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Performance Optimization and Fast Rate Capabilities of Novel 
Polymer Cathode Materials through Balanced Electronic and Ionic 
Transport  
Cara N. Gannetta, Brian M. Petersona, Luis Melecio-Zambranoa, Colleen Q. Trainora, Brett P. Fors*a, 
Héctor D. Abruña*a 

The increasing demands for high-power electrical energy storage technologies require the development of new electrode 
materials and architectures with fast ion and electron transport. Herein, we report a new family of ter-polymers as battery 
cathode materials which exhibit significantly improved performance over their parent co-polymers: poly(phenylene-
phenazine), and poly(1,3,5-phenylene-phenazine). The high electronic conductivity of poly(phenylene-phenazine) and fast 
ionic transport of poly(1,3,5-phenylene-phenazine) are combined in this series of ter-polymers, exhibiting improved battery 
performances which are especially apparent at high rates. The optimized ter-polymer delivers 180 mAh g-1 when discharged 
at 16 A g-1, demonstrating the effectiveness of balancing ionic and electronic transport properties. 

Introduction 
 

The demand for lithium ion (Li-ion) batteries has grown 
dramatically in recent years in response to the electrification of 
transportation and growth in the mobile electronics sector.1 To 
sustain such increasing demands, improvements in Li-ion 
battery technologies must be made to address limitations 
related to battery costs, accessibility of constituent elements, 
energy and power densities, and rate capabilities.2,3 Meeting 
these needs necessitates the development of new, sustainable, 
low cost electrode materials which can meet the increasingly 
high energy and power density requirements of emerging 
technologies. 
 Organic electrode materials have recently generated 
increased interest due to their natural abundance, reduced 
cost, greener synthetic methods, and easily tunable structures 
and properties.4–6 Further, organic materials are held together 
by weak intermolecular forces which can enable faster ionic 
transport and improved rate capabilities.7,8 However, organic 
materials often suffer from poor electronic conductivities and 
require high ratios of conductive additives (up to 80% by 
weight) in the electrode composite, limiting the energy/power 
densities of the resulting cells and their practical applicability.9–
11 While highly conjugated materials with good p orbital overlap 
have demonstrated improvements in electronic conductivity, 
their rigid, ordered structures often limit ionic transport.12–17 

 Herein, we present a new family of polymeric materials 
which enable high rate capabilities from balanced ionic and 
electronic conductivities. At a rate of 16 A g-1, the optimized 
material delivers 180 mAh g-1 when utilizing only 30% carbon 
additives by weight in the composite. When the carbon 
additives are further reduced to 10%, the material can still 
deliver 88 mAh g-1 under a 16 A g-1 load, demonstrating the 
exceptional power capabilities of the polymer. 

Experimental 
General Procedure for Polymer Synthesis 

5,10-dihydrophenazine, 1,4-dibromobenzene, 1,3,5-
tribromobenzene, sodium tert-butoxide, RuPhos Pd G2, and 
RuPhos ligand were charged to a Schlenk tube. After 
establishing a nitrogen atmosphere, toluene (5 mL) was added, 
and the reaction was stirred at 110 °C for 16 hours. The reaction 
was cooled, suspended in dichloromethane (100 mL), and 
washed with water (100 mL) five times, or until all sodium 
bromide was removed as shown by by powder x-ray diffraction 
(XRD). Specific molar ratios, yields, and elemental analysis 
results can be found in the supporting information. 
 

Coin Cell Fabrication 

The polymers were studied for their electrochemical 
properties using CR 2032 Li metal half cells. The cathode was 
constructed by mixing a composite of 60 % active material, 15% 
Super P carbon, 15% CMK-3 mesoporous carbon, and 10% 
polyvinylidene difluoride (PVDF) binder (percentages by weight) 
in N-methyl-2-pyrrolidone. For the high active mass ratio cells, 
80% active material was mixed with 5% Super P carbon, 5% 
CMK-3 mesoporous carbon, and 10% PVDF binder in the slurry 
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composite. The homogeneous mixture was coated onto a 
carbon paper current collector and dried in a vacuum oven for 
2 hours at 60°C followed by 110°C overnight. The dried 
electrode was cut into disks and assembled into coin cells with 
a Li metal anode, a dried glass microfiber filter separator and 1 
M LiPF6 in ethylene carbonate (EC): diethyl carbonate (DEC) (1:1 
by volume) electrolyte solution.  

  
Characterization Techniques 

Fourier transform infrared (FTIR) analysis was done in 
transmittance mode using a Bruker Tensor II with an attenuated 
total refection (ATR) attachment. Differential scanning 
calorimetry (DSC) measurements were done with a TA 
Instruments Q1000 using a heat/cool/heat cycle with heats at 
20 °C min-1 and cools at 10 °C min-1. Thermogravametric analysis 
(TGA) was done on a TA Instrument Q500 at a rate of 10 °C min-
1. Images of the polymers were obtained with a Zeiss Gemini 
500 scanning electron microscope (SEM). Images were taken 
with a 1.0 keV working voltage using a 20.0 μm aperture with 
mixed detection from a high efficiency secondary electron 
detector and an in-lens detector. A Rigaku Ultima IV x-ray 
diffractometer was used to obtain powder x-ray diffraction 
(XRD) spectra for each of the samples. Measurements were 
conducted with a 40 kV operating voltage and 44 mA current at 
a scan speed of 2.0 degrees per minute.  A BioLogic SP-150 
potentiostat was used to collect cyclic voltametry (CV) and 
potentiostatic electrochemcial impedance spectroscopy (PEIS) 
measurements. A Neware battery test station was used for 
galavanostatic charge/discharge tests and galvanostatic 
intermittant titration technique (GITT) experiments. 

Discussion 
 
We recently examined the effect of structural ordering on 

the charge storage mechanism of organic-based electrode 
materials.18 A series of redox active materials based on 
diphenyl-phenazine (diPh-PZ) exhibited decreased diffusional 
limitations associated with charge storage with decreased 

structural order. The charge transfer kinetics of the most 
disordered material reflected that of a surface-controlled 
process. Specifically, the branched polymer network, 
poly(1,3,5-phenylene-phenazine) (poly(135Ph-PZ)) exhibited 
fewer diffusion limitations when compared to the linear 
polymer, poly(phenylene-phenazine) (poly(Ph-PZ)) (Fig. 1a).  

We previously reported on the performance of poly(Ph-PZ) 
as a battery cathode material.19 The material can undergo two  
reversible one electron oxidations at each of the tertiary amine 
units and is charge compensated by the anions present in the 
electrolyte solution (Fig. S1). The polymeric material exhibited 
both high capacities (209 mAh g-1) and rate capabilities, 
retaining 80% of its capacity when discharged at 60 C (a 
discharge time of one minute). The reduced diffusion 
limitations and improved theoretical capacity of poly(135Ph-PZ) 
(232 mAh g-1 vs. 209 mAh g-1 for poly(Ph-PZ); the repeat units 
used to determine theoretical capacity for each polymer are 
depicted in Fig. S2) encouraged us to evaluate the polymer 
network as a cathode material. The rate performances of the 
two polymers were compared as composites containing 60% 
active material by weight (Fig. 1b). At 1 A g-1 (approximately 5 
C), poly(Ph-PZ) initially delivered an improved capacity, relative 
to poly(135Ph-PZ) (193 mAh g-1 vs. 184 mAh g-1, respectively), 
despite its lower theoretical capacity. However, during the first 
20 cycles, the capacity of poly(Ph-PZ) decayed more rapidly, 
becoming slightly lower than that of poly(135Ph-PZ). 
Surprisingly, when the rate of discharge was increased to 16 A 
g-1, both materials exhibited approximately 80% capacity 
retention of their 20th cycle capacity, despite the reduced 
diffusion limitations in the charge storage kinetics of 
poly(135Ph-PZ). 

When the active material content was increased to 80% in 
the cathode composite, differences in performance between 
the polymers became apparent (Fig. S3). At 1 A g-1, poly(Ph-PZ) 
was still able to deliver 130 mAh g-1,  while poly(135Ph-PZ) was 
limited to 100 mAh g-1. Further, poly(Ph-PZ) retained 67% of its 
20th cycle capacity when the rate was increased to 16 A g-1, 
while poly(135Ph-PZ) retained only 20%. A summary of these 
results can be found in Table 1. These results suggest that the 
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intrinsic conductivity of poly(135Ph-PZ) is lower than that of 
poly(Ph-PZ) and thus its performance is more limited at high 
active mass contents. 

Inspired by our previous work in which the properties of two 
co-polymers were improved by the generation of novel ter-
polymers, we sought to combine the linking unit of poly(135Ph-
PZ) with that of poly(Ph-PZ) to create a new polymer cathode 
material architecture with optimized performance.19 Using the 
Buchwald-Hartwig cross-coupling reaction, 5,10-
dihydrophenazine (1) was combined with 1,4-dibromobenzene 
(2) and 1,3,5-tribromobenzene (3) at the relative molar ratios 
denoted in Table 2 and shown schematically in Fig. 2. The 
polymers were characterized using infrared (IR) spectroscopy 
(Fig. S4). The spectra showed a gradual transition from that of 

poly(Ph-PZ) to poly(135Ph-PZ) with increased incorporation of 
3. SEM images revealed the unique morphology of each of the 
studied polymeric materials and identified the particles sizes to 
be on the order of microns (Fig. S5).  

The crystallinity of the polymers was investigated using XRD 
(Fig. 3). As previously reported, poly(Ph-PZ) exhibits four small, 
broad peaks at low angles, indicating the existence of some 
short-range ordering. The peaks at ~19 and 22° correspond to d 
spacings of 4.7 and 4.0 Å, respectively, which are typical of p 
stacking distances.20–22 With increased incorporation of 3, these 
peaks broadened and merged into one peak, while the other 
diffraction peaks subsequently broadened and diminished in 
amplitude. We ascribe this to a loss in the ordering associated 
with p stacking interactions between polymer chains resulting 
from the increased branching in the 3-rich polymers. The lack of 
defined peaks suggests an amorphous structure and/or very 
small domain sizes. Further, the lack of Tm or Tc in the DSC traces 
is consistent with the amorphous character of each polymer, 
indicating that the peaks observed by XRD likely correspond to 
short-range ordering in the polymer (Fig. S7).  

To test their electrochemical properties, each of the 
polymers was incorporated into a cathode composite with 60% 
active material by weight and tested in a lithium metal half-cell. 
The CV profiles of the polymers at 0.25 mV s-1 are shown in Fig. 
4. With increased incorporation of 3, several notable features in 
the CV profile are evident. First, the formal potential, E0’, of 
both redox couples increased, ultimately improving both the 
energy and power densities of the material. Second, the peak 

Table 2. Molar ratios of 5,10-dihydrophenazine (1), 1,4-dibromobenzene (2), 
and 1,3,5-tribromobenzene (3) used in the Buchwald-Hartwig cross-coupling 
reaction. 

Polymer 1 (mol %) 2 (mol %) 3 (mol %) 

Poly(Ph-PZ) 1.0 1.0 0.0 

Poly(135Ph-PZ)-10 1.0 0.90 0.07 

Poly(135Ph-PZ)-25 1.0 0.75 0.17 

Poly(135Ph-PZ)-50 1.0 0.50 0.33 

Poly(135Ph-PZ)-75 1.0 0.25 0.50 

Poly(135Ph-PZ) 1.0 0.0 0.66 
 

Table 1. Summary of performance metrics of poly(Ph-PZ) and poly(135Ph-
PZ). 

 Poly(Ph-PZ) Poly(135Ph-PZ) 

Capacity at 1 A g-1 (60%a) 193 mAh g-1 184 mAh g-1 

Capacity at 16 A g-1 (60%a) 130 mAh g-1 138 mAh g-1 

Capacity at 1 A g-1 (80%a) 130 mAh g-1 100 mAh g-1 

Capacity at 1 A g-1 (80%a) 58 mAh g-1 15 mAh g-1 
a Percentages describing the weight percent of active material in the cathode 
composite. 
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splitting, ΔEpk, for both redox couples decreased, corresponding 
to an increased energy efficiency. Additionally, the peak 
broadness increased. These three features are indicative of 
increasingly repulsive interactions between the redox centers 
and/or an increase in the number of chemically and spatially 
distinct redox sites. The reduced polarization and increased cell 
voltage resulting from this effect are ultimately beneficial to the 
performance of the electrode material.23     

Examination of the dQ/dV profiles from galvanostatic 
charge/discharge experiments at 1 A g-1, revealed similar 
features to the CV profiles along with additional insights with 
cycling (Fig. S8 and S9). The first charge cycle of poly(Ph-PZ) and 

Fig. 4 CV profiles at 0.25 mV s-1 in Li metal half cells for (a) poly(135Ph-PZ), (b) 
poly(135Ph-PZ)-75, (c) poly(135Ph-PZ)-50, (d) poly(135Ph-PZ)-25, (e) 
poly(135Ph-PZ)-10, and (f) poly(Ph-PZ). 
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poly(135Ph-PZ)-10 (to a slightly lesser extent) required a ~730 
mV overpotential and a two-step process to fully oxidize the 
polymers to the +1 state. While in subsequent cycles, the first 
oxidation of poly(Ph-PZ) and poly(135Ph-PZ)-10 converged to a 
one-step process, and the observed ΔEpk continued to decrease 
with cycling. This suggests that the polymers containing higher 
ratios of 2, and possessing more ordered structures, undergo an 
activation type process in the initial cycles, after which the 
materials exhibit smaller polarizations, more similar to those of 
poly(135Ph-PZ). The materials containing a high ratio of 3 did 
not undergo this breaking-in process, and instead, exhibited 
fast, reversible kinetics throughout cycling.  

CVs at low scan rates (0.05 – 1 mV s-1) can be analysed to 
determine current, i, arising from diffusive (i	∝	n1/2) or surface-
controlled (i	∝ n) processes by the following equation24: 

𝑖 = 𝑘!𝜈 + 𝑘"𝜈!/" 

where k1 and k2 are constants corresponding to the surface-
controlled and diffusion-controlled currents, respectively, and n 
is the scan rate. Fig. 5a displays the percentage of current arising 
from diffusion-controlled processes during the cathodic sweep 
at 0.05 mV s-1 (the integrated profiles are shown in Fig. S10). In 
general, the current arising from diffusional processes 
decreased with increasing incorporation of 3, indicating 
increasingly surface-controlled kinetics with increased 
amorphous character. Poly(135Ph-PZ)-75 exhibited the smallest 
percentage of diffusion controlled current, which we expect to 
be beneficial for the rate performance. 

To better quantify the rate of diffusion, GITT was used to 
determine diffusion coefficients throughout the 
charge/discharge process (Fig. S11 and 5b, respectively).25,26 
Poly(135Ph-PZ) exhibited exceptionally high diffusion 
coefficients throughout charge/discharge, on the order of 10-9 
cm2s-1, corresponding to the fast transport of 
hexafluorophosphate anions (PF6–) through the polymer. 
However, in poly(Ph-PZ), the diffusion coefficients dramatically 
decreased at potentials corresponding to the faradic events, 
indicating slower diffusion of ions during the charge-

compensating processes (with the exception of the reduction 
from the +2 to the +1 state). This effect was especially 
pronounced during discharge from a +1 charge to the neutral 
state, where the decrease in the diffusion coefficients spanned 
two orders of magnitude (Fig. 5c). Increasing the content of 3 in 
the polymer reduced this drop, such that in poly(135Ph-PZ)-75, 
the diffusion coefficients exhibited minimum changes 
throughout charge/discharge, indicating fast diffusion 
independent of the faradaic events and the accompanying 
insertion/extraction process.27 We expect this facile diffusion 
throughout charge/discharge to enable ions to access the entire 
material, even at high rates.  

The electronic conductivity of the materials was evaluated 
using potentiostatic electrochemical impedance spectroscopy 
(Figures S12 and 13). The impedance spectra were acquired at 
3.6 V to probe the resistance of the polymers in the charged 
state and avoid complicating the response with the kinetics of 
the charge transfer reactions (redox conduction). The resistance 
associated with charge transport in the polymers, derived from 
fitting the obtained spectra, can be found in Table 3. 
Poly(135Ph-PZ)-10, -25, and -50 exhibited slightly lower 
resistance values than poly(Ph-PZ), indicating that a small 
amount of incorporated 3 appears to improve the electronic 
conductivity. Poly(135Ph-PZ)-75 and poly(135Ph-PZ) exhibited 
slightly higher resistance values, which may indicate slower 
electronic transport. 

Encouraged by the improved properties exhibited by the 
ter-polymers relative to their parent co-polymers, the novel 
polymers were tested as cathode materials by galvanostatic 
charge/discharge experiments. The polymers were 
charged/discharged at 1 A g-1 (approximately 5 C) and the 
resulting profiles are shown in Fig. 6a (charge/discharge curves 
are plotted separately in Fig. S14). With increased incorporation 
of 3, the polarization between the charge/discharge curves 
decreased, the plateaus became increasingly sloped, and the 
average working potential increased. The theoretical capacity 
increased with the ratio of 3 in the polymer. However, the 
delivered (reversible) capacity increased with increasing 3 only 
up to poly(135Ph-PZ)-75, after which the capacity decreased. 
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This could be due to insulating regions in the fully cross-linked 
polymer which are inaccessible during the charge/discharge 
process or an excess of heavy Br chain ends (not included in the 
calculation of the theoretical capacity) which are expected to be 
of higher prevalence in polymers containing a higher content of 
the tri-functionalized linkers.28,29 

The materials were tested for their rate performance (Fig. 
6b, summary plot provided in Fig. S15). Excitingly, all the ter-
polymers exhibited both improved capacities and capacity 
retentions relative to the co-polymers. We find that 
poly(135Ph-PZ)-50 and poly(135Ph-PZ)-75 performed best at 
high rates. At 16 A g-1, the two polymers delivered 180 mAh g-1, 
demonstrating a 92% retention of their 1 A g-1 capacities. This 
represents a 12% improvement in retention and an additional 
50 mAh g-1 delivered, relative to poly(135Ph-PZ) and poly(Ph-
PZ). These results demonstrate the significance of balancing 
ionic and electronic conductivity/transport in electrode 
materials and architectures.  
 Further, to demonstrate the importance of combining 1, 2, and 3 
within the polymer structure, we conducted rate tests on a cathode 
composite in which the active material was composed of a 50-50 
blend of poly(Ph-PZ) and poly(135Ph-PZ) (Figure S16). This composite 
exhibited a rate performance very similar to the parent copolymers, 
delivering a slightly lower capacity at 1 A g-1 (172 mAh g-1) and 
retaining slightly more capacity at 16 A g-1 (84% retention). The 
performance of this 50-50 blend of the two parent copolymers is 
unable to match that of poly(135Ph-PZ)-50, demonstrating the 
importance of the copolymerization strategy employed here to 
effectively tune electronic and ionic transport. 

The polymers were next tested for their cycling stability. 
Each polymer was cycled at 1 A g-1 for 500 cycles. Poly(135Ph-
PZ)-75 achieved the highest reversible capacity due to the 
combination of high electronic conductivity, facile diffusion, 
and its higher theoretical capacity relative to those with less 
incorporated 3. However, poly(135Ph-PZ)-75 and poly(135Ph-
PZ) exhibited increased capacity loss with cycling. Due to the 
higher potentials of the second oxidation in these materials, 
these cells spend longer times at increasingly anodic potentials 
where side reactions can occur and cause degradation in the 
cell.30 We expect that these degradation reactions cause a 
reduced cycling stability in these materials. To test our 
hypothesis, poly(135Ph-PZ) was cycled using 4.3 V vs. Li/Li+ as 
the upper cutoff potential in place of the 4.5 V cutoff used in 
the previous experiments (Fig. S17). Although initially these 
cells achieved a lower capacity due to incomplete charging, with 

continued cycling these cells outperformed the cells of 
poly(135Ph-PZ) charged to 4.5 V because of the improved 
cycling stability and capacity retention.  
 The promising performance of poly(135Ph-PZ)-50 and 
poly(135Ph-PZ)-75 inspired us to test these materials in a 
composite with 80% active material by weight. The cells were 
subjected to the previously employed rate tests and their 
performances were compared with those of poly(Ph-PZ) and 
poly(135Ph-PZ) (Fig. 7b). Unfortunately, at the higher active 
mass loading, poly(135Ph-PZ)-75 dropped to lower capacities  
than poly(Ph-PZ) at rates above 2 A g-1, likely due to the lower 
conductivity of the composite with the lowered carbon content. 
However, poly(135Ph-PZ)-50 exhibited the highest specific 
capacities at all tested discharge rates. At 1 A g-1, poly(135Ph-
PZ)-50 delivered 135 mAh g-1, a 48 mAh g-1 improvement over 
the capacity delivered by poly(Ph-PZ). At 16 A g-1, while 
poly(135Ph-PZ)-50 exhibited a slightly reduced capacity 
retention relative to poly(Ph-PZ) (65% retention vs. 67%, 
respectively), it delivered an improved capacity of 88 mAh g-1. 
Combined with the increased average working potential of 
poly(135Ph-PZ)-50, this capacity corresponds to an 

Table 3. Charge transport resistances obtained from fitting PEIS spectra at 
3.6 V vs. Li/Li+. 

Polymer Charge transport resistance [W] 

Poly(Ph-PZ) 195 

Poly(135Ph-PZ)-10 161 

Poly(135Ph-PZ)-25 182 

Poly(135Ph-PZ)-50 185 

Poly(135Ph-PZ)-75 207 

Poly(135Ph-PZ) 283 
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exceptionally high-power density of 18.1 kW kg-1 when 
normalized to of the mass of cathode composite.  
 While the gravimetric energy and power densities of these 
materials are impressive, it is worth noting that the areal loadings 
(~0.9 mg of active material per cm2) and the volumetric energy 
density of the tested materials are low due to the inherently low 
density of the polymers compared to metal oxide-based electrode 
materials. Still, the high gravimetric capacity and exceptional rate 
capabilities of poly(135Ph-PZ)-50 at a high active mass ratio provides 
a gravimetric energy density competitive with commercial Li-ion 
battery cathode materials and enhanced power capabilities.  

Conclusions 
The improved ionic transport of poly(135Ph-PZ) was 

expected to improve rate performance over that of poly(Ph-PZ). 
However, the performances of the two polymers were nearly 
identical due to electronic conductivity limitations in 
poly(135Ph-PZ). The positive attributes of both polymers 
inspired a series of ter-polymers which combined the linking 
units of poly(135Ph-PZ) and poly(Ph-PZ) at different ratios. The 
synthesized ter-polymers exhibited improved performance 
over the co-polymers when 60% active material by weight was 
used in the composite, due to the balanced electronic and ionic 
transport properties. Poly(135Ph-PZ)-50 demonstrated the 
most optimized performance of the polymers studied here and 
was able to deliver an exceptional capacity of 88 mAh g-1 when 
discharged at 16 A g-1 with 80% active material utilized in the 
electrode composite. These results demonstrate the 
importance of balancing both electronic and ionic transport in 
the design of electrode materials for electrical energy storage 
applications. 
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