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The transport of lithium ions in the solid electrolyte interphase (SEI) has been previously accepted to

proceed in two steps: a fast pore diffusion through the outer, porous organic layer followed by a slow

knock-off or vacancy diffusion in the inner, dense inorganic layer. The second step is believed to be the

rate-limiting step during fast-charging. In this study, we have intentionally constructed a thicker SEI (SEI-

rich) structure on the surface of monoclinic Nb2O5 (H-Nb2O5) by adding LiNO3 into a conventional

ethylene carbonate based electrolyte. The electrochemical performance of two electrodes, one SEI-rich

and one with few SEI (SEI-lean), was found to be almost the same, including their fast-charging

capability and cycling stability, despite the significant difference in their SEI structure. Importantly,

analysis using cryogenic scanning/transmission electron microscopy showed the discrete decoration of

individual inorganic particles (e.g., Li2O) and amorphous species (LiNxOy/organic components) over the

surface of H-Nb2O5. These discrete inorganic particles are in contradiction to the formation of dense

inner inorganic layer, which has been commonly postulated. Based on these findings, we propose a new

mechanism for Li ion transport through the SEI: one-step pore diffusion, without the second step slow

diffusion. This one-step pore diffusion process provides an extremely fast Li ion transport, and

effectively removes the kinetic limitation of Li ion transport in the SEI for fast charging. These results

strongly suggest that the influence of SEI structure on the transport kinetics of lithium ions is much less

significant than previously accepted. These results offer a new understanding of possible lithium ion

transport pathway within SEI and may have implications for the future designs of fast-charging battery

materials.

Broader context
The elucidation of the Li transport pathway in solid electrolyte interphase is crucial for the rational design of lithium ion batteries anode with fast-charging

capability. However, the existing two-step mechanism consisting of a fast pore diffusion in the outer porous organic layer and a slow knock-off or vacancy

diffusion in the inner dense inorganic layer, fails to adequately explain lots of unconventional Li transport behaviors such as the Li-solvent co-intercalation into

the graphite. It suggests the likely existence of other Li transport pathway within the SEI layer. In this article, a one-step fast pore diffusion mechanism is

revealed in SEI-rich H-Nb2O5 with discrete inorganic particles. This new understanding of the Li diffusion mechanism in this intercalation H-Nb2O5 material

may also have referential value to those low voltage anode materials with SEI-rich structures such as graphite, and offer implications for the future designs of

fast-charging battery materials.
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1. Introduction

The solid electrolyte interphase (SEI) – a protective layer formed

from the electrolyte decomposition on the anode surface dur-

ing the initial operation of lithium ion batteries (LIBs) – has a

critical impact on cycle life, rate capability and safety.1–3 The

SEI allows for the transport of lithium ions while also main-

taining electronic isolation that prevents further electrolyte

decomposition. The widely accepted picture of the SEI is that

it consists of two layers: a porous outer layer composed of

organic components (e.g., dilithium ethylene dicarbonate, and

ROLi, etc.), and an dense inner layer of inorganic materials

such as Li2O, Li2CO3, and LiF.1,4,5 Compared to Li ion diffusion

within the solid phase of the host materials (e.g. graphite), the

diffusion of lithium ions through the SEI is believed to have a

much higher activation energy barrier.6 Significant efforts have

been made in recent decades to understand the mechanisms of

Li diffusion across the SEI, and a two-step mechanism has been

proposed. This mechanism involves an extremely rapid pore

diffusion through the porous organic outer layer, followed by a

knock-off or vacancy diffusion in the dense inorganic (e.g.

Li2CO3) inner layer.
7,8 The presence of the SEI affects the rate

at which lithium ions can diffuse through the anode, with

faster diffusion typically occurring through the porous outer

organic layer and slower diffusion occurring through the dense

inner inorganic layer. In this regard, the second, slow diffusion

process through the dense SEI inorganic layer ultimately limits

the fast-charging capability of the battery materials. Therefore,

most reported anode materials capable of fast-charging, such

as Nb2O5, TiO2, and Nb16W5O55, are typically operated at

relatively high potentials (Z0.8 V vs. Li+/Li), which effectively

suppresses the decomposition of the electrolyte components

and forms a thinner SEI structure (refer as ‘‘SEI-lean’’).9–14 This

SEI-lean structure may allow for direct intercalation of lithium

ions into the host material, (i.e., diffusion through the SEI layer

is not required), potentially improving the high-rate perfor-

mance of the battery.15–17

Great advances have been made in improving fast-charging

performance through the rational design of the SEI compo-

nents that facilitate fast ion transport, based on the long-held

picture described above.18–20 However, the observations of SEI-

rich structures on Li4Ti5O12 (LTO) due to its high catalytic

activity and the recent discovery of low potential (o0.5 V vs.

Li+/Li) materials such as Li3V2O5 and black phosphorus that

exhibit fast-charging capabilities appear to challenge this estab-

lished mechanism.21–23 This raises the question whether the

presence of SEI-rich structure necessarily impedes the rapid Li

ion diffusion through SEI, and consequently, fast Li (de)inter-

calation capability. Moreover, the large energy barrier asso-

ciated with desolvation and crossing the SEI processes

have traditionally been recognized as the primary limiting

factors, contributing to the sluggish kinetics in graphite

anode.6,24 However, those findings demonstrating the fast-

charging capability of graphite anodes through a solvent co-

intercalation mechanism along with a wide range of alkali

metal ions (e.g., Li+, Na+, K+),25–29 strongly suggest the existence

of an alternative Li transport pathway within SEI layer. This

pathway enables graphite, which is typically considered ‘‘slug-

gish kinetics’’, to exhibit high rate capability. Furthermore, the

phenomenon of solvent molecules co-intercalation with Li

ions into graphite has been observed even in conventional

SEI layers generated from carbonate-based electrolyte (1.0 M

LiPF6 in ethyl carbonate/dimethyl carbonate). Previously, it was

believed that these stable SEI layers allowed for reversible Li ion

transport solely without accompanying solvent molecules

intercalation.30 The established two-step mechanism fails to

adequately explain these unconventional Li transport behaviors

in graphite anode and SEI-rich anode materials, suggesting the

likely existence of fast Li diffusion mechanism without strip-

ping solvent molecules across the entire SEI layer. Thus, it

becomes essential to examine the fast-charging behaviors in

these SEI-rich structures, as there could be an alternative Li

transport mechanism capable of fast Li ion transport.

In this study, an SEI-rich structure on the surface of an

H-Nb2O5 anode is intentionally created by adding LiNO3 to an

ethylene carbonate (EC) based electrolyte, in which LiNO3 can

be easily reduced (41.5 V vs. Li+/Li). This creates an artificially

fabricated SEI-rich structure despite the high operation

potential of H-Nb2O5.
31,32 In contrast, use of a neat, conven-

tional EC-based electrolyte without LiNO3 additives leads to a

very thin SEI on the H-Nb2O5 anode because of the high

stability of this electrolyte above 1.0 V (vs. Li+/Li). H-Nb2O5

may serve as a SEI-lean anode with very little SEI. We observed

that these two H-Nb2O5 anodes exhibited almost the same high-

rate performance independent of their SEI structures. Subse-

quently, we correlated the corresponding electrochemical

response with the spatial distribution of the organic and

inorganic components in the SEI using cryogenic scanning/

transmission electron microscopy (cryo-S/TEM). It has been

found that individual Li2O nanocrystallites and amorphous

LiNxOy species are formed in the SEI-rich structure, and these

discrete Li2O particles do not form a dense inorganic layer. Our

findings strongly suggest that the fast Li ion transport and

cycling stability of H-Nb2O5 are not significantly affected by

either the inorganic components or the thickness of the SEI.

These results indicate that Li transport through the SEI occurs

via a one-step pore diffusion mechanism. Namely, the for-

mation of discrete inorganic particles in an amorphous matrix

allows Li diffusion to bypass these inorganic particles, elim-

inating the second slower solid-state diffusion process. Lithium

diffusion via the one-step pore diffusion mechanism is much

faster than Li ion diffusion within the H-Nb2O5 particle itself,

which can remove the kinetic limitation of Li ion transport

across the entire SEI-rich structure to realize fast-charging.

2. Results and discussion
2.1 SEI fabrication and characterization

One of the reasons why certain anode materials, such as Nb2O5,

TiO2, Nb16W5O55, CrNb11O29, exhibit superior rate performance

is due to their ‘‘SEI lean’’ structure, resulting from their high
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operating potentials (Fig. 1(a), Z0.8 V vs. Li+/Li).9–14 In this

potential range, the electrolyte tends to be stable, and the

formation of SEI is suppressed due to the limited electrolyte

decomposition. For example, EC-based electrolyte, widely used

in LIBs, forms an SEI layer below 0.9 V (vs. Li+/Li).33 This

suggests that the transport of Li ions in the SEI layer may

restrict the fast (de)intercalation of Li ions within the anode

host materials during high-rate operation. To illustrate an

explicit SEI effect on high-rate capability of the anode materi-

als, we have chosen to study typical fast-charging material,

H-Nb2O5, cycled in two different electrolytes: a neat EC-based

electrolyte (1.2 M LiPF6 in mixture of ethylene carbonate and

ethylene methyl carbonate) and a EC-based electrolyte with an

LiNO3 additive (B0.01 M). Since the H-Nb2O5 operates at a high

potential range (1.0–3.0 V vs. Li+/Li), the former electrolyte is

designated as ‘‘SEI lean’’, while the latter is designated as ‘‘SEI-

rich’’ due to the higher reduction potential of the LiNO3

(41.5 V vs. Li+/Li).31,34 To validate if such a ‘‘SEI-rich’’ structure

was created, a low rate (C/4) discharge and charge combined

with cyclic voltammetry (CV) experiments were conducted, as

the low rate facilitates SEI formation. As shown in Fig. 1(b), the

initial Coulombic efficiency (ICE) decreased from 95.0% to

87.3% with LiNO3 additives, accompanied by an increased initial

discharge capacity from 203.4 mA h g�1 to 221.4 mA h g�1, but

with a similar charge capacity (B194 mA h g�1). A new cathodic

peak appears at B1.85 V (vs. Li+/Li) on the CV curves (Fig. S1,

ESI†) apart from the Li intercalation peak at B1.40 V (vs. Li+/Li),

suggesting that the decomposition of LiNO3 accounts for the

increased initial discharge capacity. To further exclude the

presence of a side reaction between LiNO3 and H-Nb2O5, a linear

sweep voltammetry (LSV) measurement was conducted using a

Li|Cu half-cell with the same scan rate (0.5 mV s�1). The cathodic

reduction of LiNO3 starts atB1.50 V (vs. Li+/Li), while no cathodic

peak is observed for the neat EC-based electrolyte (Fig. 1(c)),

which is consistent with previous reports.31 The discrepancy

between the LSV and CV cathodic peak position may be due to

catalytic effects of the electrode materials (e.g., Nb2O5, Super P).

These results confirm that an SEI-rich structure is intentionally

formed on the H-Nb2O5 due to the addition of LiNO3 additives.

X-ray photoelectron spectroscopy (XPS) was utilized to ana-

lyze the surface composition of H-Nb2O5 after the initial cycle.

The H-Nb2O5 electrodes cycled in EC-based electrolyte have a

strong signal from the LiF inorganic component, as evidenced

by the Li 1s (B55.5 eV) and F 1s spectra (684.6 eV) shown in

Fig. 2(a) and (b). However, it should be noted that the high

intensity of the sodium carboxymethyl cellulose (CMC) binder

from the C 1s spectra made it difficult to infer the organic

components of the SEI in both samples (Fig. 2(d) and (h)).36 In

contrast, an additional peak located at B400.2 eV for the N 1s

spectra is present in those H-Nb2O5 anodes cycled in the LiNO3

Fig. 1 Design of SEI layers on H-Nb2O5. (a) Operating potential (vs. Li+/Li) range of typical anode materials capable of fast-charging, based on previous

reports.9–14,22,23,35 (b) Initial charge and discharge (C/4 rate) curves for H-Nb2O5 with neat EC-based electrolyte and LiNO3-added EC-based electrolyte.

(c) Linear sweep voltammetry (0.5 mV s�1) of Li|Cu cells with neat EC-based electrolyte and LiNO3 added EC-based electrolyte, indicating SEI formation

with LiNO3 decomposition.
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added electrolyte (Fig. 2(g)), in addition to the LiF components

(Fig. 2(e) and (f)), corresponding to a lithium nitrogen species

(LiNxOy).
31,37 However, there is no N 1s signal detected in the

SEI-lean H-Nb2O5 samples (Fig. 2(c)). Compared to the SEI

formed from the neat LiNO3-free EC-based electrolyte with

the sole LiF inorganic component, the nitrogen species origi-

nated from the reduction of LiNO3 in the SEI-rich structure on

Nb2O5 surface, leading to the observed ICE decrease (Fig. 1(b)).

The surface composition obtained from XPS reveals a broad

range of chemical components. However, this information does

not provide any spatially resolved information due to the large

probe size, as most of these SEIs do not directly attach to Nb2O5

particles (refer as indirect SEI) but distribute across the whole

electrode. Consequently, the above XPS results cannot describe

the spatial distribution of the different components in the SEI,

and thus makes interpretation of the lithium ion diffusion

mechanism difficult.38 To determine the spatial distribution of

the various components, we further utilized cryogenic scan-

ning/transmission electron microscopy (cryo-S/TEM) to study

the SEI that directly attach to the Nb2O5 particles (refer as

direct SEI), which is highly relevant to the Li (de)intercalation

kinetics into the host materials. The SEI components, which

are composed of inorganic and organics decomposition pro-

ducts, are chemically reactive and sensitive to the electron

beam at room temperature, but they remain intact at cryogenic

condition.39,40

Cryo-TEM was used to visualize the SEI that adhered to the

Nb2O5 particles cycled in the two different electrolytes. The two

SEIs were found to be porous but were different in thickness

and compositions. It was observed that the both SEIs on the

particles did not fully cover the Nb2O5 particles but the cover-

age of the SEI on the Nb2O5 cycled in LiNO3 added EC-based

electrolyte was significantly higher than that in the electrolyte

without LiNO3 (Fig. S3, ESI†). The components of these dense

SEI layers were further examined using high resolution cryo-

TEM (HRTEM). The SEI regions from both Nb2O5 particles

cycled in neat EC-based electrolyte and Nb2O5 particles in

LiNO3 added EC-based electrolyte are shown in Fig. 3(a)–(c)

and (f)–(h), respectively. The light contrast regions outside the

particle are an indicator of SEI, which is typically composed of

light elements such as Li, C, and O. In contrast, the Nb2O5

particles exhibit dark contrast because of the constituents with

the high atomic number of Nb. Both Nb2O5 particles cycled in

the neat EC-based electrolyte and in the LiNO3 added EC-based

electrolyte display a distinct region where a SEI layer does not

exist (Fig. 3(b), (g) and Fig. S4c, d, g and h, ESI†). However, their

overall distributions of the direct SEI are different in thickness.

The thin SEI layer (o10 nm, Fig. S4a and b, ESI†) on these H-

Nb2O5 particles cycled in neat EC-based electrolyte suggests the

slight reduction of the electrolyte components (e.g., LiPF6, EC,

EMC), consistent with the XPS results (Fig. 2(a) and (b)). In

contrast, thicker SEI regions (20–40 nm, Fig. 3(f) and Fig. S4e, f,

ESI†) were observed with LiNO3 additives due to the preferen-

tial reduction of NO3
�. Fig. 3(d) and (e) displays HRTEM images

of the direct SEI layer constructed in neat EC-based electrolyte

with a SEI-lean structure. The fast Fourier Transform (FFT)

Fig. 2 Indirect SEI information obtained by XPS measurement on H-Nb2O5 after initial cycle. (a)–(d) Li 1s, F 1s, N 1s, and C 1s spectra acquired by H-

Nb2O5 cycled in neat EC-based electrolyte. (e)–(h) Li 1s, F 1s, N 1s, and C 1s spectra acquired by H-Nb2O5 cycled in LiNO3 added EC-based electrolyte.
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pattern in Fig. 3(e) shows a highly amorphous structure. More

cryo-TEM observations from different regions (Fig. S5a and b,

ESI†) further confirm that the SEI formed from neat EC-based

electrolyte is highly amorphous. On the other hand, the

presence of LiNO3 reduction in the electrolyte gives rise to

the formation of discrete Li2O nanoparticles in the direct SEI

(Fig. 3(i), (j), and Fig. S5c, d, ESI†) while there is no LiF particle

identified in the same region based on HRTEM. In addition to

the cryo-TEM results, the direct SEI structures were also visua-

lized using scanning electron microscopy (SEM). SEM images

show a similar morphology on these micro-sized H-Nb2O5 (2–5

mm) with smooth surfaces, in which there is no obvious SEI

structure visible (Fig. S2, ESI†) due to the low resolution of

SEM. Further energy dispersive X-ray spectroscopy (EDS) was

conducted on these particle surfaces, which reveals that the

atomic percentage of oxygen element is greatly increased from

B33% to B46% with LiNO3 additives (Fig. S6, ESI†). It is in

accordance with oxygen-rich (Li2O) direct SEI structure (Fig. 3(i)

and Fig. S5c, d, ESI†). However, the element concentration

obtained from XPS shows a limited difference (B2%) of oxygen

atomic percentage on electrode surface (Table S1, ESI†) but a

discrepancy of nitrogen concentration (B1% with LiNO3 and

B0% without LiNO3). The different results from XPS and SEM

EDS further suggest that the direct SEI (information revealed by

SEM EDS) constitute a limited portion of the components

across the whole electrode (indirect SEI, information revealed

by XPS) thus, an oxygen-rich direct SEI plays a negligible

influence on the oxygen percentage of the broad SEI structure

detected by XPS.

In addition to the images of HRTEM, cryo-EELS elemental

mapping was conducted to distinguish the distribution of SEI

components in the two samples (Fig. 4). The cryo-EELS map-

ping suggests that C and O signals are rich in SEI structure of

both Nb2O5 samples cycled in EC-based electrolyte with or

without LiNO3 (Fig. 4(a), (b), (e) and (f)) while the presence of

Nb2O5 is evidenced by EELS signals of Nb M3-edge and O

K-edge signals (Fig. 4(b), (c), (f) and (g)). However, the SEI rich

in carbon and oxygen from neat EC-based electrolyte does not

fully surround the Nb2O5 particle while the SEI showing carbon

and oxygen signals from LiNO3 added EC-based electrolyte

covers the surface of the electrode, which is consistent with

the cryo-TEM images shown in Fig. 3. Carbon and oxygen

components originate from the organic components by slight

reduction of EC and ethylene methyl carbonate (EMC) solvent.

The cryo-EELS elemental maps further reveal clear N signal

from the direct SEI layer in the H-Nb2O5 cycled with LiNO3

Fig. 3 Direct SEI information obtained by cryo-TEM on H-Nb2O5 after the initial cycle. (a)–(e) cryo-TEM images of H-Nb2O5 cycled in neat EC-based

electrolyte. The boxed region in green and red indicates the electrode surface is covered (b) without and (c) with SEI, respectively. (d) A HRTEM image of

the direct SEI region (e) from a magnified image of the boxed region in blue (d). Inset image is the FFT result of the corresponding image. (f)–(j) cryo-TEM

images of H-Nb2O5 cycled in LiNO3 added EC-based electrolyte. The electrode surface (g) without SEI and (h) with SEI, which is a magnified image in red

box from (f). (i) A HRTEM image of the direct SEI on the electrode and a magnified image (j) of the region in blue from (i). The inset shows the FFT pattern

of the boxed region in blue and the line in the quad circle shows (111) reflection of Li2O.
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additives (Fig. 4(h)). Furthermore, the EELS spectra of the

N K-edge feature with a peak located at B400.0 eV (Fig. 4(j),

region II), which matches with the Li–N–O spectra.41 This

observation confirms the presence of amorphous LiNxOy spe-

cies in the direct SEI decomposed from LiNO3. Moreover, the C

K-edge as shown in Fig. 4(k) has a characteristic peak located at

B288 eV that corresponds to C–H bonding.42 The intensity of

the C–H bonding peak is greatly suppressed from the SEI

structure decomposed from EC-based electrolyte (Fig. 4(k),

LiNO3-free SEI). These results strongly suggest that a complete

decomposition of electrolyte to carbonate based components

(e.g., Li2CO3, dilithium ethylene dicarbonate) is suppressed

with LiNO3 additives and that more components with C–H

bonding (e.g., ROLi) form. However, there is an SEI region

(region I in Fig. 4(i)) from SEI-rich structure demonstrates a

similar chemical species with those SEI-lean structures accord-

ing to the EELS N K-edge and C K-edge spectra (Fig. 4(j)

and (k)). The appearance of this region on the outmost SEI

region (region I) may be due to the depletion of LiNO3 in the

electrolyte during the charge and discharge process. The

difference between region I and region II was further investi-

gated using the EELS O K-edge and Li K-edge spectra (Fig. S7,

ESI†). The fingerprints for the 1s to p* transition of the CQO

group or N and O bonding (B533 eV, Fig. S7a, ESI†) were

observed from region I to region II according to the O K-edge

spectra.43 The Li K-edge spectra at region I demonstrate a

typical LiPF6 characteristic with two peaks located at B62 eV

and B70 eV,44 which is consistent with the XPS results. How-

ever, region II exhibits slightly different results, with a different

position for Li K-edge spectra observed. The thicker SEI (posi-

tion 1, Fig. S7c, ESI†) shows a Li2O characteristics with the

fingerprint-peaks located at B56 eV and B62 eV.44 The slight

shift of the peak location between position 1 and 2 may be

attributed to the transition from Li2O (position 1) to LiNxOy

species (position 2). The EELS and XPS results, in combination,

show that the direct SEI structure is composed of LiNxOy and

crystallized Li2O that arise from LiNO3 additives. Combined

with the TEM observation in Fig. 3, the crystallized Li2O

nanoparticles are decorated on the inner direct SEI structure

discretely, while the insoluble LiNxOy species disperse in the

Fig. 4 Cryogenic electron energy loss spectroscopy (cryo-EELS) elemental maps (carbon K-edge, oxygen K-edge, niobium M3-edge, and nitrogen K-

edge) of direct SEI structures from H-Nb2O5 cycled in neat EC-based electrolyte (a)–(c) and LiNO3 added EC-based electrolyte (e)–(h) from a selected

area of high-angle angular dark field (HAADF) cryo-STEM image (d) and (i), respectively. (j) and (k) EELS spectra of N K-edge and C K-edge from these SEI

structures at different regions as marked region I and region II in (i).
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direct SEI as an amorphous form. In particular, the LiF species

found by the XPS have not been discovered in the compact

SEI layer in both samples. Therefore, the LiF tends to precipi-

tate out across the electrode surface and constitutes the

indirect SEI.

The stability of as-formed SEI layer was further investigated

after 200 cycles at 10C using cryo-(S)TEM. Even after 200 cycles,

those Nb2O5 particles cycled in the neat EC-based electrolyte

keep their SEI-lean structure and the clean surfaces were found

in most of the areas (Fig. S8, ESI†). Moreover, the most edge

regions at the Nb2O5 particles lack carbon K-edge EELS signal

(Fig. S8d–g, ESI†), suggesting that the SEI-lean condition is

maintained after the long-term cycling. These observations

confirm the high stability of the EC-based electrolyte in a high

operation potential range (1.0–3.0 V, vs. Li+/Li). In contrast, the

thickness of the SEI-rich structure on those Nb2O5 particles

cycled in LiNO3 added electrolyte is decreased from B40 nm

(Fig. 3(f) and Fig. S4e, f, ESI†) to less than B20 nm (Fig. S9,

ESI†) after long term cycling. We found that the nitrogen K-

edge EELS signal (Fig. S9a–f, ESI†) disappeared after 200 cycles,

suggesting that LiNO3 was depleted in the electrolyte and the

as-formed LiNxOy was decomposed, which results in the

reduction on the SEI layer thickness. The reduction of LiNO3

leads to the formation of radicals that are able to participate in

the electrolyte decomposition until the depletion of LiNO3.
45 As

a result, even after the fully decomposition of the LiNxOy,

thicker SEI was maintained after long-term cycling compared

to those Nb2O5 particles cycled in neat EC-based electrolyte.

Most importantly, further HRTEM and FFT characterizations

(Fig. S9j, ESI†) demonstrate a discrete decoration of the indi-

vidual Li2O particles over the amorphous SEI layer, showing

that the features of the SEI-rich structure still maintained after

200 cycles despite a thickness reduction. Thus, we conclude

that both as-formed SEIs from the neat EC-based electrolyte

and that from the LiNO3 added electrolyte have a high stability

to study their Li diffusion mechanism.

2.2 High rate performance and cycling stability.

To correlate the SEI structure with the electrochemical

response, a series of electrochemical characterizations were

conducted including C-rate, long time galvanostatic charge/

discharge cycles, and electrochemical impedance spectra (EIS).

It was found that the Nb2O5 exhibits a much larger specific

capacity among different C-rates in the neat EC-based electro-

lyte (Fig. S10, ESI†) than that in LiNO3 added electrolyte for

early cycles (B30 cycles). Based on this finding, one may draw

the conclusion that a SEI-lean structure with less components

are beneficial for the battery materials performance, which is

consistent with recent reports for a graphite anode.46 Moreover,

it suggests that the transport of Li ions across the SEI may limit

the kinetics of the whole lithium (de)intercalation process as

previously reported.47 However, this capacity difference became

negligible (o3%) with extended cycling numbers at both 1C

and 10C rates (Fig. 5(a)). For the long-term cycling process at

both 1C and 10C rate, the specific capacity of H-Nb2O5

increases first and then stabilizes in a small range independent

of the SEI structures. We assign these beginning cycles with

increase of capacity as activation cycles, as indicated in

Fig. 5(a), which is a common phenomenon in H-Nb2O5

materials.48,49 Moreover, Nb2O5 cycled in both electrolytes show

an ultra-stable (B500 cycles at 1C, B1000 cycles at 10C)

electrochemical cycling performance with small capacity decay

except a different length of activation cycles. During low rate

cycling (1C), both samples only require nearly 50 cycles for the

activation (Fig. S11, ESI†). However, much longer activation

cycles (B200 cycles) are observed with SEI-rich structure at the

high rate condition (10C, Fig. 5(a)) compared to a SEI-lean

structure (B50 cycles) as indicated by the activation cycle

(Fig. 5(b) and (c)). These intriguing findings corroborate that

the SEI structure (e.g., thickness, inorganic components) has a

very limited effect on fast-charging capability, such as specific

capacity and cycling stability in our cases. In other words, the Li

transport across the SEI regions does not limit the kinetics of Li

(de)intercalation process for H-Nb2O5 even at 10C-rate. It is

worth noting that we used Li metal foils as a reference electrode

to investigate the electrochemical performances of Nb2O5.

LiNO3 additives in electrolytes have been widely used to

improve the performance of Li metal anode by lowering its

overpotential and forming a stable SEI.50 As a result, to exclude

the positive effect of LiNO3 additives on Li metal anode in

Nb2O5/Li half-cells, the Li–Li symmetrical cells were con-

structed and evaluated. However, the Li plating/striping voltage

profiles in a Li–Li symmetrical cell at different current density

(from 0.1 mA cm�2 to 2.0 mA cm�2) demonstrate a similar

overpotential no matter if there is LiNO3 or not (Fig. S12, ESI†).

Therefore, it confirms that a limited amount LiNO3 additives

(B0.01 M) has a negligible effect on Li metal anode, while half-

cell performance is dominated by the Nb2O5 surface structures.

2.3 One-step pore diffusion in SEI

To further explain these findings, the comparison of Li diffu-

sion coefficients (DLi+) from certain anode materials and SEI

components is listed in Table S2 (ESI†). According to previous

molecular dynamics calculations and experimental results, the

Li ion diffusion coefficient (DLi+) via inorganic SEI components

(e.g. Li2O, LiF, Li2CO3) and organic components (e.g. dilithium

ethylene dicarbonate) has a magnitude of 10�14 cm s�1, which

is much lower than those that of the anode materials (e.g.

Nb2O5, 7.547 � 10�13 cm2 s�1).51–53 Based on this information,

the second step of the solid-state diffusion through these

inorganic components (e.g. Li2O) or possible organic compo-

nents (e.g., dilithium ethylene dicarbonate) in the inner dense

SEI layer would be much slower than the lithium diffusion in

the Nb2O5 materials itself if a typical two-step diffusion mecha-

nism took place.7 However, the SEI-rich structure does not pose

a diffusion barrier for fast-charging even at 10C rate charge/

discharge, which contradicts the typical two-step mechanism

(Fig. 6(e)). The discrete decoration of inorganic particles (Li2O)

over the H-Nb2O5 surface in the thick organic layer allows this

pore diffusion across the entire SEI layer without the lithium

ion being required to diffuse through these inorganic particles.

Thus, one step pore diffusion of lithium ions (Fig. 6(f)) through
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the porous SEI is dominant. The pore diffusion means that the

lithium ion moves in the liquid electrolyte within the SEI pores,

which is much faster than lithium ion diffusion in the solid

phase of SEI components (e.g., LiF, Li2O, Li2CO3). The energy

barriers of Li ion transport in SEI including Li ion diffusion

inside the Li2O bulk and Li ions hopping in porous dilithium

ethylene dicarbonate (Li2EDC) were compared by density func-

tional theory (DFT) calculations. The pathway of the Li diffu-

sion inside Li2O with the lowest energy barrier adopts a vacancy

diffusion mechanism to adjacent side, which demonstrates an

energy barrier of 0.27 eV from initial state to transition state

(Fig. 6(c)). In contrast, a much smaller energy barrier of 0.06 eV

is obtained for Li ion hopping between two oxygen sites of two

EDC ions, which is the major organic product of electrochemi-

cal reduction of EC in those EC-based electrolyte.54 These

modeling results illustrate that the Li ions tend to directly pass

through the SEI layer without penetrating those discrete Li2O

particles via solid state diffusion if there is no dense and

complete Li2O layer formed. In such conditions, the lithium

ions tend to directly diffuse across the entire SEI layer in the

porous organic components without penetrating through the

discrete Li2O particles. As the result, the kinetic limitation for

the lithium transport is mainly controlled by the Li solid

diffusion within the host material rather than the Li diffusion

through SEI in such a one-step pore diffusion mechanism

(Fig. 6(f)).

To further prove such an argument, cryo-STEM images of

porous SEI structure with were acquired. While we observed the

SEI structures on the Nb2O5 particles, the side view images of

SEI were only accessed for imaging and spectroscopic analysis,

and this makes comprehensive SEI morphology analysis diffi-

cult. This is because the presence of large Nb2O5 particles

blocks electron transparency along electron beam axis. There-

fore, we deposited SEI structures on a piece of carbon TEM grid

directly without Nb2O5 particles to clearly observe top-view

morphology (refer to ESI† for details). In the top-view image

of the SEI deposited over the carbon grids, we observed that

highly porous SEI structures in both electrolytes, no matter if

there is LiNO3 or not (Fig. 6(a), (b) and Fig. S13, ESI†). This

suggests that although we have different chemistry, thickness,

structure in the SEI compositions from the two different

electrolytes confirmed by cryo-EELS and cryo-TEM imaging,

there are many regions on the surface of Nb2O5 particles,

accessible to lithium ions in liquid electrolytes without being

Fig. 5 Electrochemical performance of H-Nb2O5 with different SEI structures. (a) Long time cycling performance of H-Nb2O5 at 1C and 10C. (b) and (c)

Galvanostatic charge and discharge curves (10C) of H-Nb2O5 cycled with (b) neat EC-based electrolyte and (c) LiNO3 added EC-based electrolyte for the

activation cycles.
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blocked by porous SEI, which allows for a fast one-step pore

diffusion of lithium ions.

It is notable that the long-term cyclic performance at both

1C and 10C rates are similar no matter what SEI structures were

formed on the H-Nb2O5 surface of electrode materials. How-

ever, the SEI structures from the different electrolytes play a

critical role in the activation process (i.e., the beginning cycles).

Therefore, EIS measurement was performed to investigate

the wetting degree between electrode and electrolyte, which

has been found to be highly relevant to the fast-charging

capability.55 The high-frequency resistance (HFR) of the coin

cells after different cycles has been used to evaluate this wetting

degree.56 We compared the EIS results with HFR evolution

between H-Nb2O5 with the SEI-rich and SEI-lean structure

and found that there is very little HFR difference (o0.5 O) for

those electrodes with different cycles in the electrolyte without

LiNO3 additives (Fig. S14, ESI†). However, the HFR continu-

ously decreases from the 1st cycle (8.44 O) to the 20th cycle

(5.88 O) in those H-Nb2O5 anode with a SEI-rich structure.

These results could be explained by the different evolution of

these SEI structures with battery cycles. EC and EMC are quite

stable in our battery operating potential range and are only

slightly reduced to a direct amorphous thin SEI. In contrast, a

continuous propagation of SEI structure is induced by LiNO3

reduction. The stable SEI structure in the EC based electrolyte

contributes to a stable wetting between the electrode and the

electrolyte, resulting in a shorter activation process. However,

the SEI continuously grows until the LiNO3 additives are

depleted in the latter case. Those reduction products such as

LiNxOy and Li2O may increase the wetting degree and longer

cycles of activation are required as a result. Moreover, the

continuous growth of the SEI may also lead to a barrier for

the pore diffusion process of Li ion transport across the direct

SEI. The mechanism of the activation process is still unclear

and needs future exploration. But it may be relevant to the

formation of the preferential Li conduction pathway in the

direct SEI layer for the pore diffusion. Furthermore, the explora-

tion of the activation process with inner H-Nb2O5 structure

Fig. 6 Mechanism of Li transport pathway across the SEI structures. (a) and (b) HAADF cryo-STEM images of pure porous SEI structure formed in LiNO3

added EC-based electrolyte without Nb2O5 particles after 10 cycles in two different magnifications. (c) DFT calculation results of the energy barrier Li ion

vacancy diffusion inside the Li2O bulk from initial state (IS) to transition state (TS) and to final state (FS). (d) The energy barrier of a Li ion hopping between

two O sites of two EDC ions. Schematics of typical two step mechanism for Li transport pathway across the SEI (e) and one step pore diffusion

mechanism with discrete inorganic particles (f).
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evolution was evaluated by performing an ex situ X-ray diffrac-

tion (XRD) after different cycles at 10 C-rate. A typical XRD

patterns (PDF#72-1121) of H-Nb2O5 are presented for the pris-

tine electrode without cycles (Fig. S15, ESI†). After many cycles

of galvanostatic charge/discharge (1–20 cycles), there is no

obvious reduction of the peak intensity, indicating that the

structural integrity is maintained, regardless of surface SEI

structure evolution. These results are consistent with their

cycling stability (Fig. 5(a)). The changes in d-spacing for two

characteristic (110) and (013) peaks further verify that their

structural stability, in which less than 0.5% of the d-spacing

expansion or shrinkage is demonstrated after 20 high-rate

cycles for both samples (Table S3, ESI†). These findings further

corroborate that the surface structure evolutions (e.g., for-

mation of Li diffusion channels in amorphous organic matrix)

account for the discrepancy of the activation process rather

than changes to the anode crystalline structure.

To further validate the one-step pore diffusion mechanism

in other materials, the rate performance of Li4Ti5O12 (LTO)

anodes were further studied using our EC-based electrolyte

combinations. A reduction of ICE from 80.0% to 74.6% was

found with LiNO3 additives in the EC-based electrolyte

(Fig. S16a, ESI†). The SEI-rich structure is likely to be formed

on the LTO surface with LiNO3 added electrolyte considering its

same operation potential range as Nb2O5 (1.0–3.0 V, vs. Li+/Li).

The following rate performance testing validated the superior

Li (de)intercalation kinetics in those SEI-rich LTO anodes since

a similar specific capacity was observed compared to those LTO

cycled in neat EC-based electrolyte (Fig. S16b–d, ESI†). More-

over, the full cells based on Nb2O5 anode and LiFePO4 cathode

were constructed to evaluate their rate performance at different

SEI structures. Due to the addition of LiNO3 in the electrolyte, a

much lower ICE (63.9%) is demonstrated compared to the neat

EC-based electrolyte (Fig. S17a and b, ESI† 91.0%), corres-

ponding to the irreversible LiNO3 decomposition. This decom-

position is similar to the Li/Nb2O5 half cells (Fig. 1(b)). At low

rate (e.g., 0.1C), the charge/discharge process can be considered

as a quasi-thermodynamics equilibrium state, and the specific

capacity is mainly controlled by the available amounts of

lithium ions for (de)intercalation between anode and cathode.

However, after the initial charge process, some of Li ions from

LiFePO4 (LFP) are irreversibly consumed to form a SEI-rich

structure on the Nb2O5 surface, which cannot be retrieved

during the discharge process, leading to a reduced capacity

called as ‘‘initial capacity loss’’.3 Consequently, those LFP/

Nb2O5 cells cycled in the LiNO3 added electrolyte suffer from

a much lower specific capacity at low rates (0.1C–0.5C,

Fig. S17b–d, ESI†) because of the higher initial capacity loss

compared to those full cells cycled in neat EC-based electrolyte.

However, at the high rate charge/discharge condition (e.g., 1C,

and 2C), the specific capacity of the full cell is mainly controlled

by the lithium transport kinetics such as the Li transport via the

SEI and Li diffusion within the LFP or Nb2O5. A similar specific

capacity of these Nb2O5 with different SEI structures in the full

cell configurations at high rate condition (B46 mA h g�1, 2C,

Fig. S17b–d, ESI†) suggests a similar SEI kinetic barrier no

matter a SEI-lean or SEI-rich structure on Nb2O5 surface. These

results further prove the viability of our one-step pore diffusion

mechanism among different materials and battery configurations.

3. Conclusions

Using LiNO3 as an additive in EC-based electrolyte, we were

able to fabricate an SEI-rich layer on H-Nb2O5 anode with LiNO3

preferential reduction. The spatial distribution of SEI layer at

the surface of H-Nb2O5 particles and electrode was examined

using cryo-S/TEM and XPS. Our findings indicate that the direct

SEI layer on the anode surface is decorated with nano-sized

Li2O crystals and amorphous LiNxOy from the decomposition of

LiNO3. The electrochemical performance of the SEI-rich anode

was compared with those of SEI-lean anode, H-Nb2O5 cycled in

neat EC-based electrolyte, which only had a much thinner

amorphous SEI compared to the SEI from the LiNO3 added

electrolyte. Interestingly, both SEI-lean and SEI rich H-Nb2O5

anodes demonstrate a similar electrochemical performance

including fast-charging capability and cycling stability except

for a discrepancy in their activation process. Our results suggest

that the thickness of SEI and the presence of specific compo-

nents (e.g., Li2O), do not kinetically limit the transport of

lithium ions through the SEI layer if an inner inorganic layer

is densely not formed. Thus, a one-step pore lithium ion

diffusion dominates the transport of lithium ions through the

porous organic layer, which is the major component that

constitutes the direct SEI layer. This diffusion is extremely fast

compared to the solid-state diffusion of lithium ions in the

inner H-Nb2O5 lattice. Therefore, a similar fast-charging cap-

ability is demonstrated regardless of the inorganic components

and thickness of the direct organic SEI layer. Such a mecha-

nism is further validated in LTO anode materials and LFP/

Nb2O5 full cell configurations.

Furthermore, these conclusions provide new findings of the

desolvation process. It has been widely accepted that solvated

Li ions in the electrolyte must strip its solvation sheath at the

interface between the direct SEI and electrolyte, and the SEI

layer only allows for the lithium transport of naked Li ions with

a solid state diffusion mechanism.6 However, based on our

findings, a pore diffusion of Li ions in liquid state across the

porous SEI layer may dominate if the inorganic components are

not dense enough. This strongly suggests that the stripping of

Li solvation sheath may also happen at the interface between

the host materials and the electrolyte within the SEI pore

structure. Here is no clear evidence confirms if the new

mechanism presented from high voltage H-Nb2O5 is also

possible in those low voltage anode materials like graphite.

However, our new understanding is able to explain previously

observed phenomenon which cannot be explained by two-step

mechanism, such as the superior rate performance of graphite

realized by lithium ions and solvent molecules co-

intercalation,25,28–30,57,58 which further indicate the existence

of a similar one-step lithium transport pathway in SEI different

from previous accepted two-step mechanism.
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