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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  

• Energy-power trade-off in Li-ion cells is 
mitigated by composition graded 
electrodes. 

• A composition gradient across an elec-
trode thickness is realized by spray 
deposition. 

• A heterogeneous electrode structure in-
creases active materials utilization. 

• A trapezoidal graded distribution in-
creases the power performance of 
electrodes. 

• C-rate response and cycling behaviour 
are enhanced by composition graded 
electrodes.  
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A B S T R A C T   

Commercial Li-ion cell electrodes comprise a random mix of the constituent materials largely unchanged for 
more than three decades. During fast charge/discharge, electrode-scale Li-ion concentration gradients develop, 
along with a spatially heterogeneous distribution of overpotential, utilization and degradation of active material, 
which ultimately restricts the range of realizable energy-power combinations. We expand energy-power char-
acteristics and reduce cell degradation rate using electrodes that are compositionally graded at the microscale to 
homogenize active material utilization. Trapezoidal-graded composition LiFePO4 cathodes, enabled by a layer- 
by-layer deposition technique, are compared with conventional electrodes: at an energy density of 500 Wh 
L− 1 the best graded electrode design increased power density from approximately 100 W L− 1 to 630 W L− 1, while 
at a power density of 300 W L− 1, the energy density increased from approximately 420 Wh L− 1 to 600 Wh L− 1. 
The results highlight the potential for new manufacturing approaches and electrode designs to provide perfor-
mance enhancements for existing and future Li ion battery chemistries.   

1. Introduction 

To meet the performance demands of energy storage applications in 

electric vehicles (EVs) there is a need for improved Li-ion batteries (LIBs) 
that combine high energy density with improved power density, slower 
capacity degradation and reducing cost [1–3]. Existing commercial LIBs 
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trade energy density for power density (and vice versa), and the per-
formance window for both high power and high energy density is 
comparatively restricted [4]. Most effort on widening LIB energy-power 
performance has concerned the formulation of novel battery chemistries 
with intrinsically fast Li-ion diffusion and high energy density [5,6]. 
While steady progress has been made in LIB energy density (and huge 
progress in cost reduction), a step-change in LIB power-energy perfor-
mance via a new electrochemically active material may be achievable 
only at increased cost [7]. Meanwhile, time is running out to meet 
carbon neutral commitments, e.g. 2050 in the UK and the EU, and ad-
vances in energy storage performance must be accelerated [8]. 

The energy-power density trade-off in LIBs applies to all negative and 
positive electrodes and their combination because it is a consequence of 
the way batteries are constructed, in particular the electrode micro-
structure [9]. Electrochemical reaction kinetics are generally faster than 
the mass transport of Li-ions in either solid active particles or in the 
liquid electrolyte [10,11]. Consequently, at all but the very slowest 
charge/discharge rates, the diffusion control of electrochemical pro-
cesses leads to a heterogeneous spatial distribution of the Li ion con-
centration and state-of-charge (SOC), most strongly through the 
electrode thickness [12–16]. Although the movement of Li ions in the 
electrolyte is generally tortuous because of the complex, inter-connected 
pore structure, the net ionic flux is principally through thickness and, for 
example, typically leads to Li-ion enrichment close to the separator and 
depletion close to the current collector for a positive electrode during 
discharging [17,18]. At increased C-rates, i.e. to sustain a high reaction 
current, regions of low Li-ion concentration will lead to a local increase 
in diffusion overpotential and contributes to the total charge-transfer 
overpotential in Butler-Volmer reaction kinetics [19,20]. As a result, 
the cut-off voltage for charge or discharge is reached within a much 
shorter period than at lower C-rates, and local insertion/de-insertion 
reactions from active materials are incomplete [18,21]. Consequently, 
only a fraction of the available capacity is achieved at fast rates [12,17, 
22]. A further consequence of overpotential heterogeneity is that some 
regions of the electrode are “over-charged”, which leads to unnecessary 
particle pulverisation [13,21] and capacity fade, or even the well-known 
case of local Li plating in graphite–based negative electrodes [23]. 

Commercially, electrodes are optimized towards high energy or high 
power characteristics [24]: high energy cells use thicker electrodes 
and/or a higher active material weight fraction to reduce the number of 
current collectors and separators, but sacrificing power density [4]; high 
power cells use thinner electrodes, and/or smaller sized active particles, 
higher porosity, and/or more carbon additives, but with a sacrifice in 
energy density [24,25]. 

Compared with the exploration of new LIB chemistries, the design of 
more favourable electrode structures has received only recent attention 
[26], partly due to a lack of manufacturing flexibility. Currently, almost 
all LIB electrodes are manufactured by mixing the active material, car-
bon conductive additives and a polymeric binder in a liquid that sus-
pends the actives and additives and dissolves the binder [9]. The mixture 
is continuously coated onto metal foil current collectors through a 
slot-die followed by evaporation of the carrier/solvent liquid and 
calendaring [9]. This process has been developed spectacularly to the 
giga-factory scale (typically 20–40 GWh production per year) [27]. 
From a microstructural point of view, the objective of manufacture is to 
produce an identical, essentially random mixture of the constituents 
through the electrode thickness and within the plane (over many 100’s 
of m2), uniformly well-adhered to the foil. As installed capacity con-
tinues to ramp up, there is inertia to explore other manufacturing ap-
proaches that might offer more microstructural control but where the 
cost-benefits are not clear or sufficiently advantageous. For example, 
the benefits of aligning electrode porosity in the through thickness di-
rection have been shown by simulation and experiment for many years, 
but a competitive, productive route for manufacture remains elusive, 
and engineered porosity (for example by sacrificial pore templating) 
usually increases pore fraction and undermines volumetric performance 

[28–30]. 
There remains controversy of the benefits – and under what condi-

tions – of graded microstructure electrodes in which local particle size, 
fractions of materials, or type of material deliberately varies place to 
place [31–34]. At very slow charge rates, the cell is close to equilibrium 
conditions, and capacity only controlled by thermodynamic consider-
ations such as the total amount of electrochemically active material and 
its intrinsic capacity. Graded electrodes should not offer any benefit 
under these conditions, and only when dynamic or kinetic effects 
become important might microstructural influence become apparent. 

In general, simulation has been a more convenient approach to 
explore the dynamics of graded electrodes because processes that con-
trol microstructure point-to-point during manufacture have not been 
available until recently [34–37]. Where grading has been investigated 
experimentally, there has been difficulty in fabricating electrodes that 
offer a fair comparison of graded versus conventional electrodes. For 
example, when active particle diameter is graded through-thickness, the 
local porosity fraction also tends to vary so that similar weight elec-
trodes have different thicknesses. This type of interdependency makes it 
difficult to unpick experimentally the underlying benefits – or de-
ficiencies – of graded electrodes and microstructural design. 

Previous experimental work on graded electrodes has included local 
pore fraction or particle size grading [25,31,32,34,38], pore templating 
[28,29,39], and layered arrangements using multiple slurry casting/-
drying/calendaring steps [37,40]. These studies have shown some 
benefits of grading under some configurational and charge/discharge 
conditions, as well as some practical challenges such as higher electric 
resistivity at layer interfaces [41], and inter-layer cracking during 
long-term cycling [42]. It was demonstrated experimentally for LiFePO4 
and Li4Ti5O12 particles that if the local fraction of conducting carbon 
additive was increased close to the current collector, the C-rate perfor-
mance was much better than uniformly distributed, random mixture 
electrodes [35,36], consistent with similar findings for multi-layered 
electrodes [43]. The improved performance was attributed to lower 
impedance and homogenization of local reactivity and overpotential, 
supported by modelling insights [44]. 

Overall, the literature suggests that grading, in some circumstances 
can be beneficial, but there is not a “universal” optimum, and any op-
timum will depend on the active material involved, electrode thickness 
and porosity, and performance metrics of interest. Indeed, for some 
electrode formulations a random, uniform mixture may be close to op-
timum, and only the relative fraction of each component is important. 

We present the manufacture and comparative performance of 
various LIB positive electrodes with controlled local fractions of active 
material (LiFePO4, LFP), conductive carbon and binder through the 
electrode thickness. We select LFP because electrode performance is 
known to be sensitive to grading effects [35,36]; it also has a relatively 
low intrinsic capacity making optimization to sustain capacity perfor-
mance valuable. We investigate active materials loadings of 90 wt% that 
are significantly higher than previous work [35,36]. The electrodes are 
additively manufactured by a layer-by-layer spray deposition technique, 
achieving through-thickness grading with near μm-scale resolution. 
Critically, we vary local composition while producing a range of elec-
trodes with the same overall approximate weight, porosity, and pro-
portion of materials. This level of compositional control, and the ability 
to use exactly the same materials used in the ubiquitous slurry casting 
electrode fabrication route allows detailed “back-to-back” comparison. 
While previous work considered only monotonic through-thickness 
grading arrangements, we explore designs that increase local carbon 
and binder (CAB) fractions in the region of the electrode lower (elec-
trode/current collector) and upper (electrode/separator) interfaces, and 
maximize active fraction in electrode central regions – producing a 
“trapezoidal” or “flat top mountain” distribution of active material 
through the thickness (e.g. Fig. 1b). Higher binder fraction at the current 
collector may increase adhesive strength and mechanical stability while 
more carbon can reduce contact resistance [45]. The benefits of more 
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CAB towards the separator are more speculative, and part of the hy-
pothesis explored here. Benefits might include: (i) reducing the fraction 
of active material exposed to the highest local Li concentrations in the 
near-separator region and so helping to avoid excessive SEI formation or 
other degradation mechanisms [46,47], and (ii) increasing the local 
ionic mobility at the electrode-separator interface to facilitate ion 
transport and so prevent excessively steep gradients in bulk electrolyte 
concentration forming across the electrode [44]. Another feature of the 
graded arrangements is that for a constant overall CAB fraction as used 
here, relatively high local CAB fractions at the current collector and 
separator region must be balanced by a reduction in the CAB fraction in 
the electrode central region. In turn, this may reduce CAB blocking or 
shadowing of active particle surface in this region, which may help to 
promote higher achievable electrode capacities. 

2. Experimental 

2.1. Graded electrode fabrication 

A layer-by-layer, additive manufacture spray deposition route for LIB 
electrodes has been developed (Fig. 1a) that fabricates A5 (148 mm ×
210 mm) area double-sided electrodes for pouch cells [48–51]. The 
process operates with conventional electrode slurries and compositions 
but with a greater dilution to enable atomization into a spray that de-
posits on a current collector foil. During spraying, a peristaltic pump 
controls the flow rate of suspension to the spray head where it is 
atomized using compressed air. The arising cone-shaped spray plume is 
scanned cyclically under computer control over a foil current collector 
in zig-zag pattern using a x-y-z manipulator gantry. The foil is attached 
to a heated vacuum chuck held at 140 ◦C to promote near-instant drying 
of the droplets and evaporation of the solvent on deposition. There is no 
significant re-suspension of previously deposited and dried layers, so the 

Fig. 1. (a) Schematic illustration of the experimental set-up for the fabrication of composition graded LIB electrodes. (b) Schematic depiction of a trapezoidal-graded 
active materials, carbon and binder distribution through the electrode thickness. 

Table 1 
Materials and formulations used to produce graded, trapezoid-shaped through thickness compositional variations. The overall weight ratio of LPF active material: 
carbon:binder was 90:5:5 (wt.%) for Trapezoid 1 to 4 and Uniform-90, and 80:10:10 (wt.%) for Uniform-80 electrode. To fabricate each electrode, a total of 3 g solid 
materials was sprayed onto the current collector under otherwise identical conditions.  

Electrode Suspension A Suspension B Suspension C  

AM 
(mg) 

Carbon 
(mg) 

Binder 
(mg) 

NMP 
(mL) 

IPA 
(mL) 

AM 
(mg) 

Carbon 
(mg) 

Binder 
(mg) 

NMP 
(mL) 

IPA 
(mL) 

AM 
(mg) 

Carbon 
(mg) 

Binder 
(mg) 

NMP 
(mL) 

IPA 
(mL) 

Trapezoid- 
1 

405.0 15.3 15.3 5 95 405.0 63.6 63.6 5 95 1890.0 71.1 71.1 10 190 

wt.% 
(overall) 
wt.% 
(local) 

13.50 
(93.0) 

0.51 
(3.5) 

0.51 
(3.5)   

13.50 
(76.0) 

2.12 
(12.0) 

2.12 
(12.0)   

63.0 
(93.0) 

2.37 
(3.5) 

2.37 
(3.5)   

Trapezoid- 
2 

648.0 24.3 24.3 5 95 162.0 54.6 54.6 5 95 1890.0 71.1 71.1 10 190 

wt.% 
(overall) 
wt.% 
(local) 

21.60 
(93.0) 

0.81 
(3.5) 

0.81 
(3.5)   

5.40 
(59.8) 

1.82 
(20.1) 

1.82 
(20.1)   

63.0 
(93.0) 

2.37 
(3.5) 

2.37 
(3.5)   

Trapezoid- 
3 

648.0 17.1 17.1 5 95 162.0 83.1 83.1 5 95 1890.0 49.8 49.8 10 190 

wt.% 
(overall) 
wt.% 
(local) 

21.60 
(95.0) 

0.57 
(2.5) 

0.57 
(2.5)   

5.40 
(49.4) 

2.77 
(25.3) 

2.77 
(25.3)   

63.00 
(95.0) 

1.66 
(2.5) 

1.66 
(2.5)   

Trapezoid- 
4 

1080.0 28.5 28.5 5 95 270.0 86.1 86.1 5 95 1350.0 35.4 35.4 10 190 

wt.% 
(overall) 
wt.% 
(local) 

36.00 
(95.0) 

0.95 
(2.5) 

0.95 
(2.5)   

9.00 
(61.0) 

2.87 
(19.5) 

2.87 
(19.5)   

45.00 
(95.0) 

1.18 
(2.5) 

1.18 
(2.5)   

Uniform- 
90           

2700.0 150.0 150.0 10 190 

wt.%           90.0 5.0 5.0   
Uniform- 

80           
2400.0 300.0 300.0 10 190 

wt.%           80.0 10.0 10.0    
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instantaneous, local fraction of electrode components is “frozen” into 
the electrode structure. The principal benefit is the ability to change the 
spray composition over time, or to mix multiple sprays, allowing elec-
trodes with through-thickness (or in-plane) variations in composition, 
particle size, binder fraction, discrete inter-layers, etc. to be fabricated 
reproducibly and relatively quickly. 

Previous work showed the benefits of a simple, monotonically 
varying active material and carbon distribution in LFP-based electrodes 
[35], but here we investigate if any further benefit can arise for more 
complex trapezoid arrangements, shown schematically in Fig. 1b, i.e. 
the active fraction starts relatively low at the current collector (and the 
CAB fraction is correspondingly relatively high), increases with elec-
trode thickness to a maximum plateau fraction, and then reduces again 
at the separator. Table 1 lists the electrode materials for each arrange-
ment. All the graded electrodes had overall electrode active:carbon: 
binder compositions of 90:5:5 (wt.%), along with uniform electrodes of 
either 90:5:5 or 80:10:10. To ensure similar electrode thicknesses and 
areal loading, the total electrode mass sprayed and all other parameters 
(including electrode porosity (see later), moving velocity of the spray 
nozzle (20 mm s− 1), distance between nozzle and substrate (150 mm), 
pressure of the compressed air (0.4 bar), temperature of the substrate 
(140 ◦C), pumping rate of the suspension (see below), etc.) for all 
electrodes were kept constant during fabrication. 

To fabricate the trapezoidal active material distributions, three sus-
pensions A, B and C were used (Table 1). Step 1: suspensions A and B 
were divided into two equal volume suspensions A1 and A2, and B1 and 
B2. Step 2: suspension A1 was pumped into suspension B1 at a rate of 
2.25 mL min− 1 and suspension B1 was sprayed at 4.5 mL min− 1 onto the 
heated current collector via a nozzle (ViscoMist, Lechler GmbH, Ger-
many). Because suspension A1 flowed into suspension B1, the fraction of 
electrode materials deposited gradually changed. Both suspensions were 
magnetically stirred throughout until both suspensions were exhausted. 
Step 3: suspension C was sprayed at 4.5 mL min− 1 until exhausted. Step 
4 was the exact inverse of Step 2: suspension B1 was pumped into A1 at a 
rate of 2.25 mL min− 1 and A1 was simultaneously sprayed at 4.5 mL 
min− 1 until both were exhausted. A MATLAB® code was used to 
calculate the resulting, nominal through thickness local weight ratios 
[35]. 

All the suspension were based on LiFePO4 with a particle size of 
~300 nm (Hydro-Québec, Canada), Super-P carbon additive (MTI, 
USA), PVDF binder (polyvinylidene fluoride, Mw~534,000, Sigma- 
Aldrich), and a solvent mixture of 1-Methyl-2-pyrrolidinone, (≥99.0%, 
Sigma-Aldrich) and IPA (2-propanol, 99.5%, Sigma-Aldrich) at 1:9 vol 
ratio. Suspensions were prepared by ball milling of the materials and 
solvent at 300 rpm for 1 h (FRITSCH Pulverisette 6, Germany) followed 
by high energy probe ultrasonication for 2 h (20Hz and 750W, Vibra- 
cell, Sonics Inc., US). 

2.2. Coin cell assembly 

The areal materials loading of all the LFP cathodes, irrespective of 
the materials arrangement, was 15.4 ± 0.7 mg cm− 2. Note these areal 
electrode loadings are significantly higher than most comparable studies 
that use 3–5 mg cm− 2 [52]. Higher loadings were chosen to amplify any 
differences between the arrangements, and because higher loadings are 
always more desirable so long as performance is not compromised. 

The LFP cathodes were dried overnight at 60 ◦C and then calendared 
to similar porosities (55–56%), and punched disks of 12 mm diameter 
were obtained. For 90:5:5 graded and uniform electrodes, the calen-
dared thicknesses were 104 ± 7 μm, electrode densities were 1.48 ±
0.04 g cm− 3, and electrode porosities were 54.6 ± 1.4% (averaged from 
~50 electrodes and typically 8 electrodes fabricated for each arrange-
ment). Applying a t-test to these data, at a confidence level of 95%, the 
confidence interval for electrode thickness was ± 2.0 μm, for electrode 
density ± 0.024 g cm− 3, and for porosity ± 0.74%. For the 80:10:10 
uniform electrodes, the calendared thickness were 121 ± 2 μm, 

electrode densities were 1.30 ± 0.02 g cm− 3, and electrode porosities 
were 56.3 ± 0.7%. The electrode porosity p was calculated according to: 

p=
[

1 − ρ
(

fAM

ρAM
+

fC

ρC
+

fB

ρB

)]

× 100% (1)  

where ρ is the electrode density; fAM, fC, and fB are weight fractions of 
active materials, carbon and binder, respectively; ρAM = 3.6 g cm− 3, ρC 
= 1.8 g cm− 3, and ρB = 1.74 g cm− 3 are the densities of active materials, 
carbon (super-P) and binder (PVDF), respectively. Although the elec-
trodes with fAM = 80% had a lower calendared density than those with 
fAM = 90%, once the relative densities of the differing fractions were 
accounted for, the electrode porosities were all closely similar (55–56%) 
with an electrode materials loading of 15.4 ± 0.7 mg cm− 2. 

CR2032 half-cells were assembled with the LFP-based positive 
electrodes working against Li foil, a Celgard separator, and 1 M LiPF6 in 
ethylene carbonate and dimethyl carbonate electrolyte (EC/DMC = 50/ 
50 v/v, Sigma-Aldrich, UK) electrolyte. Before assembling, all cell 
components were stored in a vacuum oven at 70 ◦C inside an Ar filled 
glovebox for more than 5 h and assembled into cells within the same 
glovebox. As-assembled cells were aged for 6–12 h before testing. 

2.3. Electrochemical testing 

Coin cells were tested using a battery cycler (Arbin Instruments, 
USA, Models: BT-G-25 and IBT21084LC) in the potential range 2.5–4.2 
V vs. Li/Li+ for LFP half-cells at room temperature and at various C-rates 
from 0.1 to 7C. Here, 0.1C corresponded to 17.0 mA g− 1. Within each 
cycle, charging and discharging were performed at the same C-rate. 

2.4. Materials characterization 

After electrode calendaring, pristine electrode cross-sections were 
observed in a Carl-Zeiss Merlin (Germany) high-resolution field emis-
sion scanning electron microscope (FE-SEM) combined with an Oxford 
Instruments (UK) Xmax 150 energy-dispersive X-ray spectroscopy (EDX) 
detector. EDX element mapping and line scanning across the electrode 
thickness were performed to obtain qualitative element distributions. 
Electrode cross-sections shown in Fig. 2 were prepared by breaking the 
electrodes with tweezers. 

3. Results and discussion 

The plots in Fig. 2a–d shows the ideal, designed local fraction vari-
ations as a function of distance from the electrode surface (close to the 
separator) “down” towards the current collector for the electrodes given 
in Table 1. All the electrodes had the same overall composition ratio of 
active material LFP:carbon:binder of 90:5:5 (wt.%), the same overall 
coating thickness and density, but with different local composition 
variations through the electrode thickness: a uniform distribution in 
Fig. 2a (U90 hereafter) and trapezoidal distributions 2, 3 and 4 in 
Fig. 2b, c and d (T2, T3, T4 hereafter). Superimposed solid symbols in 
Fig. 2a–d shows EDX line scan intensity data from spray printed elec-
trode cross-sections for Fe Kα1, C, and F Kα1 that depict the distribution 
of LFP, carbon conductive additive and PVDF binder, respectively. The 
EDX intensity data cannot be interpreted directly as the local weight 
fraction of each of the materials. Nonetheless the EDX traces provided 
reassurance that experimental distributions qualitatively matched and 
differentiated the uniform (Fig. 2a) and the trapezoidal designs 
(Fig. 2b–d). For example, the increased thickness of the carbon and 
binder rich region at the electrode periphery from 15% of total thickness 
in T3 (Fig. 2c) to 25% in T4 (Fig. 2d) was clearly differentiated. As 
intended, the electrode thicknesses were almost identical. 

Fig. 2e–h shows EDX element maps superimposed on the SEM images 
(shown in Fig. S1 of the Supplementary Data) of the uniform and graded 
electrodes cross-section corresponding to the designs in Fig. 2a–d, 
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respectively. The micrographs and maps show there were no step 
changes in local composition and no internal delamination. 

For ease of comparison, Fig. 3a shows the electrode materials design 
for U90 and the graded electrodes T1, T2 and T3 (Table 1) in a single 
plot. The relative thickness of the central plateau of high LFP fraction 
was maintained at 70% of the total thickness, but the graded regions 
differed. For example, in the plateau region, T1 and T2 had the same 
composition ratio of 93:3.5:3.5 (wt.%) and T3 had a ratio of 95:2.5:2.5, 
but at the edges of the graded region the ratios were 76:12:12 for T1, 
59.8:20.1:20.1 for T2, and 49.4:25.3:25.3 for T3. 

Fig. 3b shows that at low C-rate (0.1C) the electrodes had similar 
discharge capacities of ~147 mAh g− 1 and microstructural design 
played no differentiating role. As the C-rate increased up to 3C, all the 
electrodes had reduced capacity, which should be expected, particularly 
given relatively high electrode thicknesses of ~100 μm after calen-
daring. Electrode T3, with the highest CAB fraction and lowest active 

fraction at the periphery but the highest active fraction in the plateau 
region, retained the highest capacity of ~3 times the uniform counter-
part at 1C. All the electrodes had similar degradation rates during 
cycling at 0.5C (Fig. 3c), but the improved capacity retention of the 
graded electrodes compared with the uniform electrode was maintained. 
These data suggest that electrode capacity was sensitive to the micro- 
arrangement of constituents: the C-rate performance was improved by 
redistributing CAB to the electrode upper and lower regions, with a 
consequent increase in active material fraction in central regions. 

Galvanostatic charge-discharge curves for U90, T1, T2 and T3 elec-
trodes are plotted in Fig. 4a–d respectively. The ability to maintain ca-
pacity with increasing rate C-rate from 0.1C to 1C was confirmed as U90 
< T1 < T2 < T3 with discharge capacities at 1C of 43, 62, 89 and 120 
mAh g− 1, respectively. The corresponding first derivative of capacity to 
voltage (dQ/dE) for each electrode is plotted as a function of voltage in 
Fig. 4e–h. The peak of dQ/dE identifies the voltage position of the redox 

Fig. 2. (a–d) Graded electrodes with a trapezoidal profile of active material (LFP), with corresponding local variations in carbon and binder fraction, as a function of 
distance from the separator, through thickness towards the current collector. Solid lines represent the idealised, designed distribution; solid symbols represent the 
measured, approximate materials distribution according to energy-dispersive X-ray spectroscopy (EDX) through-thickness line scans. (e–h) EDX element maps of the 
electrode cross-sections corresponding to (a–d), respectively. Fe (red) depicts active material LFP, C (blue) depicts conductive additive, and F (green) depicts PVDF 
binder. All electrodes have the same average composition ratio of LPF:carbon:binder of 90:5:5 (wt.%). Fabrication conditions are given in Table 1. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. C-rate and cycling performance of LFP-half cells with trapezoidal graded and uniform cathodes. (a) The designed through-thickness materials distribution. (b) 
Specific discharge capacity at different C-rates. (c) Cycling performance at 0.5C over 100 cycles, tested immediately after the C-rate testing in (b). All electrodes had 
the same overall composition ratio of active material:carbon:binder of 90:5:5 (wt.%). 
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reactions of Li-ion intercalation/deintercalation. With increasing C-rate, 
both anodic and cathodic peak voltages shifted from the open-circuit- 
voltage of ~3.43 V, arising from a change in the associated over-
potential η. 

In the widely used Newman model of Li ion batteries [53], the 
Butler-Volmer equation is used to describe the reaction kinetics at the 
active particle/electrolyte interface. 

in = i0

[

exp
(

αaF
RT

η
)

− exp
(

−
αcF
RT

η
)]

(2a)  

i0 =F(ka)
αc (kc)

αa
(
cs,max − cs

)αc
(cs)

αa (ce)
αa (2b)  

η=Φs − Φe − U(cs) (2c)  

where in is the current density normal to the surface of active material 
due to the Li intercalation/deintercalation, i0 is the exchange current 
density, αa and αc are transfer coefficients of anodic and cathodic di-
rections of a reaction, ka and kc are rate constants for the anodic and 
cathodic directions of the reaction, η is the local value of surface over-
potential, Φs and Φe are electric potentials of solid phase and the liquid 

(electrolyte) phase, ce and cs are the Li + concentrations in the electrolyte 
and the active material at the interface, cs,max is the maximum Li +

concentration in the active material, and U(cs) is the open-circuit po-
tential of active material that is cs dependent. Eq. (2) shows the reaction 
rate strongly depends on the local overpotential (η) and the local Li+

concentrations in the active material (cs) and the electrolyte (ce) at the 
interface. 

During discharge of a LFP cathode, Li+ is intercalated first at the 
active particle surface and is then slowly transported through the par-
ticle according to Fick’s 2nd law of diffusion [53]. 

∂cs

∂t
=

1
r2

∂
∂r

[

Dsr2∂cs

∂r

]

(for  0  <  r  < Rs) (3a)  

− Ds
∂cs

∂r
= 0 (for  r = 0) (3b)  

− Ds
∂cs

∂r
=

in

F
(for  r = Rs) (3c) 

The active particle was assumed to be spherical with a radius Rs. Ds is 
the diffusion coefficient of Li in the active particle. In Eq. (3c), the rate of 

Fig. 4. (a–d) Galvanostatic charge-discharge curves of the LFP half-cells with U90, T1, T2, and T3 cathodes, respectively. (e–f) First derivative of capacity with 
respect to voltage (dQ/dE) against voltage, corresponding to (a–d). (i) Discharge capacity as a function of C-rate. (j) Polarization obtained from the voltage difference 
between galvanostatic charge and discharge curves as a function of C-rate. (k) Discharge capacity as a function of polarization. 
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Li+ ion transport at the particle surface corresponds to the rate of Butler- 
Volmer reaction kinetics. At fast C-rates, the vacancies at the particle 
surface to host Li+ may be saturated before Li vacancies beneath the 
surface are fully occupied, i.e. cs → cs,max, at the particle surface, and cs 
≪ cs,max at the particle core. From Eq. (2b), the exchange current density 
(i0) tends to zero because cs → cs,max, at the particle surface. From Eq. 
(2a), in order to maintain the high current output at fast C-rates, the 
overpotential η has to be elevated to provide a larger driving force for 
the reaction to take place. As a result, the cell cut-off voltage will be 
reached within a relatively short time, before vacancies inside the par-
ticle are fully occupied by Li+. This situation can be regarded as 
microscopic heterogeneity. 

When all the active particles are now considered across the electrode 
thickness, macroscopic heterogeneity at the electrode level arises due to 
the inhomogeneous Li+ concentration in the electrolyte, which follows 
the moderately concentrated electrolyte theory [53,54]. 

ε ∂ce

∂t
=

∂
∂x

[

Deff
e

∂ce

∂x

]

+
a
(
1 − t+0

)
in

F
(4a)  

Deff =Deεb (4b)  

where x is along the electrode (and the cell) thickness, ε is electrode 
porosity, a is specific interfacial area of the electrode, t+0 is transference 
number of Li+ in electrolyte, Deff

e is the effective diffusion coefficient of 
the electrolyte, De is the intrinsic diffusion coefficient of the electrolyte, 
and b is the Bruggeman coefficient. According to numerical solutions of 
Newman’s model [54], ce reduces steadily from the electrode/separator 
interface to the electrode/current collector interface during discharging 
of a cathode, and this concentration gradient becomes steeper with 
increasing C-rate. 

Under these conditions, for particles located close to the current 
collector of the cathode, the relatively low local ce leads to reduced i0 
according to Eq. (2b). The local reaction rate will be consequently 
reduced and there is not enough Li+ in the electrolyte to intercalate fully 
into the active cathode particle. For particles located closer to the 
separator where ce will be relatively high, the particles tend towards 
fully intercalated. Therefore, particles across the electrode thickness as a 
whole are not homogeneously utilized at electrode thickness scale. To 
address this inhomogeneity in active material utilization, recent simu-
lations of compositionally graded electrodes predicted that the reaction 
rate could be homogenized by rearranging the electrode materials 
micro-distribution through the electrode thickness [44] and similar to 
the ideas explored experimentally here. 

Here, we assume the voltage difference between matching anodic 
and cathodic peaks gives an indication of the polarization between Li- 
ion deintercalation (anodic) and intercalation (cathodic) reactions, 
which are marked by the dashed vertical green lines in Fig. 4e–h. This 
polarization is approximately twice the overpotential for either dein-
tercalation or intercalation reactions for a given C-rate [55]. 

Fig. 4i summarizes the discharge capacity data in Fig. 4a–d; Fig. 4j 
summarizes the polarization data from Fig. 4e–h as a function of C-rate; 
and finally, Fig. 4k then combines the data to show the strong rela-
tionship between discharge capacity and extent of polarization. Graded 
electrodes with higher capacity retention had lower polarization at each 
C-rate, i.e. a lower overpotential for redox reactions. Note electrode U90 
had a lower polarization than T1 electrode (Fig. 4j) but its C-rate per-
formance was nonetheless inferior; U90 also had a faster capacity decay 
with increasing polarization. As overpotential increases, the rate of side 
reactions generally also increases, driving the thickening of the SEI layer 
that increases internal resistance and further elevates overpotential [35, 
46]. Fig. 4k shows that in terms of discharge capacity as a function of 
polarization, the behaviour of graded electrodes was similar but 
distinctly superior to the uniform electrode. 

Fig. S2 in the Supplementary Data and Table 1 gives details of the 
design and performance of a further T4 arrangement in which the high 

fraction active material plateau was reduced from 70% of the overall 
electrode thickness to 50%, and consequently, the edge gradient was less 
steep. In terms of C-rate capacity retention and degradation rate, T4 was 
inferior to T3, emphasising the importance of a wide plateau region rich 
in the active material, and redistributing more CAB to the electrode 
edges. 

In this study the local binder fraction scaled with the local carbon 
fraction as it was assumed necessary always to have sufficient binder to 
embed the carbon into a CAB mixture. However, the binder is electro-
chemically inert and wastes mass and volume, does not contribute to 
electronic conductivity and may obscure active surface to Li-ions. 
Although not pursued in this paper, the spray deposition route allows 
for full decoupling of local binder and carbon fractions, even as the 
active material fraction also changes, and could be investigated as a 
route to minimise the overall fraction of parasitic binder in the 
electrode. 

To explore further the materials distribution effects, cyclic voltam-
metry was conducted and the resulting plots for U90, T2, T3 and T4 
electrodes are shown in Fig. 5a–d respectively. As the scan rate increased 
from 0.05 to 0.09 mV s− 1 both anodic and cathodic peak currents of the 
uniform electrode were similar while the peak area tended to shrink, 
indicative of sluggish reaction kinetics and reducing active material 
utilization as seen in the earlier C-rate data (Fig. 4). T2 and T4 electrodes 
exhibited slightly higher peak currents than U90, and the peak areas 
expanded over the range 0.05–0.08 mV s− 1. For electrode T3, both peak 
current and peak area increased with scan rate, and the difference be-
tween peak potentials widened, consistent with its higher capacity 
retention. 

To compare Li-ion mobility in the different electrodes anodic and 
cathodic peak currents were plotted as a function of the square root of 
the scan rate, as shown in Fig. 5e and f. Assuming diffusion controlled 
reactions, the slope of a best-fit line to the Randles-Sevcik equation is 
proportional to the Li-ion diffusion coefficient [56–58]: 

slope=
ip

v1/2 = 0.4463
(

F3

RT

)1/2

C*AD1/2∝D1/2 (5)  

where ip is the peak current, v is the potential scan rate, F is the Faraday 
constant, R is the gas constant, T is absolute temperature, C* is the initial 
Li-ion concentration, A is the electrochemical active surface area, i.e. the 
sum of the active particle/electrolyte interfacial area, and D = D0 εb is 
the effective Li-ion diffusion coefficient for porous electrode, where b is 
the Bruggeman coefficient, ε is electrode porosity, and D0 is the diffusion 
coefficient without porosity [44]. C* and A were assumed constant for 
all electrodes. It has been suggested that when the LFP electrode 
thickness is > 20 μm (or the electrode loading > 4 mg cm− 2), the Li-ion 
diffusion coefficient describes the overall diffusivity of the electrode 
rather than diffusivity in the LFP particles [59–61]. Given an electrode 
thickness ~100 μm and electrode loading ~15 mg cm− 2, the Li-ion 
diffusion coefficients estimated here were not the intrinsic diffusivity 
of Li in LFP particles but reflected the effective Li-ion diffusivity, inte-
grated over both particulate and electrode length-scales. Recent work 
has shown that for LIBs, Li+ diffusion limitations in the electrolyte are 
the principal restriction to high energy retention at fast charging [10]. 

Fig. 5e shows that for electrodes T2 to T4 there was a linear 
dependence of ip (anodic) on v1/2 at scan rates < 0.07 mV s− 1. For 
electrode U90, there was no best-fit because the scan rates were too high 
for electrodes of this high mass loading and thickness functioning. Note 
that due to the sluggish ion diffusion at the fast rates, U90 did not show 
inflection points (current peaks) at 0.09 mV s− 1. Instead, the maximum 
and minimum current obtained at the positive and negative potential 
ends are plotted in Fig. 5e and f to provide some indication of rate 
response, but no fitting to these data was performed. As shown in Fig. 5e, 
the slope (and therefore Li-ion mobility) increased from T4 (2.05 A g− 1 

mV− 1/2 s1/2) to T2 (0.341 A g− 1 mV− 1/2 s1/2) and then T3 (0.640 A g− 1 

mV− 1/2 s1/2), and similar to the trend for the cathode peak current 
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shown in Fig. 5f. 
Variations in pore fraction or tortuosity can have significant effects 

on Li-ion diffusivity throughout the electrode, but, to a first approxi-
mation, pore fraction was essentially the same for all the electrodes. 
Consequently, it is interesting to speculate on the reasons for the 
differing Li-ion diffusivity. Given that the aim of grading is to improve 
the spatial homogeneity of overpotential and local reaction current, it is 
consistent to infer that the apparent increasing diffusivity arose from 
more active material being utilized in the diffusion-limited energy 
storage reactions. 

The best-performing T3 graded electrode with 5 wt% carbon and 5 
wt% binder was compared with a conventional uniform electrode in 
which carbon and binder fraction were doubled to 10 wt% and the 
active fraction correspondingly decreased to 80 wt% (U80). A compar-
ison of the carbon, binder and active distributions is shown in Fig. 6a. 
Usually, for electrodes of thickness ~100 μm, increasing the carbon 
fraction to 10 wt% would be expected to improve the C-rate response 
[62,63]; indeed, Fig. 6b and c confirm that U80 outperformed U90 in 
terms of capacity per unit weight of active material. The C-rate response 
of U80 was now similar to T3 up to 1C, although T3 maintained its su-
perior capacity at 2C and 3C. In terms of capacity degradation during 
cycling at 0.5C, U80 was more similar to T3 than to U90, although T3 
was again superior to both uniform electrodes. Fig. 6e and f shows the 
same gravimetric data replotted using the total electrode materials mass 
(active + carbon + binder). At 0.1C, the extra carbon in U80 provided 
little benefit and undermined gravimetric capacity, and thereafter, the 
C-rate response and degradation rate were now markedly inferior to T3. 
For example, T3 specific capacities were 133 mAh g− 1 (0.1C) and 102 
mAh g− 1 (1C), while U80 capacities were 118 mAh g− 1 (0.1C) and 83 

mAh g− 1 (1C); the T3 average degradation rate was 0.34 mAh g− 1 per 
cycle while for U80 it was 0.50 mAh g− 1 per cycle. 

Although the response of the trapezoidal graded electrodes in Fig. 6e 
and f is significantly better than uniform electrodes, the response should 
also be considered in terms of linear graded arrangements that were the 
focus of previous work [35,36]. At a lower, less useful active fraction of 
80 wt% LFP, the previous studies showed that linear grading (carbon--
rich at the current collector for LFP electrodes) was superior to trape-
zoidal grading in terms of capacity with increasing C-rate. However, 
trapezoidal grading gave the slowest capacity degradation rate of all the 
electrodes studied during long term cycling. Therefore, combining prior 
and current work, the following trends can be seen: (i) linear and 
trapezoidal graded electrodes outperform uniform LFP-based electrodes 
in all principal figures of merit; (ii) linear grading from a carbon-rich 
current collector region produces the best dynamic response of elec-
trode capacity to increasing C-rate; and (iii) trapezoidal grading sustains 
electrode capacity most effectively in long term cycling, consistent with 
our original hypothesis. 

It should be emphasised that local variations in electrode composi-
tion will change the local electronic conductivity, ionic conductivity, 
diffusivity, etc, which in turn will change the overpotential distribution 
(and its various ionic and electronic contributions), and therefore local 
reaction rates. The best performing electrodes here, for a given C-rate, in 
effect represent the best balance of both local ionic and electronic limi-
tations on the electrochemical response, integrated over the electrode 
thickness. These aspects are explored in further detail by impedance 
simulations elsewhere [44]. 

Fig. 7 shows the gravimetric/volumetric power density against en-
ergy density for LFP-based half-cells with various uniform and graded 

Fig. 5. Cyclic voltammetry of LFP half-cells with uniform and graded electrode configurations. (a) U90, (b) T2, (c) T3, and (d) T4. (e) Anodic peak current as a 
function of the square root of scan rate. (f) Cathode peak current as a function of the square root of scan rate. All electrodes have the same overall composition ratio of 
active material:carbon:binder = 90:5:5 wt%. 
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electrodes. For electrodes with a composition ratio of 90:5:5 (wt.%), the 
gravimetric power versus energy performance could be ranked as U90 <
T1 ~ T4 < T2 < T3 (Fig. 7a). As seen before, at low C-rate all electrodes 
had similar energy density; with increasing C-rate, the materials distri-
bution played an increasing differentiating role in power versus energy 
performance. For example, at the same power density of 250 W kg− 1 

(~0.5C), the energy density increased from 243 Wh kg− 1 for U90 to 473 
Wh kg− 1 to T3 i.e. an increase of nearly 100%. Among graded electrodes, 
power versus energy performance was sensitive to the materials distri-
bution (Fig. S2 further compares T4 and T3). U80 had a power-energy 
curve that sat between T2 and T3 when only active material mass was 
considered in the power/energy density calculation (Fig. 7a, pink line/ 
symbols); however, when the whole electrode mass was considered, the 
U80 energy density reduced faster with increasing power than all the 
other electrodes due to the higher inactive material content (Fig. 7b, 
pink line/symbols). In terms of volumetric power density versus energy 
density in Fig. 7c, the power-energy curve for U80 shifted to the left in 
comparison with the graded electrodes (to lower energy densities), 

principally due to its lower electrode density at a similar porosity as 
other electrodes, as described in the Experimental section. 

In balancing power and energy densities for a uniform electrodes, 
increasing the carbon content from 5 wt% (U90) to 10 wt% (U80) is 
usually expected to increase the power significantly and reduce energy 
density, as confirmed by comparing black and pink curves above 0.2C in 
Fig. 7a–c, but sacrificing energy density at 0.1C by 10% (gravimetric, 
Figs. 7b) and 17% (volumetric, Fig. 7c). 

In understanding the uniform versus graded performance, U80 may 
be considered a power-oriented formulation (higher carbon content) 
and U90 as an energy-oriented formulation (higher active material 
content). Graded formulations T1 to T3 are closer to energy-oriented 
because they have 90 wt% active material. However, graded electrode 
T3 has energy and power densities that are both significantly larger than 
the power-oriented electrode U80 i.e. blue versus pink in Fig. 7b and c 
and also highlighted in Fig. 7d. For example, at the same energy density 
of 500 Wh L− 1, the power density increases from ~100 W L− 1 (U80) to 
~630 W L− 1 (T3) whereas at the same power density of 300 W L− 1, the 

Fig. 6. Specific capacity comparison of optimized graded electrodes with uniform electrodes by considering active material mass only and whole electrode mass. (a) 
Schematic representation of the material distribution through the electrode thickness. Uniform-80 (U80) had composition ratio 80:10:10 (wt.%); Uniform-90 (U90) 
and Trapezoid-3 (T3) had composition ratio 90:5:5 (wt.%). (b) Galvanostatic charge-discharge curves of the various LFP half-cells at 0.1 and 1C. (c, d) Specific 
discharge capacity at different C-rates, and subsequent long-term cycling at 0.5C, when only the active materials mass was considered. (e, f) Specific discharge 
capacity re-calculated from (c, d) when considering the whole electrode materials mass (active material + carbon + binder). 
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energy density increases from ~420 Wh L− 1 (U80) to ~600 Wh L− 1 (T3). 
This is achieved by reduced polarization (Fig. 4j) and consequently 
increased reaction currents that more efficiently utilizes the active ma-
terials as power demand (C-rate) increases. 

Recent modelling work suggests that LFP might be particularly 
sensitive to carbon and/or CAB grading in electrodes [44] because LFP 
has a relatively low intrinsic electronic conductivity (~10− 9 S cm− 1) 
[64], although conductivity can vary depending on the extent of 
reduction/oxidation and the presence and effectiveness of any carbon 
coating. The results here confirm LFP electrodes can benefit from more 
precision in the CAB placement, and in comparison to previous work, the 
grading performance improvements are more compelling and achieved 
at a higher, practical active material loading of 90 wt% and in relatively 
thick electrodes. Further, while the most significant effect of carbon 
redistribution may be to reduce interfacial resistance that can be prob-
lematic in LFP-based electrodes [44], the results here show that energy 
storage behaviour is surprisingly responsive to the particular detail of 
this redistribution i.e. the range of graded electrode responses is diverse. 

Other active materials with higher intrinsic electrical conductivity 
than LFP may not benefit from CAB redistribution as strongly, or may 
only show worthwhile grading sensitivity under high C-rate conditions 
and/or for relatively thick electrodes. However, we note that significant 
grading benefits for Li4Ti5O12-based anodes have been shown where 
similar constant thickness/loading comparisons have been made [36]. 
Further, by combining linearly graded LFP-based positive electrodes 
with LTO-based negatives electrodes in a full cell arrangement signifi-
cant C-rate and cycling performance improvement were realized, along 
with new power-energy combinations unavailable with uniform elec-
trodes [36]. Finally, the trapezoidal shapes explored here may still be 

sub-optimal for LFP (or any active material), and both simpler or more 
complex variations can be conceived – layer by layer fabrication opens a 
very large electrode design space. Given the possibilities, trial and error 
exploration of this design space is impractical, and highlights the 
increasing importance of a model-guided electrode design methodology 
[44]. 

Although in this study overall electrode porosity was constant for all 
the electrode arrangements, in terms of a generic, flexible approach to 
electrode design, a potentially confounding factor is that local pore 
fraction – so far – cannot be independently controlled with the same 
accuracy as local binder, carbon and active material fraction. Although 
pore templates might be used to control pore fraction and tortuosity 
[30], templating is in general, difficult to scale whereas a benefit of the 
spray deposition, layer by layer approach is that it is readily scalable to 
larger areas. 

4. Conclusions 

To advance understanding of the possible benefits of graded 
composition electrodes in LIB applications, we manufactured LiFePO4- 
based electrodes in which the distribution of active materials, carbon 
and binder through an electrode thickness was controlled with 
approximately micron-scale precision. Critically, weight per unit area, 
overall porosity and overall ratio of all materials was kept constant, 
regardless of the micro-distribution of materials, allowing for a fair 
back-to-back comparison of electrochemical performance. In the graded 
electrodes, the local carbon and binder (CAB) fraction was smoothly 
increased towards the interface with the current collector and with the 
separator, with a proportionate decrease in the local active fraction; in 

Fig. 7. Power density versus energy density for LiFePO4-based half-cells with various electrode configurations. (a) Gravimetric power density versus energy density 
when only the active material mass was considered; (b) Gravimetric power density versus energy density when the whole electrode materials mass (active material +
carbon + binder) was considered; and (c, d) Volumetric power density versus volumetric energy density at the electrode level. 
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central regions of the electrode, the local active materials fraction was 
relatively high (>90 wt%) and the CAB fraction reduced. Different 
graded and uniform material distributions were explored, showing sig-
nificant differences in electrochemical behaviour, particularly as C-rate 
was increased. 

The best performing graded electrode with overall 90 wt% active 
material and ~100 μm thickness had a higher power density than a high- 
power uniform electrode with twice as much carbon (and binder), while 
simultaneously providing higher gravimetric and volumetric energy 
density. 

The principal advantage of grading was to reduce overpotential 
compared with identical uniform electrodes, and both anodic and 
cathodic reaction currents were strongly enhanced, which was inter-
preted as better utilization of the available active materials at high rates, 
resulting in higher capacity retention under all conditions studied. The 
reduced overpotential and more uniform utilization supported a marked 
reduction in degradation rate during intermediate C-rate cycling. 
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