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ABSTRACT: Sluggish interfacial kinetics leading to considera-

ble loss of energy and power capabilities at subzero temperatures 

is still a big challenge to overcome for Li-ion batteries operating 

under extreme environmental conditions. Herein, using LiMn2O4 

as the model system, we demonstrated that nickel surface doping 

to construct a new interface owning lower charge-transfer energy 

barrier, could effectively facilitate the interfacial process and in-

hibit the capacity loss with decreased temperature. Detailed inves-

tigations on the charge transfer process via electrochemical im-

pedance spectroscopy and density functional theory calculation, 

indicate that the interfacial chemistry tuning could effectively 

lower the activation energy of charge transfer process by nearly 

20%, endowing the cells with ~75.4% capacity at -30 oC, far sur-

passing the hardly discharged unmodified counterpart. This con-

trol of surface chemistry to tune interfacial dynamics proposes 

insights or design ideas for batteries to well survive under thermal 

extremes. 

Substantially reduced energy and power capabilities of Li-ion 

batteries (LIBs) at subzero temperatures are among the main hin-

drances for their wide acceptance in high-altitude, aerospace and 

military applications as well as electrical vehicles in cold regions,1 

despite the great success at room temperature.2 The poor perfor-

mances are largely ascribed to the exponentially increased re-

sistance of cells caused by diminished transport properties of elec-

trolyte, sluggish charge transfer process and slow Li diffusion in 

the bulk materials at low temperatures.3 Current efforts mainly 

focused on electrolyte and electrode,4 such as using ethyl acetate 

with low viscosity (~0.45 cP) and melting point (~-84 oC) as co-

solvent for ethylene carbonate to reduce the liquidus temperatures 

of the electrolyte,5 or adopting nanostructures to short Li-ion dif-

fusion path lengths in the bulk of active materials, but at the cost 

of hard to form a stable solid-electrolyte interphase to preserve a 

long cycle life both at elevated temperatures.  

Unfortunately, the true limitation of low-temperature perfor-

mance is likely originated from the interfacial process, typically, 

substantially increased charge transfer resistance.6 According to 

the relationship the charge transfer resistance (Rct) follows based 

on thermally activated process (Equation 1),7 

  (1) 

where Ao is a constant, Ea represents the activation energy, T 

means the temperature in Kelvin and R is known as the gas con-

stant, the change of charge transfer resistance with temperature is 

largely determined by the activation energy (Scheme 1a,b). There-

fore, the key to addressing the sluggish interfacial kinetics lies in 

lowering the corresponding threshold energy. 

 

 

Scheme 1. (a-b) Sluggish interfacial kinetics due to increased Rct 

for LIB working at low temperatures. (c-d) The proposed design 

idea to tune energy barrier via controlling surface chemistry.  

 

The concept of surface doping is to endow the electrode with a 

new interface owning lower energy barrier of the charge transfer 

process (Scheme 1c,d). Inspired from this, we adopted nickel 

surface doping for LiMn2O4 to form the topmost layer with elec-

trochemical activate LiNi0.5-xMn1.5+xO4, which has a much lower 

activation energy of charge transfer.8 Impressively, the modified 

electrode exhibits a greatly high capacity retention of ~75.4% at 

0.2 C (1 C=140 mA/g) even at -30 oC (normalized to that of room 

temperature), far surpassing the hardly discharged unmodified 

counterpart. The mechanism behind the superior performance has 

been uncovered via electrochemical impedance spectroscopy 

(EIS) and density functional theory calculation (DFT), indicating 

that nickel surface doping could strengthen the Li binding to sur-

face sites and extraordinarily give rise to a ~20% reduction of the 

activation energy for the charge transfer process. The insights 

gathered through controlling surface chemistry to tune energy 

barrier of interfacial process will advance the comprehension for 

rational design for LIBs operating under thermal extremes. 

Typically, commercial LiMn2O4 (denoted as LMO) purchased 

from MTI company was used as core materials for nickel precur-

sor surface coating through a sol-gel method and subsequent heat 

treatment induced the penetration of nickel atoms into the surface 

layers of LMO (Figure S1).9 X-ray diffraction (XRD) was first 

conducted to characterize the crystal structures of the samples. As 

displayed in Figure 1a,b, the corresponding XRD patterns re-



 

vealed the typical diffraction peaks of a well crystallized spinel 

structure with Fd-3m symmetry, indicating the cubic symmetry of 

spinel was well maintained after Ni doping. Rietveld analysis of 

these XRD showed that the lattice parameter of LMO was slightly 

decreased compared to the unmodified sample (Table S1), which 

should be aroused by the incorporation of Ni ions into the surface 

spinel lattice through partially substituting manganese ions of 

LMO. X-ray absorption near edge structure (XANES) were fur-

ther carried out to investigate the local environment of Mn and Ni 

in both samples. As revealed in Figure 1c, LMO-Ni exhibits near-

ly identical features as the bare LMO, suggesting that bulk spinel 

structure of LMO is well maintained after the Ni doping. In addi-

tion, new-emerged peak and reduced ratio of Mn3+ in X-ray pho-

toelectron spectroscopy (XPS) spectra indicate the presence of Ni 

in the surface layer (Figure S2). The Ni substitution could be fur-

ther confirmed by Raman scattering (Figure S3) and charg-

ing/discharging curves (Figure S4).10 

 

 

Figure 1. (a-b) XRD patterns and the corresponding Rietveld 

refinement of LMO (a) and LMO-Ni (b). (c) Mn-edge and Ni-

edge XANES. (d) HAADF-STEM image, (e-g) EELS mapping of 

Mn, Ni and superimposed Mn and Ni for LMO-Ni. (h-i) Aberra-

tion-corrected HAADF-STEM images of (h) LMO and (i) LMO-

Ni observed along [110] direction. 

 

The morphology of the samples was characterized by scanning 

electron microscopy (SEM) and transmission electron microscopy 

(TEM), showing that the particle size remained unchanged after 

doping (Figure S5). The presence of Ni in the surface was further 

verified by the electron energy loss spectroscopy (EELS) analysis 

(Figure S6). As revealed by the elemental mapping on the selected 

area in Figure 1d-g, the overlay signals of Mn and Ni clearly dis-

closed that Ni was distributed in the surface. To directly identify 

the effect of doping on crystallographic structure at the atomic 

scale, aberration-corrected scanning transmission electron micros-

copy (STEM) technique was employed, equipped with high-angle 

annular dark-field (HAADF) detectors.11 As depicted in Figure 

1h,i, both samples displayed the same LMO diamonds correlated 

to Mn2O4 framework without visible atoms occupying the tetra-

hedral sites, demonstrating that Ni partially displace octahedral-

site Mn atoms with the spinel structure well maintained.12 

In order to study the impact of surface doping on the charge 

transfer process, coin cells were first assembled using lithium 

metal as anode and LMO or LMO-Ni as cathode, and then elec-

trochemical impedance spectroscopy (EIS) was adopted to moni-

tor cell impedance at varied temperatures (Figure 2a,b, S7, Table 

S2). According to the Arrhenius relationship that charge transfer 

resistance (Rct) follows, the value of activation energy (Ea) of 

charge transfer process could be obtained from the slope of a 

log(1/Rct) versus the inverse of temperature (1/T) plot (Figure 2c). 

As displayed in Figure 2d, the calculated Ea for the LMO and 

LMO-Ni electrode are about 58.3 and 47.2 kJ/mol, respectively, 

meaning that Ni surface doping for LMO could impressively give 

rise to a nearly 20% reduction of the energy barrier for the charge 

transfer process. This facilitated Li+ transport across the electro-

lyte/electrode interface should be attributed to the introduction of 

Ni and the changed ratio of Mn4+-O2- bond. Other cations includ-

ing copper, aluminum and titanium were also tried for compari-

son, which show no such apparent effect. Based on these results 

as well as the activation energy of diffusion process (Figure S7), 

the rate-determining step of batteries could be well evaluated by 

the simulation relying on the Pseudo-Two-Dimensional (P2D) 

model according to Butler-Volmer equations.13 As presented by 

the results in Figure 2e, the predominant performance-limiting 

factor of bare LMO electrode would switch from the diffusion 

process to the charge transfer, when the temperature decreased 

from room temperature to ~10 oC. However, for LMO-Ni elec-

trode, this inflection point was substantially reduced to about -70 

oC. In other words, the interfacial issues over broad low-

temperature range have been effectively addressed after nickel 

surface doping, which should be attributed to the remarkably low-

ered energy barrier for charge transfer process after modified 

surface chemistry. 

 

 

Figure 2. (a-b) Electrochemical impedance spectroscopy (EIS) 

study of LMO (a) and LMO-Ni (b) at varied temperatures. (c) 

Arrhenius plot for charge transfer resistance (Rct) and (d) activa-

tion energy of charge transfer process of LMO without/with sur-

face doping. (e) Simulation to evaluate the rate-determining step 

of LMO and LMO-Ni electrode at varied temperatures. 

 

To evaluate the impact of Ni surface doping on the electro-

chemical performance of LMO, charging/discharging measure-



 

ments were conducted in an environmental chamber. As shown in 

Figure 3a, S8, two electrodes deliver a comparable capacity at 0.2 

C. But at high rates, the electrochemical performance of LMO-Ni 

far surpasses the counterpart of LMO, an indicative of enhanced 

interfacial kinetics after modification. Notably, distinguished from 

traditional strategies, the improved low-temperature performances 

are not based on compromising the cycle life at elevated tempera-

tures (Figure 3b). On the contrary, divalent Ni2+ substitution 

markedly enhanced structural stability through pronouncedly 

reducing Mn3+ amount (Figure S9). To well compare performance 

with decreasing temperatures, current density was fixed at 0.2 C 

and capacities were normalized by the room-temperature value for 

clarity. As shown in Figure 3c, the capacity retention at subzero 

temperatures was dramatically improved after nickel substitution, 

which could impressively deliver ~90% capacity at -20 oC, far 

superior to ~65% of bare LMO. Even when it further dipped to -

30 oC, LMO-Ni still maintained a capacity retention of ~75.4%, 

while unmodified LMO could hardly be discharged. Meanwhile, 

LMO-Ni electrode displayed remarkable rate-performances at -20 
oC (Figure 3d,e). In addition, the doping amount of Ni should be 

controlled within an appropriate range and too much substitution 

would sacrifice the total available capacity (Figure 3f, S10). In 

brief, these enhanced low-temperature performances should be 

attributed to the largely reduced activation energy of charge trans-

fer process induced by the interfacial chemistry change after Ni 

surface doping. 

 

 

Figure 3. (a) Charging/discharging curves of LMO and LMO-Ni 

at different current density at room temperature. (b) Cycling per-

formance of LMO and LMO-Ni. (c) Normalized capacity reten-

tion of bare and modified LMO with temperature. (d) Rate per-

formance of LMO and LMO-Ni at -20 oC. (e) Specific capacity of 

bare and modified LMO at various current density at -20 oC. (f) 

Specific capacity of LMO-Ni with varied amount of nickel at 0.2 

C at -30 oC.  

 

To correlate the facilitated charge transfer process with the 

presence of Ni atoms in the surface, density functional theory 

(DFT) calculations study of lithium adsorption on the bare and 

surface modified λ-MnO2 have been performed,14 considering that 

the binding energy of Li to the surface sites has been proved to 

determine the overall barrier for both lithiation and delithiation.15 

Since XAS and STEM characterizations show that Ni mainly 

appeared in Mn site the surface layer, we replaced a Mn atom 

with Ni in MnO6 group in the LMO-Ni case and the substitution 

site was found to be energetically favorable (Figure 4a). As pre-

sented in Figure 4b, the Li binding energy on the surface was 

remarkably reduced about ~0.7 eV after nickel doping, demon-

strating the Li binding on electrode surface is significantly 

strengthened after modification (Figure 4c). Moreover, in contrast 

with other cationic doping (Figure S11, S12), nickel surface dop-

ing exhibits positive effects on lithium diffusion (Table S3). So, 

it’s probably that the synergistic effect of strengthened Li binding 

and promoted lithium diffusion in the topmost layers leads to 

largely decreased threshold energy of interfacial process. 

 

 

Figure 4. (a) Crystal structures of relaxed bare and Ni-doped λ-

MnO2 (001) surfaces. Red, purple and green spheres represent O, 

Mn and Li, respectively. (b) Li binding energy on four different 

adsorption sites of LMO and LMO-Ni. (c) Schematic illustration 

of strengthened Li binding on electrode surface after Ni doping. 

 

In summary, we demonstrated that surface chemistry tuning via 

proper cationic doping could be an alternative approach to lower 

energy barrier of charge transfer process, potentially addressing 

the interfacial issue for cells operating at low temperatures. These 

should be attributed to the strengthened Li binding on the surface 

and promoted lithium diffusion in the topmost layers, verified by 

the EIS study and DFT calculation. Benefited from these, the 

model system, nickel surface-doped LMO electrode showed sig-

nificantly improved capacity retention (~75.4% at -30 oC) and 

rate-capability (~70 mAh/g at 1 C at -20 oC) at low temperatures, 

without sacrificing the cyclability and stability. The design of 

interfacial chemistry provides an effective strategy for LIBs to 

well survive and operate under thermal extremes. 
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