (b) distribution of SOC, electrolyte 
concentration, and solid phase potential at the end of the discharge in cubic structures with different column width. (c, d) Specific capacity and total mass, and total 
capacity and areal capacity, (e, f, g) ps

eff, qs
eff, p2

eff, q2
eff and Ss, as functions of column width in the cubic structure. 
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evaluated using an equivalent model of one particle. The surface Li ion 
concentration gradient in the one particle model is matched with that in 
3D model. Ks,p

eff, D2
eff and K2

eff are the effective solid phase conductivity, 
effective liquid phase diffusion coefficient, and effective liquid phase 
conductivity, respectively, which were evaluated in a 1D model with 
corresponding individual physics of Li ion diffusion or electron trans-
port. The final effective transport properties were obtained when the 
gradient of Li ion concentration was matched with that in a 3D model of 
the same physics. In particular, for the electrolyte, the relative charac-
teristic times of electrolyte transport in relation to the discharge time, Ss, 
was analyzed further [47]: 

Ss =

(
lsep + lpos

)2I
D2peff

2 Fεpcmax,poslpos
(14)  

where lsep and lpos are the thickness of separator and positive electrode, 
respectively. I is the applied current density, D2 is the electrolyte 
diffusion coefficient, and p2

eff is the ratio of effective diffusion coefficient 
to the electrolyte diffusion coefficient given above. Note that the solid 
phase diffusion time is not considered as it is not a limiting factor as 
explained earlier. 

As shown in Fig. 3d and e, initially the values of ps
eff exhibited almost 

no differences between different geometries, because Ds,p
eff is mainly 

determined by the particle radius. If the flux is same, there is no critical 
difference inside single particles within an electrode. However, the 
values of qs,p

eff were 1, 0.035, 0.041, and 0.014 for block, cubic-, X-, and 
inverse sphere-structures respectively, indicating that 3D structures 
reduced electron transport in the solid phase compared with traditional 
laminated structures. This can be attributed to the reduction in solid 
phase by the 3D structures, leading to a reduction in path length for 
electron transport. In particular, the inverse-sphere structure showed a 
significant reduction, which can explain the phenomenon shown in 
Fig. 3b and c. 

On the other hand, the values of p2
eff and q2

eff were very similar 

between all three 3D geometries. Both were much larger than those of 
the block structure, indicating that 3D structures are effective in 
improving the species transport in the liquid phase. Unlike conduction 
in the solid phase, the removal of material to form a 3D structure 
enhanced the transport in the liquid phase. As a result, Ss decreased from 
16 in block structures to ~2.5 in 3D structures, indicating significantly 
improved Li ion diffusion, which makes the Li diffusion as a less-limiting 
factor compared to the electron transport (Fig. 3f). 

4.3. Optimized electrode designs 

4.3.1. Cubic-structured electrodes 
To obtain optimal electrode designs, we investigated the effect of 

different micro-lattice geometric parameters on the electrochemical 
performance of batteries. There are two factors determining the macro- 
scale porosity in the cubic structure: column width and distances be-
tween the columns. First, different column widths were investigated: 0.5 
w, 0.75 w, 1 w, and 1.25 w (w = 20.12 μm) (Fig. 4a). As shown in Fig. 4b, 
as the column width increased, the SOC distribution became non- 
uniform and the electrode volume utilization decreased. Further inves-
tigation of the effect of column width on electrolyte concentration and 
solid phase potential showed that the concentration gradient of the 
electrolyte increased with a wider column. On the other hand, solid 
phase potential gradually decreased while the column width increased, 
see Fig. 4b. This was attributed to the positive effect of the wider column 
on electron transport (as shown in Fig. 4e). Overall it was determined 
that electron transport was a main limiting factor in the case of 0.5 w 
width, and that the electrolyte concentration contributed more with 
increasing column width to become dominant in the cases of 1 w and 
1.25 w. Based on the above analysis, the increased areal flux is the 
primary reason for a more non-uniform distribution of SOC in cubic 
structures with wider columns compared to those with slender columns. 
As a result, the specific capacity decreased as the column width 
increased (Fig. 4c). 

Fig. 4. (continued). 
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Areal capacity is another key performance attribute that needs to be 
considered in electrode design, as it characterizes the electrode’s energy 
density. Although specific capacity decreased with column width, the 
total mass of the electrode increased as a result of denser packing of 
active material, leading to increased total capacity. This increase, 
however, tapered off at widths wider than 20 μm as seen in Fig. 4d (note 
that the projected areas of the electrodes are identical). As the specific 
capacity and areal capacity exhibited a trade-off in this case, the optimal 
value of column width needs to be chosen according to the target 
property of the electrode design. The characteristic transport properties 
are also illustrated in Fig. 4e, f, and g. It is seen that the increase in 
column width enhanced electron transport in the solid phase. However, 
it also impeded species transport in the electrolyte (p2

eff and q2
eff 

decreased and Ss increased). 
Next, the effect of the change in distance between columns in cubic 

structures on battery electrochemical performance was investigated. 
The column distance was manipulated by changing the number of col-
umns in a unit cell from 2 to 5, as shown in Fig. 5a. It can be seen in 
Fig. 5b that the solid phase potential difference for all numbers of col-
umn were around 0.009 V, indicating that the change in the number of 
columns has little impact on electron transport. On the other hand, the 
electrolyte concentration gradient increased as the number of columns 
increased because of the increase in flux at the current collector/cathode 
interface. Consequently, the electrolyte concentration became deter-
mining as the number of columns in the unit cell increased from 3 to 5. 
Because of the larger electrolyte concentration gradient, the SOC 

Fig. 5. Effect of number of columns in cubic structures. (a) Schematic of cubic structure with different numbers of columns, (b) distribution of SOC, electrolyte 
concentration, and solid phase potential at the end of the discharge in cubic structures with different numbers of columns. (c, d) Specific capacity, total mass, total 
capacity, and areal capacity, (e, f, g) ps

eff, qs
eff, p2

eff, q2
eff, and Ss as functions of number of columns in cubic structures. 
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gradient increased for larger numbers of columns per unit cell, leading 
to a lower specific capacity, as shown in Fig. 5c. When the number of 
columns per cell number exceeded 4, the current density became too 
large for the electrode to reach a uniform distribution of lithium ion in 
the electrolyte as a result of limited ion conductivity. The efficiency of 
material utilization was reduced, leading to a low specific capacity, 
which further decreased the total capacity and areal capacity (Fig. 5d). 
The effect of number of columns on characteristic transport properties 
mirrors that of the number of columns, namely, the electron transport in 
the solid phase was improved and species transport in electrolyte was 
reduced (Fig. 5e, f, and g). 

4.3.2. Inverse sphere-structured electrodes 
The unit cell of the inverse sphere structure was constructed by 

subtracting a sphere from a cube, forming a bottleneck formed at the 
half-height of the unit cell. The effect of the bottleneck width was 
studied by changing the radius of the subtracted sphere, as shown in 
Fig. 6a. It can be observed that the maximum SOC was located at both 
the bottom and top in the sample with a bottleneck width of 1 w (5.96 
μm) (1st figure on the left) and at the top only for bottleneck widths of 5/ 
3 w (9.43 μm), 7/3 w (13.21 μm), and 3 w (16.98 μm) (2nd, 3rd, and 4th 
figure from left to right), indicating that the bottleneck was switching 
from electron transport limit in the solid phase to lithium ion diffusion 
limit in electrolyte. This result was consistent with those observed for 
the X-structure and the cubic-structure. However, because in inverse 
sphere structures the competing effects of specific capacity and total 
mass are much more evident, their areal capacity does not always in-
crease with bottleneck width. The structure with a bottleneck size of 
13.21 μm exhibited lower areal capacity than the structure with a 9.43 
μm bottleneck (Fig. 6b). As shown in Fig. 6e, f, and g, with increasing 
bottleneck width, electron transport in the solid phase was promoted 

significantly, while liquid phase diffusivity and conductivity were 
reduced. 

These results showed that inverse sphere structures affected charge 
transport to a higher degree than the other two structures. This effect 
was further demonstrated when the number of columns in sphere- 
structures was investigated. As shown in Fig. 7b, the solid phase po-
tential decreased from ~0.05 V to ~0.02 V as the number of columns 
increased, while it was almost constant in cubic-structures (approx. 
0.009 V), and exhibited only slight changes in the X-structure (from 
~0.014 V to ~0.012 V). Because the bottleneck significantly restricts 
charge transport, the benefit of an increased bottleneck width is evident. 
This larger change in solid phase potential had a major effect on SOC 
distribution; in structures with 2 and 3 columns, the solid phase po-
tential was the main barrier to a uniform distribution. Because the solid 
phase potential decreased with increasing number of columns, the SOC 
gradient also decreased from N = 2 to N = 3. Consequently, the 
maximum specific capacity was achieved for N = 3 (Fig. 7d). Areal ca-
pacity was decreased with increased tap density in structures with 
higher numbers of columns and reached its maximum at N = 4. The 
effect of the number of columns on species transport was not as signif-
icant as that of bottleneck width; however, the effects of bottleneck 
width and number of columns on species transport were similar (Fig. 7e, 
f and g). 

4.4. Porosity and electrode thickness 

Two additional controllable parameters in electrode manufacture are 
thickness and porosity of the electrodes. The overall electrode thickness 
can be tailored by controlling the amount of electrode material 
dispensed during 3D printing. The porosity of the 3D electrodes [21] has 
a two-level hierarchical structure (i.e. micro and macro-scale porosity). 

Fig. 5. (continued). 
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Fig. 6. Effect of bottleneck width in inverse sphere structures. (a) Schematic of inverse sphere structure with different bottleneck widths, (b) Specific capacity, total 
mass, total capacity, and areal capacity, (c,d) ps

eff, qs
eff, p2

eff, q2
eff, and (e) Ss as functions of bottleneck width in inverse sphere structures. 
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The macro-scale porosity points to the spaces between truss members of 
the 3D structure, which is in the tens of micrometers. It is treated as a 
pure electrolyte phase. The micro-level pore structure is the internal 
porosity within the truss members and is determined by the sintering 
conditions and is of the order of 1 μm or less. The porosity used this 
section refer to the internal porosity within the truss members. Fig. 8 
shows the specific capacity and areal capacity of the three investigated 
structures with different thicknesses and levels of porosity. 

Fig. 8a, b, and c show that the specific capacity of all the structures 

decreased as the thickness and solid phase volume fraction (VF) 
increased. This was attributed to the fact that thicker and denser 
structures will limit the transport of lithium ions in the electrolyte. 
However, a thicker and denser structure also means more active mate-
rial per unit area – in other words, a larger total electrode mass. Fig. 8d, 
e, and 8f show that the changes in areal capacity are different with 
increasing electrode thickness and solid phase volume fraction for the 
three different structures. In a low solid phase volume fraction (VF =
0.2), the effect of thickness was negligible because the large volume 

Fig. 7. Effect of number of columns in inverse sphere structures. (a) Schematic of inverse sphere structures with different numbers of columns per unit length, (b) 
distribution of SOC, electrolyte concentration, and solid phase potential at the end of the discharge in sphere structures with different numbers of columns, (c) 
specific capacity and total mass, (d) total capacity and areal capacity (e, f, g) ps

eff, qs
eff, p2

eff, q2
eff and Ss as functions of number of columns. 
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fraction of the electrolyte allowed sufficient diffusion of Li ions. In a high 
solid phase volume fraction (VF = 0.6), increasing thickness caused 
inefficient diffusion, leading to a decrease in both specific capacity and 
areal capacity. According to the simulation results shown in Fig. 8, the 
optimal parameters to obtain both high specific energy and high areal 

capacity, X-structure electrodes should have a thickness of 450 μm and 
VF = 0.2, cubic-structure electrodes should have a thickness of 250 μm 
and VF = 0.4, and sphere-structure electrodes should have a thickness of 
250 μm and VF = 0.4. 

Fig. 7. (continued). 

Fig. 8. Effect of thickness and solid phase volume fraction (VF): specific capacity (0.5 C) of (a) X-, (b) cubic-, (c) inverse sphere-structured electrodes as a function of 
thickness and solid phase volume fraction (VF); areal capacity of (d) X-, (e) cubic-, (f) sphere-structured electrodes as a function of thickness and solid phase vol-
ume fraction. 
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5. Conclusions 

We carried out an exhaustive study of the effect of 3-dimensional 
(3D) electrode architectures on the electrochemical performance of 
batteries and used the gained knowledge to determine optimized elec-
trode structures (anodes and cathodes) for maximum areal and specific 
capacity. A 3-dimensional full-order electrochemical model, validated 
by Aerosol Jet printed open octahedral micro-lattice 3D electrodes with 
a two-level porosity, was used for this analysis. The impact of the elec-
trode geometry was studied by comparing the electrochemical response 
of electrodes with block-, X-, cubic-structure, and a structure formed by 
subtracting spheres from a solid block (called ‘sphere-structure’). The 
study revealed that:  

i) The primary reason for the superior performance of batteries with 
3D electrode architectures is the fact that 3D structures facilitate 
species transport in the liquid phase. In addition, the main factors 
affecting battery performance are ion diffusion in the electrolyte 
and electron transport in the 3D electrode skeleton.  

ii) In 3D electrode architectures, the competition between available 
volume for intercalation and an easier diffusion path for ion and 
electron transport determines areal/total and specific capacity. 
Because of this competition, the maximum benefits of a 3D ar-
chitecture are realized when the length of the structures’ truss 
members is of the order of the diffusion length for the ions in the 
electrode (~15–20 μm in the current study). In structures with 
truss members smaller than this scale, the total/areal capacity is 
too low and discharge rates are too high (undesirable for a bat-
tery). At larger length scales, the specific capacity is too low as a 
result of the increasing difficulty for ion transport through the 
liquid. 

iv) Of the structures studied here, the X- and cubic-structured elec-
trodes demonstrated a larger capacity (35% higher at 0.5C) than 
the inverse sphere-structured electrodes as a result of more effi-
cient electron transport enabled specifically by the change in 
electrode geometry. The optimized parameters for these struc-
tures for a compromised high specific energy and high areal ca-
pacity were a thickness of 450 μm and a volume fraction (VF) of 
0.2, a thickness of 250 μm and VF of 0.4, and a thickness of 250 
μm and VF of 0.4 for the X-structure, cubic-structure, and sphere- 
structured electrodes.  

iv) If the electrode porosity is reduced, an insufficient diffusion of Li 
ions in the electrolyte causes a decrease in the electrode capacity 
even if the electrode volume increases. This was seen in cubic- 
and X-structured electrodes, where the specific capacity of 3D 
electrodes decreased with increasing column width and number 
(columns per unit length). This effect, however, becomes sec-
ondary when a bottleneck width emerges in the electrode struc-
ture which can impede electron transport through the electrode.  

v) The requirement that the length scale of the truss members of 
optimum 3D architectures be of the order of tens of micrometers 
limits the availability of manufacturing methods to techniques 
such as aerosol jet, extrusion, or inkjet 3D printing. 
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