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ABSTRACT: There is a growing need for thicker electrode designs to achieve high energy/power for ever-increasing pow-
er needs by electronic devices and electric automobiles. Though great efforts, such as structure optimization, have been 
devoted on fabricating thick electrodes, understanding of performance limiting factors essential to electrode architecture 
design, has not been well established. In this study, the dependence of electrochemical behavior on electrode mass load-
ing is comprehensively investigated in nanosheet-based electrodes. In particular, the effects of electrical conductivity and 
porosity are illustrated. In drop-casted electrodes, where nanosheets are highly stacked, ionic diffusion in the electrolyte 
has been determined to be the controlling step in electrodes with high thickness. To overcome the limitation of such 
sluggish ionic transport, a facile ice-templating strategy was employed to create vertically-aligned channels, offering fast-
diffusion pathways for Li-ion in the electrolyte. Impressively, the ice-templated electrodes exhibit a specific capacity of 
144 mAh g-1 at 0.2C and retain 83 mAh g-1 at 10C with high mass loading ~10 mg cm-2. The enhanced ion transport kinetics 
was verified by various electrochemical and structural characterization. This work demonstrates the thickness scaling 
effect of nanosheet-based electrodes and highlights the importance of promoting ionic transport and electrolyte access 
for designing thick electrodes. 

INTRODUCTION 
Nowadays, energy storage devices, especially lithium-

ion batteries (LIBs), are greatly challenged by the increas-
ing requirements of high energy and power density due to 
the demands long life and fast charge of portable elec-
tronic devices and the expansion of the electric vehicle 
market.1-2 In principle, energy density can be enhanced by 
enlarging the electrode thickness to achieve a higher areal 
capacity. However, poor electron transport and sluggish 
ion transport are considered as two key issues that restrict 
practical electrode thickness.3-4 Transport kinetics for 
both electrons and ions are more sluggish in thick elec-
trodes due to their longer transport distance.5 For elec-
tron transport, electronic conduction is highly related to 
the type and content of conductive agents. In recent stud-
ies, reduced graphene oxide (rGO)6 and carbon nanotubes 
(CNTs)7-8 have been widely used to form interconnected 
and electrical-percolated frameworks to achieve excellent 

performance, by utilizing their long-range conductive 
paths for electron conduction. 

For ion transport, it is known that enlarging the porosi-
ty (ε) and minimizing the tortuosity (τ) may achieve high 
ionic conduction based on the proposed definition of ef-
fective diffusion coefficient: Deff = D0(ε/τ), where D0 is the 
diffusion coefficient of ions in bulk electrolyte and Deff is 
the effective diffusion coefficient in composite elec-
trodes.9-10 For decades, porosity has been regarded as a 
vital factor that affects the ionic conduction and strate-
gies to optimize porosity have been widely discussed in 
previous studies.11-13 Generally, increasing the porosity 
reduces the charge-transfer resistance (Rct) while increas-
ing the effective lithium ion diffusivity in the local elec-
trolyte.13 Different from the porosity effect, the tortuosity 
effect in electrodes has not been well understood at both 
theoretical and experimental levels. To have a deep un-
derstanding of the correlation between tortuosity and 
ionic transport kinetics, several strategies have been de-



 

 

veloped lately to generate aligned channels inside thick 
electrodes, including ice-templating14-16 and wood-
templating17-19 methods, magnetic field-assisted tech-
nique20-21 and shear force-induced alignment of a liquid 
crystal7. 
    Besides the electrode architecture design, equally im-
portant is the structure design of the electrode materials. 
Two-dimensional (2D) nanomaterials have been actively 
developed recently and their energy storage and conver-
sion properties have been investigated intensively.2, 22-25 
With shortened solid-state diffusion distance or enlarged 
surface area, 2D nanomaterials, including lithium metal 
phosphate,26 transition metal oxide,27 dichalcogenide28 
and Mxene,29 exhibit outstanding performance and prom-
ising applications in batteries and supercapacitors. Differ-
ent from electrodes composed of particles with sizes rang-
ing from nanometers to micrometers, due to the high 
aspect ratio of 2D nanomaterials, the orientation of 
nanosheets needs to be taken into consideration in the 
electrode architecture. 

A typical nanosheet-based electrode structure is de-
picted in Scheme 1 with pros and cons shown side by side. 
Mixing 2D nanosheets with spherical Super P nanoparti-
cles as the conductive additive potentially increases the 
electrode porosity and enables large Deff due to different 
dimensionalities of the components. Short solid-state 
diffusion distances in the nanosheets also ensures rapid 
electrochemical reaction during the lithiation/delithiation 
process based on the equation: t~L2/D, in which t is the 
time required for solid-state diffusion, L is the diffusion 
distance and D is the diffusion coefficient in active mate-
rial. For thin electrodes, ionic diffusion is primarily lim-
ited by solid-state diffusion because of the high Li-ion 
diffusion coefficient in liquid electrolytes (~10-5-10-6 cm2 s-

1) as well as short diffusion length both in bulk electrolyte 
and inside the electrode. However, in thick electrodes, 
because of the increased diffusion distance and highly 
tortuous channels (high ε) inside the electrodes, ionic 
transport kinetics turns sluggish and becomes the limit-
ing factor. Additionally, due to the facile stacking nature 

of nanosheets, lithium ion flux will be considerably 
blocked, which further contributes to high concentration 
polarization.7, 30 Also, the stacking issue interrupts the 
even distribution of active materials in the conductive 
matrix, creating an additional adverse impact on electrical 
percolation of the entire electrode. 

To provide an understanding of thickness-dependent 
rate-limiting factors in the electrodes composed of 2D 
nanomaterials, herein, we report a comprehensive kinetic 
study using layered VOPO4 as a model system. VOPO4 
has been explored as a cathode material due to its high 
redox potential and theoretical capacity.31-32 The exfolia-
tion of its microcrystals into ultrathin nanosheets further 
demonstrates the promising applications in various elec-
trochemical energy storage devices, such as supercapaci-
tors and lithium/sodium batteries.33-36 In this study, the 
correlations between key electrode parameters, such as 
electrical conductivity and porosity, and electrochemical 
properties have been investigated. By probing ionic 
transport kinetics in electrodes with various areal mass 
loadings (1-10 mg cm-2), Li-ion diffusion in the electrolyte 
has been identified as the limiting factor in thick elec-
trodes. To overcome this limitation, thick electrodes with 
vertically aligned channels have been fabricated with high 
porosity and low tortuosity, and fast ionic diffusion has 
been confirmed by galvanostatic intermittent titration, 
electrochemical impedance spectroscopy and in situ X-ray 
absorption spectroscopy. 
 
RESULTS AND DISCUSSION 
    VOPO4 nanosheets (NS) were prepared by a facile 
chemical exfoliation method in isopropanol (IPA) from 
micron-size bulk material (Figure S1). The lateral size of 
as-exfoliated VOPO4 NS ranges from 500 nm to 1 μm, 
which is confirmed by both scanning electron microscope 
(SEM, Figure S2) and scanning transmission electron mi-
croscope (STEM, Figure S3) images. As depicted in Figure 
S4, X-ray diffraction (XRD) patterns of bulk VOPO4·2H2O 
and VOPO4 NS show no phase change before and after 

Scheme 1. Schematic view of challenges in nanosheet-based thick electrodes. 



 

 

exfoliation and the nanosheet structure is confirmed by 
the preservation of (001), (002) and (200) planes. 
    VOPO4 electrodes were prepared by a typical drop-
casting method with various contents of Super P (see Ex-
perimental Section). Notably, from XRD patterns (Figure 
S5), these electrodes all exhibit a higher intensity ratio of 
(001) and (200) plane than VOPO4 NS powder. The ob-
served intensity ratio represents the orientation of 
nanosheets, suggesting that VOPO4 NS are more horizon-
tally-aligned in the drop-casted electrodes compared with 
nanosheets powder. Top view and cross-section view SEM 
images of the electrodes are shown in Figure 1a and b, 
indicating nanosheets and Super P are uniformly mixed in 
the electrodes. Electrode thickness was measured by 
cross-section SEM images of the electrodes and a positive 
correlation between carbon content and electrode thick-
ness is found in Figure 1c. Figure 1d shows the correlation 
between carbon content and out-of-plane conductivity as 
well as porosity. For out-of-plane electrical conductivity 
(σ), after the dramatical increase in the region with 0 to 10 
wt.% carbon content, σ increases slowly after 15 wt.%. The 
porosity of the electrodes is calculated by the follow equa-
tion: 

ε=1-
mareal

L
(
ωAM

ρAM

+
ωB

ρB

+
ωCA

ρCA

) 

in which mareal is the areal mass loading, L is electrode 
thickness, ωAM, ωB and ωCA are mass fractions of active 
material, binder and carbon additive and ρAM, ρB and ρCA 

are true densities of active material, binder and carbon 
additive, respectively. Rapid increase of ε is observed from 

10 to 20 wt.% carbon content, while change of ε is small in 
other regions. 
    In order to understand the effects of these key parame-
ters on electrochemical properties of the electrodes, rate 
performance was conducted with various contents of Su-
per P and areal mass loadings were selected to be ~1, 5 
and 10 mg cm-2. Galvanostatic charge-discharge curves are 
shown in Figure S7-S9 and in general, rate performance 
worsens with the increase in areal mass loading and de-
crease of carbon additive. Figure 1e displays the rate capa-
bility of electrodes with various carbon contents with are-
al mass loading of 10 mg cm-2. Specific capacities delivered 
at 0.2C are 122, 120 and 78 mAh g-1 for electrode with 30, 
20 and 10 wt.% carbon additive respectively. It turns out 
that active materials are not fully utilized with 10 wt.% 
carbon additive since in this case ionic diffusion in elec-
trolyte is not limiting electrochemical performance, and 
electrical percolated networks form with more than 20 
wt.% Super P. In terms of high-rate performance, the dif-
ference between 20 and 30 wt.% carbon loaded electrodes 
becomes larger, which is potentially associated with the 
increasing porosity in the electrodes. In order to differen-
tiate the effect of ionic conduction and electronic conduc-
tion, 30 wt.% Super P is selected to ensure an electrical-
percolated network and good electronic conduction 
throughout the entire thick electrode. When increasing 
areal mass loading from 1 to 10 mg cm-2, as shown in Fig-
ure 1f, larger specific capacity difference could be ob-
served with higher rates, which indicates ionic transport 
is the issue that limits electrochemical performance. 

Figure 1. Structural and electrochemical characterization of drop-casted VOPO4 electrodes. Top view (a) and cross-section 
view (b) SEM images of the electrodes. Inset: zoom-in top view and cross-section view SEM images, respectively. (c) Electrode 
thickness as a function of mass loading with various content of Super P. (d) Plot of out-of-plane conductivity and electrode 
porosity versus mass fraction (Mf) of Super P. Comparisons of rate performance of (e) electrodes with areal mass loading of 10 
mg cm-2 and (f) electrodes with 30 wt.% Super P. 
 



 

 

To have an in-depth understanding of the electrochem-
ical behavior as a function of electrode thickness, cyclic 
voltammetry (CV) measurements were carried out with 
the scan rate ranging from 0.1 to 20 mV/s on electrodes 
with different mass loadings. CV curves show gradually 
shifting and broadening of both cathodic and anodic 
peaks with increasing scan rates in electrodes with vari-
ous loadings (Figure S10a-c), and the polarization is larger 
in high-loading electrodes. For an electrochemical pro-
cess, the currents in the CV test obey the power law: 

i=avb 
where a and b are adjustable parameters, i is the current 
and v is the scan rate. Specifically, b-value equals 0.5 
standing for a diffusion-controlled process, while b-value 
equals 1.0 representing a capacitive process.37 From the 
log(i) vs log(v) plot, b-values are determined at different 
scan rate regions. For 1 mg cm-2 electrode, the b-values are 
0.90 and 0.98 (close to 1) for cathodic and anodic process, 
respectively, as the scan rate increasing from 0.1 to 2.0 
mV/s (Figure S10d). This indicates that VOPO4 is an in-
tercalation pseudocapacitive material33 and the charge 
storage kinetics is dominated by a high-rate, surface-
controlled mechanism in this scan rate range.38 However, 
the b-value changes greatly when increasing scan rates, 
from 2.0 to 20 mV/s, which is 0.52 and 0.62 for cathodic 
and anodic process, respectively. This change suggests 
that semi-infinite diffusion contributes significantly to the 
charge storage kinetics and VOPO4 exhibits a much lower 
mass transport kinetics at high scan rates. With various 
mass loadings, an obvious change of inflection points 
from 2.0 mV/s (1 mg cm-2) to 0.5 mV/s (10 mg cm-2) could 
be observed, as shown in Figure S10d-f. Since the VOPO4 

NS used are the same in these electrodes and the only 
difference is the electrode thickness, it could be claimed 
that thin electrodes exhibit superior mass transport kinet-
ics compared with thick electrodes, which resulted from 
the ion diffusion in the electrolyte. Longer diffusion 
length in thick electrodes requires longer time for Li-ion 
to reach VOPO4 surface from the bulk electrolyte, which 
limits charge storage kinetics. 
    To further probe ionic transport kinetics, electrochemi-
cal impedance spectroscopy (EIS) measurements were 
conducted. At state of open circuit voltage (OCV), Rct was 
measured to be inversely proportional to the electrode 
thickness (Figure 2a). Actually, the increasing electrode 
thickness provides an increasing electrochemical surface 
area. To fairly compare Rct in electrodes with various 
thicknesses, charge-transfer resistance per unit electroac-
tive surface area (Rct,A) can be expressed as39: 

Rct,A=2πrLRct 
Rct,A are listed in Table S1 and it shows that Rct,A increases 
with the increasing of areal mass loading, proving a high-
er resistance in thicker electrodes. In addition to a large 
semicircle observed in the medium frequency range, there 
is a straight line at very low frequency (10 mHz-1 Hz). The 
frequency region of Rct and Warburg resistance is de-
pendent on the electrochemical process. As for a surface-
controlled process, Rct can be observed in a wide frequen-
cy range and diffusion is dominated in a quite limited 
region. Based on the Nyquist plots of half-cells, the data 
indicate that the electrochemical mechanism of VOPO4 is 
highly surface-controlled, which conforms to the conclu-
sion drawn from the CV analysis. 
    In order to decouple the internal resistance of porous 
electrodes and overcome the limitation of the overlapping 
issue of anode and cathode, electrochemical impedance 
spectroscopy-symmetric cell (EIS-SC) was applied to 
identify the ionic resistance (Rion) using two identical 
electrodes. As shown in Figure 2c, for the porous elec-
trodes, transmission line model (TLM) is employed to 
simulate the electrochemical process in the cell.39-40 At 0% 
state of charge (SOC), with no faradiac process involved, 
Rion could be calculated by the 45° slope displayed in the 
plots and the value of ZRe or ZIm in this range is Rion/3. Fig-
ure 2b shows the Nyquist plots of drop-casted electrodes 
with areal mass loading of 1, 5, 10 mg cm-2, respectively. 
Solid lines correspond to the simulation (Figure S11) using 
the equivalent circuit shown in Figure 2c. The solvent 
resistance (Rsol) is almost the same while the high re-
sistance (Rhigh) goes up with the increase of areal mass 
loading. Rhigh here is ionic or electric resistance of the in-
terface between the electrolyte and electrode and larger 
Rhigh in thicker electrodes may be caused by the larger 
interface in the electrode and the poor electrolyte pene-
tration. Rion is calculated and summarized in Figure 2d. 
With the increase of areal mass loading, Rion enlarges con-
siderably, especially from 5 to 10 mg cm-2, and reaches ~50 
Ω cm2 in electrodes of 10 mg cm-2. The results suggest the 

Figure 2. Kinetics analysis of drop-casted electrodes by 
Nyquist plots for (a) and (b) symmetric cell with various 
electrode mass loadings. (c) Transmission line model of po-
rous electrodes at 0% SOC and corresponding Randles 
equivalent circuit for simulation. (d) Relationship between 
ionic resistance and electrode mass loading. 



 

 

thicker electrodes have much larger Rion and Rhigh, indicat-
ing slower ionic transport kinetics in the electrolyte and 
interfaces. 
    Based on the investigation of thickness-dependent ion-
ic transport kinetics, the diffusion of Li-ion in the electro-
lyte is determined to be the limiting step in thick 
nanosheet-based electrodes. Therefore, it is vital to create 
advanced ionic diffusion pathways inside the electrodes 
to facilitate the transport kinetics. The ice-templating 
strategy was employed here to prepare thick electrodes 
with aligned channels. The ice-templating method is il-
lustrated in Figure 3a. First, a homogeneous slurry was 
prepared by mixing carbon additive, active material and 
binder. Then, unidirectional freezing was explored to 
form ice crystals. Due to the hexagonal lattice structure of 
ice crystals where the growth rate along the c axis is much 
faster than that along the a axis, ice crystals grew in paral-
lel throughout the whole structure. After the sublimation 
process, ice crystals were removed and aligned channels 
were preserved. The XRD pattern of an ice-templated 
electrode is shown in Figure S12. Notably, the peak inten-
sity ratio of (001) and (200) is even smaller than 
nanosheets powder, indicating the orientation of 
nanosheets inside the electrode is more vertically-aligned, 

induced by the growth of ice crystals. As shown in Figure 
3b and c, top view SEM images exhibit the holes of the 
aligned channels. The size of these channels ranges from 
10 μm to 20 μm. Figure 3d reveals that channels inside the 
electrodes are highly aligned and also interconnected. 
Due to the highly porous structure, the thickness of the 
electrodes with mass loading 10 mg cm-2 is ~800 μm (Fig-
ure S13a). 
    Straight pathways provided by the low-tortuosity elec-
trodes are hypothesized to break the ion transport limita-
tion by facilitating ion diffusion, which could potentially 
lead to high rate performance in thick electrodes. Figure 
S14 displays the current rate-dependent charge-discharge 
profiles of the ice-templated electrodes with areal mass 
loading of 10 mg cm-2 at current rates of 0.2, 0.5, 1, 2, 5 and 
10C in the voltage between 3.0 V-4.2 V. The results show 
that ice-templated electrodes could deliver a reversible 
capacity of 144 mAh g-1 at a current density of 0.2C, and 
maintain a reversible capacity of 83 mAh g-1 at 10C, which 
is almost comparable to the conventional VOPO4 thin 
electrodes reported in literature.33 Figure 3f shows a com-
parison between the drop-casted and ice-templated elec-
trodes with mass loading 10 mg cm-2 at various current 
rates. It is clear that ice-templated electrodes show stable 

Figure 3. Structure characterization and electrochemical performance of ice-templated VOPO4 electrodes. (a) Schematic illus-
tration of the ice-templating method. Top view (b) and zoom-in (c) SEM images of the electrode. Cross-section view (d) and 
zoom-in (e) SEM images of the electrode. (f) Comparison of rate capabilities of drop-casted and ice-templated electrodes (10 mg 
cm-2). (g) Cycling stability of the ice-templated electrodes at rate 5C and associated coulombic efficiency. 
 



 

 

capacity retention at each tested current rate with cou-
lombic efficiency approaching 100%. For drop-casted elec-
trodes, a lower capacity of 122 mAh g-1 is delivered at 0.2C 
compared with ice-templated electrodes. This suggests 
that the contact of carbon addictive and active material 
might be better in ice-templated electrodes, forming elec-
trical-percolated network. The better contact may result 
from the force applied by the growing ice, which is dis-
played in Figure 3e. The difference of capacity becomes 
larger at high rates. For example, at 10C, drop-casted elec-
trodes only exhibit a very low capacity, 29 mAh g-1. Re-
markably, a capacity of 83 mAh g-1 is achieved in ice-
templated electrodes. The cycling stability of the ice-
templated electrodes was tested under 5C for 500 cycles, 
shown in Figure 3g. It displays high coulombic efficiency 
(~100%) throughout the cycling, and retains a reversible 
capacity of 88 mAh g-1 after 500 cycles, corresponding to 
the capacity retention of 83%. The high cycling stability 
indicates good structure maintain after cycling, which 
could be confirmed by the post-cycling SEM images (Fig-
ure S15).  

EIS-SC measurements were also conducted on ice-
templated electrodes to investigate the thickness scaling 
effect in these electrodes, shown in Figure 4a. Simulated 
Nyquist plots and the comparison of Rion between ice-
templated and drop-casted electrodes are shown in Figure 
S16.  It is noteworthy that the Rsol in ice-templated elec-
trodes is ~7 Ω cm2, slightly smaller than that in drop-
casted electrodes, which is ~10 Ω cm2. Besides, Rhigh is 

hard to observe in these electrodes, revealing a much 
faster ionic transport at the interface. Comparing Rion in 
electrodes of 10 mg cm-2, a smaller Rion of ~23 Ω cm2 is 
observed in ice-templated electrodes and Rion shows a 
nearly linear relationship with the mass loading (Figure 
4b). Such smaller Rion especially in thick electrodes reveals 
an enhanced ionic diffusion kinetics in the electrolyte. 

Galvanostatic intermittent titration technique (GITT) 
measurements were conducted to verify the effects of 
aligned channels on ionic transport kinetics. GITT meas-
urements were performed on the 1st discharge of the cell 
at a constant current (0.05C) for an interval of 30 min 
followed by an open circuit rest for 2 h to allow the cell 
voltage to relax to its equilibrium state. The complete 
voltage response curves of drop-casted and ice-templated 
VOPO4 electrodes are plotted with respect to time (Figure 
S17). The calculated diffusion coefficients41 in drop-casted 
and ice-templated electrodes are plotted versus the spe-
cific discharge capacity, as shown in Figure 4c. The dura-
tion of current pulse (~103 s) is much smaller than L2/D 
(~108 s), validating the use of GITT technique in this case. 
In general, drop-casted and ice-templated electrodes both 
show a similar trend during discharging. D gradually de-
creases first when the discharging capacity is below 30 
mAh g-1, and then keeps going up until capacity reaches 
95-100 mAh g-1, followed by a rapid decay. Although the 
differences of D in drop-casted and ice-templated elec-
trodes are small at the beginning, D in ice-templated elec-
trodes is larger than that of drop-casted electrodes over 

Figure 4. Kinetic analysis of ice-templated and drop-casted electrodes. (a) Nyquist plots of ice-templated electrodes in symmet-
ric cells with various electrode mass loadings and (b) corresponding ionic resistance as a function of areal mass loading. (c) 
Comparison of diffusion coefficients during the 1st discharge process and (d) K-edge XANES spectra for the 2nd discharge for 
both samples (loading: 10 mg cm-2). Inset: zoom-in image at the pre-edge. 
 



 

 

an order magnitude and reaches 3.98 × 10-12 cm2 s-1 at its 
maximum. The larger D observed in ice-templated elec-
trodes could be explained by the availability of lithium 
ions in the vicinity of the material during the discharging 
process, due to the faster ionic transport inside the chan-
nels. Also, the higher lithium-ion diffusion coefficients 
exhibit good agreement with the smaller ionic resistance 
measured by the EIS-SC characterization. 
    To further confirm the enhanced Li-ion transfer kinet-
ics in the ice-templated electrodes, in situ transmission X-
ray absorption spectroscopy (XAS) was employed to 
probe the dynamic oxidation state change of vanadium 
during the electrochemical reaction. The vanadium K-
edge X-ray absorption near-edge structure (XANES) re-
gion for the second cycle, as well as the XANES region for 
vanadium oxide reference materials are shown in Figure 
4d and Figure S18, respectively. In Figure S18, pre-edge 
peaks at 5471.0 eV and 5469.0 eV indicate the V5+ and V4+ 
oxidation states, as calibrated by V2O5 and VO2 reference 
materials. Pre-edge peak shifting from a higher energy to 
a lower one indicates the valence change of vanadium 
from V5+ to V4+, corresponding to the discharge process.34 
In the 1st charge process following a slow initial discharge, 
the delithiation of drop-casted electrodes was found to be 
not as complete as ice-templated electrodes. This is seen 
from Figure 4d that the portion of V5+ pre-edge peak in 
ice-templated electrode (dark blue line) is significantly 
larger than that in drop-casted electrode (dark green 
line), indicating much more vanadium has been oxidized 
into V5+ at the charged state. In the 2nd discharge process, 
both fully-discharged electrodes downshift consistent 
with a reduction process, and exhibit mainly V4+ oxidation 
state as revealed by the overlapped light blue and green 
line at the pre-edge region. However, compared with ice-
templated electrodes, the drop-casted sample shows a less 
complete peak shift due to a lower delivered capacity at 
the XAS measurement point. The difference in delivered 
capacity is also obvious from the charge/discharge curves 
of these two in situ cell samples shown in Figure S19. The 
change in the vanadium oxidation state effectively reflects 
a more complete lithiation process in the ice-templated 
electrodes. 

 
CONCLUSIONS 

To summarize, fundamental electrochemical properties 
of nanosheet-based electrodes were characterized and 
thickness scaling of ion transport kinetics was compre-
hensively investigated via a variety of electrochemical 
characterization techniques, including CV, EIS/EIS-SC 
and GITT. The transport of Li-ion in the electrolyte has 
been determined to be the limiting factor in thick elec-
trodes with areal mass loading up to 10 mg cm-2. A facile 
ice-templating method was employed to fabricate thick 
electrodes with vertical channels, which provide straight 
diffusion pathways for lithium ions and shorten ion diffu-
sion time. Ice-templated thick electrodes exhibit excellent 

electrochemical performance, delivering a specific capaci-
ty of 144 mAh g-1 at 0.2C and delivering 83 mAh g-1 at 10C, 
almost two times larger than that of the drop-casted 
counterparts. Further, facilitated ion diffusion in ice-
templated electrodes has been confirmed by both EIS-SC 
and GITT, indicating the high dependence of electro-
chemical properties on ion transport kinetics in thick 
nanosheet-based electrodes. In situ XAS technique also 
reveals a more complete material conversion enabled by 
enhanced ion transport in the low-tortuosity architecture 
during the discharging process. This study provides a 
deeper understanding of thickness-dependent transport 
kinetics in nanosheet-based electrodes, and demonstrates 
Li-ion transport in electrolyte is the key issue in such 
thick electrodes. Strategies to improve transport kinetics, 
such as the ice-templating method in this study, reveal 
great promise for the design of high energy/power thick 
electrodes. 

 
EXPERIMENTAL METHODS 

Materials synthesis: Bulk VOPO4·2H2O was synthe-
sized according to previous literature.42 Briefly, a mixture 
of V2O5 (1.0 g), HNO3 (69% 10 ml), H3PO4 (85%, 5 ml) and 
H2O (20 ml) was refluxed at 115 °C for 16 h. The resulting 
yellow precipitate was collected by centrifugation, washed 
with acetone three times, then dried in open air for more 
than 24 h. VOPO4 nanosheets (NS) were obtained by ex-
foliation of bulk VOPO4·2H2O in 2-propanol (IPA). Typi-
cally, 200 mg bulk VOPO4·2H2O were dispersed in 100 ml 
IPA with a concentration about 2 mg/ml. The yellow dis-
persion was ultrasonicated for 60 min in cold water until 
it turned to a light yellow and transparent dispersion. 
Then, IPA was removed by heating at 40 °C in the vacuum 
oven overnight and the resulting yellow powder was col-
lected for further characterization. 

Preparation of drop-casted electrodes: The drop-
casted VOPO4 electrodes were prepared by adding vari-
ous amount of Super P as a conductive additive. First, 50 
mg VOPO4 NS powder was re-dispersed in 5 ml IPA with 
the help of ultrasonication for 30 min, forming a yellow 
transparent dispersion. Then, a specific amount of Super 
P was added and ultrasonicated for another 30 min to 
form a homogeneous mixture. After stirring to remove 
excess IPA, the mixture was thoroughly mixed in a Thinky 
centrifugal mixer to form a homogenous slurry, which 
was then casted on aluminum foil (1.13 cm2) and dried in 
open air. The weight ratios of VOPO4 NS: Super P are 7: 3, 
8: 2 and 9: 1, respectively.  

Preparation of ice-templated electrodes: Ice-
templated VOPO4 electrodes were prepared by mixing 
VOPO4 NS, Super P and CMCNa. (VOPO4 NS: Super P: 
CMCNa = 7: 2: 1) First, 5 wt.% CMCNa solution and Super 
P was added into DI water/IPA (85: 15 v/v) and mixed for 
30 min in a Thinky centrifugal mixer. After that, VOPO4 
NS were added and mixed for another 15 min. The slurry 
was casted on the pre-treated Al foil by ozone and placed 



 

 

on a copper plate, followed by freezing with liquid nitro-
gen. Electrodes were then transferred to a lyophilizer and 
ice was removed under 5 bar at -48 °C for over 24 h. 

Cell assembly: CR2032 coin cells were assembled in-
side an Ar-filled glove box using metallic Li as anode. Cel-
gard 2320 was used as the separator between anode and 
cathode. Electrolyte was 1.0 M LiPF6 dissolved in the mix-
ture of ethylene carbonate (EC) and dimethylene car-
bonate (DEC) with the ratio of 1: 1. The amount of electro-
lyte is 40 μl for electrodes (1 and 5 mg cm-2) and 60 μl for 
electrodes (10 mg cm-2). 

Materials characterization: VOPO4 materials and 
corresponding electrodes were characterized by various 
techniques, including scanning electron microscope 
(SEM, Hitachi S-5500 and FEI Quanta 650), scanning 
transmission electron microscope (STEM, Hitachi S-5500) 
and X-ray diffraction (XRD, Rigaku MiniFlex 600 Diffrac-
tometer). Out-of-plane conductivity was measured by a 
two-probe technique with silver paint on Keithley 
4200SCS Semiconductor characterization system. 

Electrochemical characterization: All electrochemi-
cal characterizations were conducted at room tempera-
ture with the electrochemical window 3.0-4.2 V. Room 
temperature CV and electrochemical impedance spec-
troscopy (EIS) measurements were conducted on a Bio-
Logic potentiostat (VMP3). The frequency range of both 
half-cell and symmetric-cell tests was from 1 MHz to 10 
mHz. Galvanostatic charge-discharge, rate performance 
and galvanostatic intermittent titration technique (GITT) 
was measured on a Neware battery tester (BTS 4000).  

In situ transmission X-ray absorption spectroscopy 
(XAS) characterization: In situ transmission XAS of the 
V K-edge data were collected at the 7-BM beamline of the 
National Synchrotron Light Source II (NSLS-II) at 
Brookhaven National Laboratory. The beam was calibrat-
ed to 5465 eV using a V reference foil. Ice-templated and 
drop-casted coating type electrodes were used as cath-
odes for in situ cells with Li as the anode and 1M lithium 
hexafluorophosphate (LiPF6) in ethylene carbonate (EC): 
dimethyl carbonate (DMC) (3:7 v/v) as the electrolyte. 
XAS measurements were taken as the cells cycled at a C/2 
rate. XAS spectra were aligned, calibrated, normalized, 
and merged using the Athena software package.43 This 
software was also used to perform linear combination 
fitting (LCF) on each spectrum. Each XAS spectrum rep-
resents a merge of 10 individual scans. 

ASSOCIATED CONTENT  
Supporting Information. Experimental section, additional 
SEM and STEM images, XRD patterns, CV, EIS simulation, 
charge-discharge profiles, and charge transfer resistance cal-
culation. This material is available free of charge via the In-
ternet at http://pubs.acs.org. 
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