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By Steen B. Schougaard1,2

T
he redox-active materials in lithium-

ion batteries have relatively poor 

electronic and ionic conduction and 

may experience stress from charge-

discharge volume changes, so their 

formulation into structures with nano-

sized features is highly desirable. On page 

566 of this issue, Lim et al. (1) characterize 

individual nanoparticles of the positive elec-

trode material LiFePO
4 
during charging and 

discharging. This “in operando” technique 

ensures that all particles experience the 

same voltage. The current and lithium con-

centration are then inferred for individual 

particles via the change in Fe oxidation state 

measured during the transformation from 

LiFePO
4
 to FePO

4
 and back.

Lithium-ion batteries are moving into new 

large-scale applications like mass storage 

of renewable energy and electric cars, with 

their performance constituting a source of 

both great frustration and hope. Since its 

discovery by Goodenough and co-workers 

as a lithium battery cathode (2), LiFePO
4
 has 

fascinated physicists, engineers, and chem-

ists alike. Its performance is surprising in 

that phosphates are generally poor conduc-

tors. Additionally, it separates into lithium-

rich LiFePO
4
 and lithium-poor FePO

4
 phases 

when partially delithiated, which would sug-

gest that reaction kinetics are sluggish. Yet, 

once conductively coated with carbon (3), 

LiFePO
4
 has an unusually good performance 

at high charge and discharge rates, capable 

of delivering >50% of its capacity within 

2 min for thousands of cycles (4).

This high performance has been associ-

ated experimentally with the intermittent 

formation of a solid-solution phase (5). 

The mechanism at more practical battery 

Single cathode particles for 
lithium-ion batteries are 
analyzed during cycling
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Contamination control. Shaw et al. use synthetic nitrogen or phosphorus sources to control contamination in indus-

trial fermentation. They metabolically engineered pathways for digesting these synthetic sources into their target 

organisms.  The latter have a competitive advantage over contaminating organisms when availability of natural nitro-

gen or phosphorus sources, such as ammonia or phosphate, is restricted. 
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phosphite—a selective advantage. Use of 

other complex fermentation substrates will 

require careful matching between the lev-

els of biotic components (such as ammonia 

or phosphate) present and the xenobiotic 

supplement. 

Wider adoption of the technology will 

likely require engineering of a wider range 

of xenobiotic nutrient utilization pathways. 

Suitable enzymes could be found in microor-

ganisms from environments rich in atypical 

substrates; further xenobiotic nutrients, such 

as alternative sulfur sources, could also be 

identified. If multiple distinct enzymes are 

found that catalyze separate steps in a deg-

radation pathway, they can be expressed to-

gether in the same organism to reconstitute a 

full pathway for complete degradation. Once 

a minimally functional pathway has been 

found, it can be optimized through adaptive 

laboratory evolution. Shaw et al. use this ap-

proach to dramatically improve growth on 

melamine and cyanamide as nitrogen sources 

and on phosphite as a phosphorus source. 

The genes encoding the enzymes for xe-

nobiotic nutrient utilization originate natu-

rally and exist in the environment. New 

contaminating microorganisms are thus 

likely to evolve, much like microbes evolve 

antibiotic resistance or weeds evolve herbi-

cide resistance (7). A parallel arms race will 

likely ensue, with the need to rotate use of 

xenobiotic nutrients. This should not cause 

the same level of concern as the evolution of 

antibiotic resistance, which has direct impli-

cations on human health, but further studies 

are warranted. A full life-cycle analysis will 

also be needed because compounds such as 

melamine, associated with food contamina-

tion crises, must not be present when recy-

cling fermentation wastes for animal feed. 

Despite these challenges, Shaw et al.’s re-

port illustrates the possibilities offered by the 

combination of genomics, synthetic biology, 

and evolutionary engineering. The former 

facilitates the discovery of new enzyme func-

tions, whereas advances in gene synthesis 

and DNA assembly enable novel biochemical 

pathways to be rapidly engineered in the host 

strain. Evolutionary engineering can then 

be used to improve pathway activities and 

fluxes. The biochemical creativity enabled 

by these three technologies will help to over-

come economic hurdles for biobased chemi-

cal production via fermentation.        j
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Active nanoparticles
The LiFePO4 nanoparticle (here a pentagonal 
prism) can have internal regions of faster and 
slower charge and discharge (shown in gold 
and light blue, respectively)
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The porous electrodes are held apart by 
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transporting the Li ions
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rates is less well understood. Lim et al. fill 

an important gap by providing maps of 

single-particle current densities at charge-

discharge times between 0.5 and 3 hours. 

Their time-resolved high-resolution maps 

provide unusual insight into the kinetics 

of the charge-and-discharge process, show-

ing “domains” within the particle that have 

widely different rate performance. Why 

these domains form is unclear; the authors 

suggest inhomogeneous strain and varia-

tions in carbon coating as possible origins. 

Inside the domains, the time-resolved 

quantification made possible by the x-ray 

absorption technique shows that the kinet-

ics, expressed electrochemically as the ex-

change current, is highly dependent on the 

local concentration of lithium. Surprisingly, 

the peak performance occurs at composi-

tions closer to Li
0.25

FePO
4 
than Li

0.5
FePO

4
.

The state-of-the-art methodology pre-

sented by Lim et al. has several important 

applications. First, the particle-to-particle 

variation is readily observed. This informa-

tion is crucial in materials design and pro-

duction, especially given that electrochemical 

techniques often provide only average par-

ticle populations. For example, it has been 

difficult to determine if a reduction to half 

performance was more correctly described by 

50% of the particles performing at the zero 

level, or 100% performing at the 50% level.

Second, single-particle data provide op-

portunities to improve battery design (see 

the figure). Commercial battery electrodes 

are based on a porous mixture of carbon 

particles, active material, and binder. This 

composite provides structural stability and 

adhesion to the current collector, as well as 

efficient paths for electron transport. Filling 

the porous structure with electrolyte enables 

ionic transport. The composite structure is 

more efficient at providing ionic and elec-

tronic charge transport to the electrode bulk 

than a monolith of the active material, but it 

still sets severe limitations. The combination 

of the opposite flows of ionic and electronic 

transport along with the highly complex lo-

cal electrode structure yields a highly hetero-

geneous reaction environment. Determining 

if performance is limited by the particles 

within the electrode structure or by the elec-

trode structure itself is a challenge. 

Attempts to overcome this situation in-

clude Newman-type modeling (6). Varying 

degrees of sophistication can be used to ex-

press the transport in the different regions of 

the heterogeneous composite with effective 

bulk values taken from a homogeneous, ficti-

tious material. Based on the response of the 

full electrode, it should in principle be pos-

sible to obtain the single-particle response, 

because the voltage loss caused by electrode 

transport can be calculated. However, at a 

practical level, the interdependence between 

the effective transport and the reaction at the 

local particle, combined with a large num-

ber of variables that require fitting, makes 

solving this inverse problem difficult. The 

high-resolution particle-level current-voltage-

composition maps provided by Lim et al. 

greatly simplify this task. The effect of trans-

port in the electrode structure should be 

more readily available from Newman-type 

modeling, thereby limiting the need for trial-

and-error electrode optimization (7).

Third, the redox mechanism of LiFePO
4
 is 

remarkably rich in complexity, as shown by 

the state-of-the-art time- and space-resolved 

reaction maps of Lim et al. As such, these 

data provide an exciting opportunity for test-

ing existing theories and developing new 

physical-chemical models, including ones 

based on quantum-level calculation. This ap-

proach has practical implications. LiFePO
4

has found widespread use for high-power 

operation and is comparably safe under over-

charge conditions, but its operational poten-

tial of ~3.4 V versus Li+/Li yields an energy 

density insufficient for many applications. 

Moreover, only precious few other structures 

support the topotactic insertion reaction. 

Insertion reactions, where the inorganic 

framework remains relatively unchanged 

while lithium ions enter and leave the struc-

ture in response to the addition or removal of 

electrons, is likely to remain in vogue. This is 

because it can provide the ~99.995% charge-

discharge reaction yields required for 80% 

capacity retention after 4000 cycles. What is 

needed is a thorough understanding of the 

operational mechanism of LiFePO
4
 so that 

its virtues can be designed into new materi-

als with higher energy density, with the goal 

of providing cheap, reliable, and safe energy 

storage for solar and wind power, as well as 

for the electric car.        j
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Battery building blocks
The work of Lim et al. provides quantitative images of how a cathode particle for lithium batteries works at the nanoscale, which affects real battery operation.
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