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1. Defect Mechanisms in Aliovalent Solute Doped LiFePO4. 
 
The formula Li1+

1–a–xM
3+

x(Fe2+
1–a+2xFe3+

a–2x)(PO4)
3– is what was originally published by 

Chung et al. [4]. Let us consider the meaning of this formula. It has two composition 
variables: x, representing the dopant concentration, and a, representing the total lithium 
vacancy concentration. In the limit of an undoped material, x=0, and delithiation 
produces Li vacancies that charge-compensate Fe3+: Li1+

1–a(Fe2+
1–aFe3+

a)(PO4)
3–. This 

represents the well-known redox reaction upon delithiation. In the other, extrinsic limit 
where only divalent iron is present, a=2x, and we have: Li1+

1–3xM
3+

x(Fe2+
1)(PO4)

3–, in 
which the dopant M3+ is charge-compensated purely by Li vacancies. (The generalized 
formula is Li1+

1–nxM
n+

x(Fe2+
1)(PO4)

3-.) This is Mechanism 1 in ref. [2], which Wagemaker 
et al. [3] agree applies to their materials. This simple analysis also shows that in order for 
Chung et al. [4] to write their formula representing doping and iron oxidation, it was 
necessary to first choose the charge compensation mechanisms for each limiting case. We 
regret that the authors of [1] and [3] did not understand this basic defect chemical point. 
 
We believe that Ellis et al. [1] and Wagemaker et al. [3] also make much of the term 
“proof,” and apparently consider their structure refinements to be so beyond reproach as 
to meet that standard. However, such refinements of course do not provide a unique 
mathematical solution, and also do not directly confirm the presence of dopant elements; 
they may be consistent with a proposed site occupancy model. Direct observation 
techniques are equally useful, and combinations of methods are more convincing still. 
Chung et al. [4] in their original paper already “proved” the existence of Nb dopant in 
individual, single-phase crystalline olivine particles using direct observations by energy-
dispersive spectroscopy in a transmission electron microscope. They did not “speculate” 
[3] that aliovalent dopants preferentially occupy Li (M1) sites, but came to this 
conclusion based on TEM and X-ray analyses of dopant presence and second phase 
content in compositions formulated with cation ratios that promote or discourage M1 site 
substitution. M1 site substitution was also expected on the basis of ion size. Wagemaker 
et al. [3] now agree with Chung et al.’s conclusions regarding M1 site occupancy by 
certain aliovalent dopants. 
 
2. Additional Co-existing Phases Necessary for Mass Balance 
 
The major phases found for Zr-doped LiFePO4 above about 1% Zr doping level are 
olivine and NASICON. However, as discussed in [2], the appearance of NASICON does 
not mean that the solid solution limit in the olivine has been exceeded, contrary to what 
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Ellis et al. assumed in [5]. This is due to the large number of compositional degrees of 
freedom in the Li–Fe–Zr–P–O system, which permits co-existence of multiple Zr-
containing phases without pinning the Zr activity [2]. For the mass balance 
considerations here, the important point is that since the NASICON can be assumed to 
have a composition in between that of Li3Fe2(PO4)3 and LiZr2(PO4)3, and the olivine has 
composition Li1–4xZrxFePO4, one or more iron-rich phases must be present for overall 
mass conservation. This is why Ellis et al.’s mass balance calculation [1] assuming only 
NASICON and olivine cannot be correct. The iron-rich phases are most likely a 
combination of Fe2P2O7 and Fe2P; these are barely detectable at low Zr doping levels but 
increase as the Zr content increases. Including these phases in the mass balance will 
qualitatively increase the Zr doping level in the olivine, as will the presence of Fe in the 
NASICON phase. To determine the Zr concentration in the olivine based on mass 
balance alone, it is necessary to determine precisely the amount of each of the co-existing 
phases as well as its composition. 
 
3. Impact of aliovalent doping on electrochemical properties. 
 
Chung et al. [4] were the first to demonstrate high storage capacity at high current rates 
(e.g. 20C rate and higher) in any olivine. At the time (2002), Nazar’s group described 
achieving 70% of the theoretical capacity at a “very high rate of 5C” [6]. This was the 
state-of-the-art, and was accomplished in electrodes heavily loaded with 30 vol% carbon. 
Today, commercial products based on Chung et al.’s developments are used in new Li-
ion battery applications ranging from cordless power tools to hybrid and plug-in hybrid 
vehicles to MW scale storage for the electric grid. While the original focus was on the 
electronic conductivity of the olivines—a still-disputed point we addressed most recently 
in [2] and will not re-iterate here—even then Chung et al. recognized that the important 
issue is to increase electronic conductivity enough so that it no longer limits the chemical 
diffusion coefficient (since a storage electrode must be a mixed conductor). There is 
indeed more than one way to improve electronic transport in fine particle electrodes. 
Therefore, we and others have in recent work focused on understanding other aspects of 
the fundamental behavior of nanoscale olivines that may affect practical performance. 
Known effects include a reduction in the lithium miscibility gap with decreasing 
crystallite size below 100nm [7,8], which in turn affects the kinetics of the first-order 
phase transition [9]. Aliovalent doping has been shown to further decrease the miscibility 
gap at any particle size [2], as does transition cation mixing [10,11, and Li–Fe antisite 
disorder [12]. Disorder or doping that produces immobile cation species on the M1 sites 
does reduce accessible capacity by blocking the Li channels, but the impact of this varies 
strongly with particle size when in the nanometer regime. For a “plugged pipe” model 
[2], the reduction in capacity depends on the average number of blocking ions per [010] 
channel, between which Li ions may remain trapped while the ends of each channel 
remain open for Li extraction and insertion. Thus, the effects of M1 site doping are 
different at nanoscale size than at coarser particle sizes. In a new publication [13], we 
show how the relative capacity contributions of the (faster) diffusive storage process and 
the first-order phase transformation can be quantitatively separated. For example, with 
increased Zr doping at a constant (45 nm) particle size, a complete lithium solid solution 
can reached at room temperature. At this limit, the Li diffusivity has also increased by 1–
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2 orders of magnitude compared to undoped samples. However, the higher diffusive 
transport that is available comes at the expense of reduced absolute capacity due to Li 
channel blocking. Thus nanoscaling and doping have interdependent effects that can be 
together tailored to produce changes in physical properties that benefit practical 
applications. 
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