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A B S T R A C T   

It’s well known that ion-doping could modify the crystal structure and adjust the corresponding performance of 
cathode, but how the doped ions affect the structure formations during high-temperature calcination still remains 
a daunting challenge, which is critical for the ideal controlled synthesis. In our pervious study, we have found 
that the cationic ion doping can both tune the single phase structure and adjust the phase ratio in layer-tunnel 
Na0.6MnO2. And in the present study, we furtherly try to track the influence of varied Fe3þ and Ti4þ on the 
formation process of layer-tunnel hybrid structures and focus on the thermal behavior, structure evolution and 
morphology change. The kinetics-preferred layered structure can be detected at the initial stage and transfer to 
the thermodynamic-stable tunnel structure at increased temperature. The Fe3þ can stabilize the formed layer 
structure while the Ti4þ promote the latter transformation. More interesting, the Ti4þ plays a dominant role when 
Fe3þ/Ti4þ were co-doped. The impressive results can be related with the more orderly structure of layer phase 
and distorted coordination in tunnel phase. This research correlates the synthesis process and the final structure, 
as well as the ultimate electrochemical performance, which shed new light on the development of advanced 
oxides cathode.   

1. Introduction 

Layered oxides cathode has attracted great attentions in both lithium 
ion batteries (LIBs) and sodium ion batteries (SIBs) [1–5]. And 
ion-doping strategy has been widely adopted and extensively studied in 
developing high performance cathode [6–10]. However, the previous 
reports mainly focused on the crystal structure modification, suppressed 
phase transformation during charge/discharge and enhanced thermal 
stability of the doped samples [11,12]. The investigations go deep into 
the ion-doping process, the phase transformation, structure formation 
and morphology change during synthesis process were neglected. 

Recently, the detailed synthesis process of layered oxides cathode of 
LIBs during high-temperature calcination has attracted increasing ef-
forts. And the results provide significant value to realize the controlled 

synthesis [13]. Hua et al. [14] had an in-depth study on the structure 
transformation of Li-Rich Layered Li[Li0.2Ni0.2Mn0.6]O2 during micro-
wave calcination, indicating that the electrochemical properties of 
cathode materials are closely related to the phase composition and 
synthesis procedure. Wang et al. [15] found that calcination tempera-
ture had a great influence on the cationic ordering in layered 
LiNi0.7Mn0.15Co0.15O2. Through the synthesis control of the kinetic re-
action pathway during high-temperature calcination, even in air, the 
highly ordered LiNi0.7Mn0.15Co0.15O2 cathode material was tuned for 
excellent electrochemical properties. As a promising candidate of SIBs, 
the layer-based composite cathodes (P2/P3 [16–18], P2/O3 [19–21], 
P2/tunnel [22,23] etc.) display integrated advantages of the combined 
pure phase [24,25]. And the complicated structure evolution occurs 
during high-temperature solid state reaction highly demand detailed 
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exploration. In 2017, Khalil Amine et al. [26] conducted in-operando 
synchrotron HEXRD on the materials after pre-calcining and to detect 
the phase transition of P2/O3/O1 composite materials. By quenching 
the materials at different temperature in air, a series of composite ma-
terials with outstanding properties were prepared. 

Meanwhile, to our best knowledge, there was almost no particular 
research on the influence of different transition metal ions on the evo-
lution of composite structures during high temperature solid state re-
action. Moreover, the involved chemical bond reconstruction, ion 
migration and phase evolution are fundamental and crucial for the 
investigation of synergistic mechanism and designing advanced com-
posite materials. In our previous study, we have concluded the enhanced 
performance of layer-tunnel composite cathode and the phase ratio 
modification effect of some doped ions [27,28]. However, the functional 
mechanism of introduced ions remains unclear. 

In this work, environmentally friendly Fe3þand Ti4þwere selected as 
probe to clarify the doping effect during the calcination process with the 
help of some in-situ/ex-situ characterization techniques and DFT 
calculation. The Na0.7FeO2/NaFeO2 are layered structure, while 
Na4Mn4Ti5O9 is an isomorphic structure with tunnel structure [12,23]. 
The results show that Fe3þ (Ti4þ) can induce the selective formation of 
layer (tunnel) structure during high-temperature treatment, respec-
tively. A step further, the Ti4þ played the dominant role when Ti4þ/Fe3þ

co-doped, which was also confirmed via DFT calculation. After a sys-
tematic optimization, the Na0.6Mn0.9Ti0.1O2 shows the balanced cycling 
stability and rate performance. The above results can be used to 
formulate rational strategies to develop high performance electrode. 

2. Material preparation 

All series of layer/tunnel composite materials (Na0.60Mn1-x-yFex-

TiyO2, x ¼ 0, 0.05, 0.1, y ¼ 0, 0.05, 0.1, namely Na0.60MnO2, 
Na0.60Mn0.95Fe0.05O2, Na0.60Mn0.90Fe0.1O2, Na0.60Mn0.95Ti0.05O2, 
Na0.60Mn0.90Ti0.10O2, Na0.60Mn00.90Fe0.05Ti0.05O2 and Na0.60Mn0.80-

Fe0.10Ti0.10O2, marked as MFT0, MF5, MF10, MT5, MT10, MFT5 and 
MFT10) samples were synthesized by co-precipitation method and high- 
temperature solid-state reaction. The stoichiometric amounts 
CH3COONa.3H2O (2% excess CH3COONa.3H2O was added to make up 
the volatilization of Na during high-temperature calcination), Mn 
(CH3COOH)2⋅4H2O, TiO2 (insoluble in deionized water) and Fe 
(NO3)3.9H2O(All reagents were Analytical-reagent-grade)were dis-
solved in 100 mL of deionized water. Then, the H2C2O4.2H2O aqueous 
solution as precipitant was added slowly under vigorous stirring at 40 �C 
for 3 h. Extra water was evaporated at 90 �C to obtain a milky white 
precursor. After drying at 100 �C for 12 h, the precursor was pre- 
annealed at 450 �C for 6 h with the heating rate of 5 �C/min and 

following high-temperature calcination at 800 �C for 12 h in air. Finally, 
the prepared sample was naturally cooled to room temperature and 
stored in an Ar-atmosphere glovebox to avoid contacting with air. 

3. Results and discussions 

3.1. Crystal structure and particle morphology 

The as-prepared layer-tunnel composite materials Na0.60Mn1-x-yFex-

TiyO2 (x ¼ 0, 0.05, 0.1, y ¼ 0, 0.05, 0.1) were marked as MFT0 
(Na0.60MnO2), MF5 (Na0.60Mn0.95Fe0.05O2), MF10 (Na0.60Mn0.90-

Fe0.1O2), MT5 (Na0.60Mn0.95Ti0.05O2), MT10 (Na0.60Mn0.90Ti0.10O2), 
MFT5 (Na0.60Mn00.90Fe0.05Ti0.05O2) and MFT10 (Na0.60Mn0.80Fe0.10-

Ti0.10O2) in which M, F and T represent Mn, Fe and Ti, respectively. The 
diffraction peaks (Fig. 2a) can be assigned to layer structure (space 
group: P63/mmc, PDF no. 00-027-0751) [29] and tunnel structure (space 
group: Pbam, PDF no.00-027-0750) [30]. No obvious peaks of tunnel 
structure can be observed with Fe3þ adapted. On the contrary, the in-
tensities of the corresponding peaks become more and more strong with 
Ti4þ. More interestingly, the tunnel structure still possesses the majority 
position when Fe3þ/Ti4þwere co-doped. The Fe/Ti content of co-doping 
samples is shown in Table S2. The XRD refinements with reasonable 
errors were fulfilled to give more reliable and intuitive expression 
(Fig. 2b). And a continuous component ratio adjustment can be realized 
via tuning the Fe3þ/Ti4þ content. 

Different ratio of typical flake shapes (P2-type phase) and rod-like 
particles (T-type tunnel phase) could be observed in these composites 
(Fig. 3a–g). More plate-like particles could be observed with increased 
Fe3þ content. On the contrary, more rod-like particles could be obtained 
with more Ti4þ and simultaneous introduced Ti4þ/Fe3þ. The SEM 
analysis consisted with the XRD results, further confirm it that Fe3þ/Ti4þ

were beneficial to the formation of P2 layer/tunnel structure in the final 
products, respectively. From the EDS-mapping images, the Fe and Ti 
element show homogeneous distribution on P2 layer/tunnel of MF10 
and MT10 samples. TEM was further employed to obtain crystal struc-
ture information of the chosen MFT10 sample (Fig. 3h–i). The inter- 
planar distance of 0.249 nm in the plate-like particle corresponds to 
(100) plane of the P2-type layered structure (Fig. 3h), The lattice fringe 
of the rod-like particle show a spacing of 0.263 nm, corresponding to 
(300) plane of the tunnel structure (Fig. 3i). XPS measurement was 
performed to investigate the valence states of transition metal elements 
of Mn, Ti and Fe of MTF10 sample. The two peaks at 641.6 eV and 653.9 
eV could be assigned to the binding energies of Mn 2p3/2 and Mn 2p1/2 

with satellite peaks located at 643.4 eV and 652.7 eV, confirming the 
mixed valences of Mn3þ and Mn4þ [31,32]. And the Ti 2p1/2 and Ti 2p3/2 

peaks locate at 463.4 eV and 457.5 eV evidence the Ti4þ [33]. In Fig. 3o, 

Fig. 1. Schematic illustration the controlled synthesis and the correlation of different ion-doping (Fe3þ/Ti4þ), structure formation progress, final products and 
synergistic effect in P2 layer-tunnel composite structures. 
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the typical coupled peaks at 711.6 eV, 720.3 eV show that the valence 
state of Fe is þ3 [34]. 

To correlate the thermal reaction behavior of the precursor and the 
formation process, the TG and DSC tests were performed from room 
temperature to 800 �C for simulating the material practical calcination 
conditions including periods of the constant temperature heating 
(Fig. 4). In step 1, the endothermic peaks and a sharp weight loss occurs 
in MT10 and MF10 precursor below 250 �C are associated with the 
removal of absorptive water, crystalline water and residual oxalic acid. 

And then the anions continuously decomposed to metal oxides [35]. In 
step 2, the gradual weight loss in TG curve and endothermic trend of 
DSC curve suggest a small amount of anion decomposition and forma-
tion of oxides at the early stage. As to step 3, obvious weight loss peak 
and endothermic peak appeared in the DTG/DSC curves of MF10 and 
MT10, implying that the major solid state reaction including phase 
transformation occurred in this condition. The weight loss peak and 
endothermic peak of MF10 with more layered structures appeared at 
636 �C and 703 �C, which is lower than that of MT10 contained more 

Fig. 2. XRD patterns of materials (a) MFT0 (Na0.60MnO2), MF5 (Na0.60Mn0.95Fe0.05O2), MF10 (Na0.60Mn0.90Fe0.1O2), MT5 (Na0.60Mn0.95Ti0.05O2), MT10 
(Na0.60Mn0.90Ti0.10O2), MFT5 (Na0.60Mn00.90Fe0.05Ti0.05O2) and MFT10 (Na0.60Mn0.80Fe0.10Ti0.10O2). This abbreviation is used in subsequent sections. (b) XRD 
Rietveld refinements ratio of P2 layer/tunnel phase of all as-prepared samples. 

Fig. 3. SEM images of as-prepared samples (a) MFT0, (b) MF5, (c) MF10, (d) MT5, (e) MT10, (f) MFT5 and (g) MFT10. HRTEM images of MFT10 sample (h) P2 layer 
structure and (i) tunnel structure. EDS-mapping images of samples (j) MF10 (k) MT10. XPS spectrum of the transition metal element of MFT10 sample (m) Mn, (n) Ti 
and (o) Fe. 
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tunnel (800 �C and 745 �C). Additionally, 1.83% weight loss and 4.53% 
weight loss can be observed in the TG curves of MT10 and MF10, which 
were related to the evaporation of Na and O2 from previous report [36]. 
The varied thermal behaviors reveal that the layered structure was 
generated at a lower temperature range than tunnel structure. Finally, 
the baselines of DSC curves in both MT10 and MF10 shifted up, indi-
cating that the changes of material heat capacity after the important step 
3. In the latter step 4, the TG and DSC curves were stable without 
obvious changes, the layer/tunnel composite structures have been 
formed with different component ratios [37]. 

The ex-/in-situ XRD was conducted to reveal the influence of Fe3þ/ 
Ti4þ on layer/tunnel formation process during high-temperature calci-
nation. The ex-situ XRD patterns of MFT0, MF10, MT10 and MFT10 
were obtained by quenching the samples with liquid nitrogen at 
different temperatures (Fig. 4c–f). In step A, the ex-situ XRD results 
uncover the complex products of the decomposition reaction of oxalate, 
including manganese oxide (MnO2/Mn3O4), the undecomposed man-
ganese oxalate, TiO2 in samples MT10/MFT10 (Fig. 4e–f), and a small 

amount of Fe2O3 in samples MF10/MFT10. In the step B, besides the Mn- 
based oxides, TiO2 could be observed in MT10/MFT10 [38]. Meanwhile, 
the major characteristic (002) peak at ~15.8�of P2 layered structure 
gradually emerged with iron oxides disappeared. Therefore, the original 
layer structure formed earlier than tunnel structure, which can be 
related with the simpler structure and lower formation energy of layer 
structure. And most Fe3þmigrated into the host structure and promoted 
formation and stability of layer structure in lower temperature range. At 
the same time, some Na0.4MnO2 (PDF no. 00-027-0749) with the 2 � 3 
tunnels generated in MT10 and MFT10 and disappeared in step D [39]. 
This intermediate phase may be related with the insufficient migration 
of Na þ into manganese oxides at low temperature range [40,41]. 
However, Na0.4MnO2 was almost not detected in MF10 (Fig. 4d), which 
further demonstrate that Fe3þ promoted the formation of layered 
structure in lower temperature range. In step C, the XRD peaks is 
assigned to Na0.91MnO2 (PDF 38–0965) at 600–700 �C and then dis-
appeared in step D can be observed in all the as-prepared samples [42, 
43]. And the thermodynamic stable phase in step D (800 �C) is still the 

Fig. 4. The TG/DSC/temperature/DTG profiles of (a) MF10 precursor (b) MT10 precursor. The heating stages below 450 �C, 450 �C/0–6 h, 450–800 �C and 800 �C/ 
0-6 h are noted as the step 1, 2, 3 and 4, respectively. (c–f) the ex-situ XRD patterns of MFT0, MF10, MT10 and MFT10 sample at different temperatures during 
calcination after quenching with liquid nitrogen. The heating stages below 450 �C, 450 �C/0-3-6 h, 450–800 �C are marked as the step A, B and C, respectively. 

D. Wang et al.                                                                                                                                                                                                                                   



Nano Energy 70 (2020) 104539

5

layer/tunnel composite phase with Na/Mn ratio of 0.6 (Fig. 5). 
In step D, the continued increasing diffraction intensity and nar-

rowing width of (002) peak correspond to improving crystallization of 
P2 structure in MFT0, MF10, MT10 and MFT10 (Fig. 5). And the 
strengthened peaks at ~32.1� (004), ~36.0� (100), ~37.0� (101), 
~43.8� (103) and ~49.1� (104) indicate the crystal growth of layer 
structure. Moreover, as to MFT0, the characteristic peaks at ~14.0�

(130), ~16.7� (140), ~19.5� (200), ~34.1� (350), ~37.5�(201) and 
~51.5� (2,10,1) of tunnel structure gradually emerged and strengthened 
while holding at 800 �C, which suggest the transformation from layer to 
tunnel at high temperature range. For MF10, no obvious peaks belong to 
tunnel structure can be detect. Inversely, once the Ti4þ was introduced 
(MT10/MFT10), the tunnel structure took the dominant position. It was 
further shown that the Fe3þ could stabilize the initially formed layer 
structure and suppressed the “layer to tunnel” structure transformation. 
On the contrary, the introduction of Ti4þ highly promoted the structure 
evolution. The above results reveal detailed phase evolution during 
calcination. And the layer structure is kinetics-preferred due to the high 
structural symmetry. And the “layer to tunnel” transformation under 
high temperature demonstrates the better thermodynamics-stability of 
tunnel structure, which has been reported in previous investigations 
[44,45]. Moreover, the relative complex coordination-atmosphere in 
tunnel structure make it difficult to be formed under low temperature 
even though with low Na/TM ratio. The Fe3þ could stabilize the layer 
structure at high temperature and suppress the phase transformation. 
Nevertheless, the existence of Ti4þ can dramatically boost the tunnel 
structure formation. 

In-situ high-temperature XRD was conducted on MF10/MT10 after 
pretreatment (450 �C, 6 h) and exhibits similar structure formation 
process to that of the ex-situ XRD tests. In the initial state (25–500 �C), 
more layered structure is still formed in MF10 samples after pre- 
calcination (Fig. 6a), while the layer structure and some tunnel 
Na0.4MnO2 simultaneously formed in MT10 samples (Fig. 6b). In later 

stage, most layer structure in MF10 remains in the high-temperature 
section. However, the layered structure peaks in MT10 gradually 
weakened while tunnel structure peaks strengthened over 700 �C 
(Fig. 6b and d). The peaks of TiO2 under low-temperature in MT10 
completely vanished in high-temperature range with the dramatically 
increasing of tunnel structure peaks in high-temperature range, indi-
cating that Ti4þ enters the host structure and promoted the transition 
from the earlier layered structure to tunnel structure. However, Fe3þ

enters the host structure under low temperature and enhance the ther-
modynamic stability of layer structure in the later high temperature 
range. And less layer structures were transformed into tunnel structures 
with more Fe3þ, which results in an increased layered structure pro-
portion in the final products (MF10). Interestingly, when Fe3þ was 
present in the early structure, Ti4þ still strongly facilitate the transition 
from the primary layer structure to the tunnel structure in the high- 
temperature stage from MFT10 sample. The reasons for structure evo-
lution, including Fe/Ti oxides disappearance and entrance into the host 
structure at different temperature ranges during calcining, was probably 
related with the migration energy of different ions [46]. Moreover, 
considering the crystal coordination sites, the Fe3þ was easy to occupy 
the octahedral sites of the P2 layer structure under low temperature and 
substitute little Mn3þ sites (Mn2/Mn5) of the tunnel structure because of 
the similar valence states and ionic radii(Mn3þ/0.645 Å and Fe3þ/0.645 
Å), resulting in more stable layered structures. On the contrary, the 
Na0.44MnO2 was isostructural with Na4Mn4Ti5O18 [47], in which Ti4þ is 
more likely to occupy the Mn4þ sites (Mn1/Mn3/Mn4) [48], which also 
implies that the increasing Ti4þ could promote the formation of tunnel 
structure. These results were illustrated in Fig. 1 and Fig. 7a–b. The total 
reaction for the oxalate precursor to obtain P2 layer-tunnel in the 
calcining stage can be expressed by two reactions (Fig. 7 (1) and (2)). 
Moreover, the DFT theoretical calculation of the influence different 
content of Fe3þ/Ti4þ on the layer-tunnel structures will be further 
explained in the subsequent part. 

Fig. 5. (a–d) The ex-situ XRD patterns of MFT0, MF10, MT10 and MFT10 samples at 800 �C calcination after quenching with liquid nitrogen. The calcination stages 
800 �C/0-3-6-9-12 h are marked as step D. 
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To investigate the morphology evolution progress during calcina-
tion, SEM results of MF10 and MT10 were obtained by quenching the 
high-temperature state sample with liquid nitrogen (Fig. 7c-m). At the 
beginning of 800 �C, the MF10 (Fig. 7c–g) is composed of nano-sized 
polyhedral plate-like particles (~200 nm), in which almost no rod- 
shaped particles could be observed. When the holding time increased 
to 3 h, the plate-like particles grow larger (~2 μm) with increased 
thickness. And little rod-shaped tunnel structure particles also began to 
appear. Some nanoparticles (~500 nm) also remained. When calcined 
for 6 h, the plate-like and rod-like particles keep growing while the small 
particles further melt into larger particles, which is consistent with the 
corresponding XRD results. During the subsequent calcination period of 
6–12 h, the particle surface gradually became smoother. As to MT10, 
more information about the growth of the tunnel structure can be ob-
tained (Fig. 7h-m). At the beginning of 800 �C, the particles show severe 
agglomerates of nanoparticles (~400 nm). After 3 h, the length and 
width of the rod greatly developed with continued crystal growth. The 
rod-like particles with obvious edges and corners became more homo-
geneous corresponding to the enhanced crystallization. As for 6 h, the 
length of rod-like particles hardly changed but the width keep 
increasing. With the holding time increased to 9 h and longer 12 h, the 
particle with layer/tunnel were well-developed with no obvious differ-
ence in XRD patterns [49]. These results indicated that the particle size 

and morphology are significantly affected by the high-temperature 
treatment at initial stage. 

DFT calculations were performed to determine the relative stability 
between layer and tunnel structure before and after Fe3þ/Ti4þ doping. 
For the pristine layer and tunnel structure (Fig. 8a), the tunnel structure 
is thermodynamically more stable than the layered structure by about 
0.253 eV per MnO2 unit. When one Ti and one Fe atom (simplified as one 
Fe–Ti pair) were introduced into the system, we found that the Ti4þ and 
Fe3þ prefer to locate at the neighboring Mn sites in the layered structure 
(Fig. 8b, left); while in the tunnel structure, the Fe3þ and Ti4þ prefer to 
replace the Mn2 and Mn3 site (Fig. 8b, right), respectively. The differ-
ence about the energetic trend between the layer and tunnel structure 
with the more composition of Fe3þ/Ti4þ rapidly increased in Fig. 8d. 
This result indicated that the Ti4þ plays a key role on the thermal sta-
bility of layer/tunnel hybrid structures, which was consistent with XRD 
results. 

3.2. Electrochemical evaluation 

Galvanostatic charge/discharge tests were carried out to correlate 
the Fe3þ/Ti4þ content, the layer/tunnel component ratio and the final 
electrochemical performance. As shown in Fig. 9a, the Fe-doped samples 
(MF5 and MF10) display higher capacity throughout the whole cycle 

Fig. 6. In-situ high-temperature XRD patterns of the oxalate precursor MF10 and MT10 after pre-calcination (a–b) the heating process 25–500 �C at the hating rate of 
5 �C/min and 500–800 �C at the slower heating rate of 1 �C/min for identifying the phase transitions (c–d) the constant temperature calcination stage 800 �C for 1 h 
and cooling process 800-25 �C at the rate of 5 �C/min. 
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process compared with that of the pristine. More specifically, the MF5 
and MF10 cathodes delivered initial discharge capacities of 140.4 and 
132.1 mA h g� 1, which are higher than 128.1 mA h g� 1 of the pristine. 
That’s due to the higher layer component after Fe-doping. Nevertheless, 
the excess Fe3þ entered the layered/tunnel composite may be detri-
mental due to the migration of Fe3þ into the Na layer of layered structure 

during cycle [50,51]. The initial discharge capacities of Ti-doped sam-
ples with more tunnel structure component (MT5 and MT10) are lower 
than that of the pristine sample, which was related to lower theory ca-
pacity of tunnel structure. In addition, due to the excessive inactive Ti4þ

reduced the content of active elements in the cathode material. Mean-
while, the MT5 and MT10 with more robust S-type Na þ diffusion 

Fig. 7. The total reaction for the oxalate precursor (1) MF10 sample and (2) MT10 sample. The schematic diagram of composite structural formation progress of (a) 
MF10 and (b) MT10. SEM images of samples at 800 �C (0 h, 3 h, 6 h, 9 h, 12 h) after quenching with liquid nitrogen (c–g) MF10 sample (h–m) MT10 sample. 

Fig. 8. Structural models of (a) pristine, (b) one Fe–Ti-pair, (c) two Fe–Ti-pair in layer (left) and tunnel (right) structures. Color modes: red for O, green for Na, purple 
for Mn, orange for Fe, and blue for Ti. (d)Total energies (E, in eV) per MnO2 formula unit of the layered and tunnel structures with the increasing composition 
of Fe–Ti. 
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channel of tunnel structure exhibit better cycle stability. To be specific, 
the MT10 electrode maintained 78.7 mA h g� 1 after 500 cycles, 
achieving a capacity retention of 79.4% (Fig. 9b). Encouragingly, 
MFT10 with more Fe/Ti co-doped shows the best cycling performance 
with high capacity retention of 94.5% and 86.1 mA h g� 1 after 100 
cycles, which refers the synergy effect of co-doping. This outstanding 
cycling stability was primarily attributed to the controlled synthesis and 
appropriate component ratio of layer/tunnel composite structures. In 
addition, the stronger bonding energy of Ti–O (△Hf, 298 K ¼ 662 kJ 
mol� 1) than that of Mn–O (△Hf, 298 K ¼ 402 kJ/mol� 1) [33] also help to 
boost the cycle stability. 

The enhanced rate performance further highlights the advantage of 
component ratio control of composite structures by varied Fe/Ti content 
(Fig. 9c). The MF5 showed higher discharge capacities of 171.5, 142.3, 
125.6, 114.9, and 77.4 mAh g� 1 from 0.1 to 8C (1C ¼ 200 mA g� 1), 
which was higher than that of MFT0. And MT10 delivered 77.4 mAh g� 1 

at 8C, approximately 72.6% of 0.1C, which is more superior to that of 
MFT0 (70.2 mAh g� 1 corresponds to 46.1% of 0.1C). The MT10 cathode 
exhibited the superior high-rate cycle performance at 5C (1000 mA g� 1) 

with a capacity retention of 87.9% after 500 cycles (Fig. 9e), which is 
much better than that of MFT0 (23.7%). Furthermore, MFT10 electrode 
demonstrated similar performance of MT10 sample. These results of 
MF10, MT10 and MFT10 indicated that Ti played a more important role 
in Mn-based layered-tunnel composite structure. The Symmetric cell, 
which was assembled with MT10//hard carbon after pre-cycled for 3 
cycles, demonstrated an initial capacity of 87.6 mA g� 1 in the potential 
range 1.5–3.5 V at 40 mA g� 1 with of 75.7% maintained after 100 cycles. 
As discussed above, the as-fabricated materials with the overwhelming 
structural superiority undoubtedly promise the advantages of multiple 
design strategy for composite structure materials. 

The charge/discharge curves of MFT0/MF5/MT10/MFT10 cathode 
were presented in Figs. S5a–d. Although MF5 electrode with added layer 
structures reached the higher discharge special capacity, unfortunately, 
the cyclic stability is worse owing to the structural instability. Note that 
the charge/discharge profiles of MT10/MFT10 cathodes overlap well, 
implying excellent reversibility and small polarization (Fig. S6c). The 
detailed Na þ insertion and extraction steps can be observed from the 
second dQ/dV profile in Fig. 9f. The prominent redox couple 2.2/2.4 V is 

Fig. 9. Specific discharge capacities versus cycle 
number for 100 cycle at 1C (200 mA g� 1) in the po-
tential of 2.0–4.1 V for each cathode (a) MFT0, MF5, 
MF10, MFT0, MT5, MT10, MFT0, MFT5 and MFT10. 
(b)The rate capability at different rates of 0.1C, 0.5C, 
1C, 2C, 4C and 8C for each cathode (c) The long-term 
cycling performance of MT10 at 1C. (d) The full cell 
cycling performance of MT10 cathode at 40 mA g� 1 

in the potential of 1.5–3.5 V (e) Specific discharge 
capacities versus cycle number for 500 cycle at 5C 
(1000 mA g� 1) in the potential of 2.0–4.1 V for 
cathode MFT0 and MT10. (f) The corresponding dQ/ 
dV plots for the 2nd cycle of MFT0, MF5, MT10 and 
MFT10 (g) EIS Impedance for the materials(MFT0, 
MF5, MT10, MFT10)after 3 cycles charge/discharge 
at 1C.   
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related to Mn3þ/Mn4þ redox process in MFT0. The series of small peaks 
in the higher voltage range of 2.5–3.3 V are associated with the Naþ/ 
vacancy ordering arrangement during Na þ extraction/reinsertion and 
the electrostatic repulsion among Na3, Na2, and Na1 sites in tunnel 
structure [27]. The small redox peaks disappeared in MF5 dQ/dV pro-
file, which is consistent with more layered structure. The Mn3þ/Mn4þ

redox peak (2.2/2.4 V) with higher intensity can be observed in MF5. 
And the 3.4/3.7 V redox couple is related with the fewer Fe3þ/Fe4þ [52]. 
The MT10/MFT10 cathodes show different Na þ extraction/insertion 
behaviors assigned to the increased tunnel structure (Fig. 9f). The multi 
peaks in the dQ/dV curve indicated the extraction of Naþ from different 
sites, which was similar with that of tunnel structure [37,53,54]. 

Fig. 9g shows the Nyquist plots of MFT0, MT10, MF5 and MFT10 at 
the discharged state of 2.0 V after 3 cycles at 1C. And equivalent circuit 
for the fitting is presented in the inset. The curves of all samples were 
composed of two semicircles in the high frequency and a slope in the 
low-frequency region [52]. The first semicircle in the high frequency 
region is related to the migration of Na þ through a surface layer formed 
in the electrode (Rf ). Another semicircle in the middle-frequency region, 
corresponds to the charge transfer resistance at the electrode/electrolyte 
interface (Rct). Obviously, by comparing the diameters of the semi-
circles, the initial Rf values of MFT0, MT10, MF5 and MFT10 electrodes 
were found to be 388.7, 223.2, 161.6 and 234.4  Ω, respectively. 
Moreover, the Rct values of MFT0, MT10, MF5 and MFT10 were 243.7, 
110.7, 328.2 and 83.3  Ω, respectively. These results indicated that the 
MT10 and MFT10 electrode demonstrated lower impedance with the 
increased ratio of tunnel structure after more composition of Ti4þ. 
However, Rf of MF5 was smaller than MFT0 and the (Rct) of MF5 was 
bigger than MFT0 with the increase in the component ratio of the P2 
structure with more composition of Fe3þ. 

The sloping line at the low-frequency region can be ascribed to the 
Warburg diffusion process (Zw), which is associated with Na þ diffusion 
in the electrode. The Na þ diffusion coefficient (DNaþ ) was calculated to 
evaluate the kinetics for the prepared electrodes according to the 
following equation: 

DNaþ ¼R2T2�ð2A2n4F4C2σ2Þ

Here, R is the gas constant (8.314 J K� 1 mol� 1), T is the absolute tem-
perature (298.15 K), A is active surface area of the electrode, n is the 
number of the electrons per molecule during oxidization, F is the 
Faraday constant (96 500 C mol� 1), C can be Na þ concentration in the 
cathode calculated from the density and the molecular weight of the 
materials synthesized by different methods, and σ is the Warburg coef-
ficient, it can be decided from the chart of Z0-ω� 1=2 in the low frequency 
region. The Warburg coefficient σ can be calculated by the equation: 

Zre ¼Rf  þ Rct þ σω� 1=2  

Where the Rf is the resistance of electrolyte, Rct is the charge transfer 
resistance, and ω is the angular frequency in the low frequency region. 
Both Rf and Rct were kinetics parameters independent of frequency. 
Therefore, the Warburg factor can be obtained from the slope between 
Zre and the inverse square root of the angular frequency (ω� 1=2), as 
shown in Fig. S6. Moreover, the calculated Na þ diffusion coefficients of 
the sample MFT0, MT10, MF5 and MFT10 were determined to be 2.01 �
10� 13, 5.48 � 10� 13, 1.11 � 10� 13, and 4.9 � 10� 13 cm2 s� 1. An 
enhancement of electrochemical kinetic characteristics has been ach-
ieved from the increasing ratio of tunnel structure with more Ti4þ. These 
results shown that the varied content of Fe3þ/Ti4þ and the regulation of 
structure component ratio markedly affected the charge transfer resis-
tance and Na þ diffusion coefficients, which keep in good accordance 
with the distinctive electrochemical performances. 

4. Conclusions 

In summary, series of Fe/Ti doped Na0.6Mn1-x-yFexTiyO2 (x ¼ 0, 0.05, 
0.1, y ¼ 0, 0.05, 0.1) with varied component ratios of layer-tunnel 
composite were successfully synthesized. The investigation of the 
structure formation process during calcination demonstrated that the 
layered structure can be formed in the lower temperature range, the 
crystal structure and particle grown in the higher temperature stage. 
And the transformation of layer to tunnel structure and the particle 
morphology change were mainly happened in the high-temperature 
section. The Fe/Ti migration into the host structure at low- 
temperature/high-temperature hindered/promoted the structure tran-
sition and affected component ratio in final products. The Ti4þ played 
the dominant role to result in more tunnel structures with Fe/Ti co- 
doping, which was also validated by DFT calculation. The component 
ratio of layer/tunnel composite structures can be directionally regulated 
by appropriate adjustment of Fe/Ti content for the controllable elec-
trochemical properties. The research grasps new insight into the rela-
tionship of the different ion-doping, hybrid structural formation 
progress and electrochemical synergistic effect of Na0.6Mn1-x-yFexTiyO2 
cathodes for SIBs. We hope that this study could inspired us to investi-
gate and control the material structure formation process with different 
ion for rationally designing and intelligently tuning the final products 
with desired electrochemical properties. 
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