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Spatially Controlled Lithium Deposition on Silver-
Nanocrystals-Decorated TiO2 Nanotube Arrays 
Enabling Ultrastable Lithium Metal Anode

Yanzhong Lu, Jinshan Wang, Yang Chen, Xinyu Zheng, Hurong Yao, Sanjay Mathur, 
and Zhensheng Hong*

3D scaffolds and heterogeneous seeds are two effective ways to guide Li 
deposition and suppress Li dendrite growth. Herein, 3D TiO2 nanotube 
(TNT) arrays decorated using ultrafine silver nanocrystals (7–10 nm) through 
cathodic reduction deposition are first demonstrated as a confined space host 
for lithium metal deposition. First, TiO2 possesses intrinsic lithium affinity 
with large Li absorption energy, which facilitates Li capture. Then, ultrafine 
silver nanocrystals decoration allows the uniform and selective nucleation in 
nanoscale without a nucleation barrier, leading to the extraordinary forma-
tion of lithium metal importing into 3D nanotube arrays. As a result, Li metal 
anode deposited on such a binary architecture (TNT-Ag-Li) delivers a high 
Coulomb efficiency at around 99.4% even after 300 cycles with a capacity 
of 2 mA h cm−2. Remarkably, TNT-Ag-Li exhibits ultralow overpotential of 
4 mV and long-term cycling life over 2500 h with a capacity of 2 mAh cm–2 in 
Li symmetric cells. Moreover, the full battery with 3D spaced Li nanotubes 
anode and LiFeO4 cathode exhibits a stable and high capacity of 115 mA h g–1 
at 5 C and an excellent Coulombic efficiency of ≈100% over 500 cycles.
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the increasing needs, so the next-gener-
ation batteries with energy density over 
500 W h kg–1 have become one of the hot 
spots and focuses of current research.[2,3] 
Lithium metal anode, with ultrahigh 
theoretical capacity (3860 mAh g–1) and 
lowest working potential, is regarded as 
an ideal anode for Li-S, Li-O2 batteries or 
other intercalation type cathode batteries 
enabling high-energy-density Li metal 
batteries (LMBs).[4–6] However, such bat-
tery technology suffers from poor cycling 
stability and safety concerns from the 
side of Li anode. The uncontrollability 
of lithium dendrites, the accumulation 
of dead lithium inside the too thick SEI 
film arising from the serious electrolytes 
decomposition with highly active lithium, 
and large volume change during lithium 
plating and stripping seriously hinders its 
practical development.[7–11]

In the past decade, many strategies have 
been proposed to solve the crucial problems of Li anode, such 
as optimizing electrolyte composition,[12–19] engineering solid-
electrolyte/solid interface layers,[20–24] and modifying the sub-
strate or host structures for Li metal.[25–31] Among these routes, 
the construction of Li host structures especially for 3D elec-
trodes has received great interest because it’s an effective way 
to regulate Li deposition, suppress Li dendrites, and reduce the 
local current density.[32–34] Besides, the 3D porous host for con-
fined Li deposition can accommodate the large volume changes 
during electroplating and stripping.[35] Nevertheless, most of 
the typical 3D host materials, such as copper and carbon, dis-
play poor affinity for lithium metal.[27–29,36] Another efficient 
strategy to regulate Li deposition is through controlling hetero-
geneous nucleation behavior.[37,38] Cui et al.[39] reported a nano-
capsule structure of lithium metal by inducing Li deposition 
into the hollow carbon spheres with gold nanoparticles inside. 
Such nanomaterial has zero overpotential for Li nucleation and 
could be utilized as seeds for Li selective deposition.

Integrating the above strategies for resolving the funda-
mental problems of Li anode, herein, we report ultrafine silver-
nanocrystals-decorated 3D TiO2 nanotube arrays as confined 
space host for lithium metal enabling ultrastable electroplating 
and stripping performance. First, TiO2 nanotube arrays exhibit 
much better lithium affinity compared with copper substrate, 
leading to improved lithium nucleation overpotential and 

1. Introduction

The fast development of electric vehicles and hybrid electric 
vehicles has pushed explosive demand for high energy density 
batteries.[1] The energy density of current lithium ion batteries 
(LIBs) is usually lower than 250 Wh kg–1 and no longer meets 
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cycling stability. Then, the selective nucleation and deposition 
of lithium metal into nanotubes were successfully achieved 
after decorating ultrafine and homogeneous silver nanocrystals 
acting as nanoseeds. Such 3D electrode of lithium incorpora-
tion into 1D nanotube arrays is first obtained enabling effective 
solving of lithium dendrites and volume change as well as fast 
electron transport. The 3D TiO2 nanotube arrays decorated by 
silver nanocrystals exhibit high Coulomb efficiency, ultralow 
overpotential, and long-term cycling life over 2500 h with 
2 mAh cm−2 at a current density of 1 mAcm–2 in a Li || Li sym-
metric cell.

2. Results and Discussion

Figure 1 presents the schematic fabrication process of 3D TiO2 
nanotube (TNT) arrays, and then decorated with ultrafine silver 
nanocrystals (TNT-Ag). First, TNT precursors were prepared by 
the classical anodic oxidation method, and thus obtaining the 
crystalline TNT through calcination at 400 °C. TNT-Ag was pre-
pared by depositing silver nanocrystals on TNT precursors with 
two-step cathodic reduction method, following heat treatment 
at the same temperature. Schematic diagram of fabricating 
TNT-Ag by cathode reduction method is presented in Figure S1, 
Supporting Information; under the action of an external circuit, 
Ag+ gains electrons at the cathode and was reduced, while O2− 
lost electrons at the opposite electrode to form oxygen. Two-
step reduction route was practised and washing with deionized 
water and alcohol at each step to guarantee that most of the 
decorated silver was located inside the wall of nanotube. Finally, 
lithium metal was electrochemically deposited into the TNT 
and TNT-Ag to make Li composite anode for comparative study.

The XRD patterns of TNT and TNT-Ag are shown in 
Figure S2a, Supporting Information. It can be seen that both 
scaffolds obtained after calcination are pure anatase TiO2 phase 
(JCPDS: 21–1272). It should be noted that Ag characteristic 
diffraction peak of TNT-Ag is not found which may be due to 
the low content or small crystalline size. To further verify the 
existence and chemical state of silver, XPS analysis was con-
ducted for TNT-Ag, as shown in Figure S2b–d, Supporting 

Information. The XPS survey spectrum (Figure S2b, Sup-
porting Information) confirms the presence of only TiO2 and 
Ag species in the scaffold. The peak of 368.0 eV in Ag 3d con-
firms the exclusive existence of metallic silver (Ag0), while Ti 
2p (Figure S2d, Supporting Information) belongs to typical Ti4+. 
It can be seen from the SEM images that the TiO2 scaffold is 
composed of a uniform and highly oriented nanotube array 
with a diameter ≈110 nm and a length ≈8 µm (Figure 2a,b). As 
shown in Figure 2c, the edge and inner wall of nanotubes were 
decorated with uniform silver nanoparticles, as highlighted in 
the inset. It should be mentioned that the 1D nanotube channel 
is still in reserve. Fewer silver nanocrystals grew at the outer 
wall of nanotube due to the limited space (Figure 2d). In order 
to further investigate the composition of TNT-Ag, the EDX 
mapping at cross-section is shown in Figure S3, Supporting 
Information, which verifies the existence of Ag. The content 
of Ag is around 7% in weight. It’s worth mentioning that dif-
ferent deposition manners give rise to a remarkable effect on 
the result of Ag decoration. As shown from the SEM image in 
Figure S4, Supporting Information, obtained from direct elec-
trodeposition with constant current of 15 mA for 2 min, a few 
Ag nanoparticles with relatively large size around 20  nm but 
less content are found and can't achieve homogeneous deco-
ration. We also found that many white products fall off when 
the TNT film was taken out. This should be due to the over 
growth of Ag nanocrystals, and then loss of adherence to the 
substrate. Combining with the XPS result, chemical adsorp-
tion is the main interaction between TiO2 and Ag particles, 
only very small Ag nanoparticles with high surface energy can 
be adsorbed on TNT. Two-step deposition way with only one 
minute each time effectively guarantees the homogeneous elec-
troplating of ultrafine Ag nanocrystals.

Transmission electron microscopy (TEM) (Figure  2e) fur-
ther reveals the spatial distribution of silver nanoparticles; 
many of them are located inside the nanotube. HRTEM image 
(Figure  2f) shows that lattice fringes with interspacing of 
0.36 nm can be assigned to the (101) plane of anatase TiO2. It 
is interesting that the lattice fringes of the silver nanoparticles 
with diameter 7–10  nm are almost invisible because they are 
located on the inner wall of the nanotube. Indeed, the silver 

Figure 1.  Schematic process of fabricating 3D TNT and TNT-Ag scaffolds and Li deposition on them.
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nanoparticles outside the nanotube display clear lattice fringes 
with interspacing of 0.21 nm (Figure S5, Supporting Informa-
tion). It’s found that silver nanoparticles on the inner wall of 
the nanotube are especially crucial for inducing lithium metal 
deposition inside the nanotubes. In order to investigate the 
effect of 3D TNT-Ag on the inhibition of lithium dendrite, we 
studied the nucleation of Li metal on TNT-Ag and TNT matrix 
by electroplating lithium metal. The electrodes are all acti-
vated for 5 cycles. After the deposition of lithium metal with 
0.5  mA h cm–2 at a current density of 1  mA cm–2, the thick-
ness of TNT film increased from initial 8 to 13 µm (Figure S6a, 
Supporting Information); the nanotube channel of TNT is 
blocked and dendritic lithium metals grew on the top surface 
of the nanotube (Figure S6b, Supporting Information). Under 
depositing 1 mA h cm–2 (Figure S6c, Supporting Information), 
the electrode thickness remarkably increased to 25  µm. The 
blocking of channel and uneven Li growth are also found in 
closed TNT scaffold-based Li anode which was made by the 
infiltration of molten Li metal into the channel.[31] Thus, they 
fabricated spaced or loose TiO2 nanotubes to improve the Li 
metal blocking on the film surface during Li infiltration pro-
cess. However, such TNT can't afford high loading mass of Li 
metal due to the too small film thickness around 1 µm. As for 
TNT-Ag, as shown in Figure 2g, we can see that the shape of 
the nanotube arrays remains intact after lithium metal deposi-
tion. Interestingly, the channel of nanotubes is not blocked by 
lithium metal, leading to the formation of 1D and dendrite-free 
lithium metal nanocapsules. At the same time, the nanotubes 
wall after lithium metal deposition increased from 16 to 35 nm, 
and the diameter is still around 110 nm (Figure 2g), suggesting 

lithium metal electroplated into the inside wall of nanotube after 
silver decoration, which effectively restrains the sedimentary 
formation of lithium metal on the top surface and the growth of 
lithium dendrite. From SEM image of section view (Figure 2h), 
it’s further observed that a few lithium metals electroplated on 
the outside wall of nanotube from the nearly constant external 
diameter. Nevertheless, we can see the Li preferred deposition 
on Ag nanoparticles (9–15 nm in Figure 2d) from the increased 
diameter to 33–37 nm. When the plating capacity increases to 
1 mA h cm–2 on TNT-Ag, additional Li nucleation and deposition 
was performed on the surface of nanotube array (Figure S6d,e,  
Supporting Information). Nevertheless, it’s remarkably shown 
that a smooth lithium deposition without any whisker lithium 
is found. The compact Li metal deposition is achieved from 
the much lower electrode thickness, 14 µm for TNT-Ag versus 
25 µm for TNT. It’s suggested that the smooth and uniform epi-
taxial deposition of lithium metal anode is enabled by the little 
nucleation barrier on the substrate at the initial stage. This will 
be further discussed below from the view of ultralow overpo-
tential for Li nuclei deposited on TNT-Ag.

Cyclic voltammetry (CV) (Figure S7a, Supporting Infor-
mation) method was adopted to study the electrochemical 
behavior of TNT-Ag. A cathodic peak around 1.4 V at the first 
cycle is observed, which could be due to the insertion of lith-
ium-ion into TiO2. A pair redox peak between −0.2 and 0.3 V 
is clearly shown, corresponding to the electroplating/stripping 
of Li metal. Figure 3a shows galvanostatic voltage profiles of 
Li plating/stripping on Cu, TNT, and TNT-Ag substrates per-
formed with a capacity of 0.5 mA h cm–2 at a current of density 
of 1  mA cm–2. For Cu substrate, its nucleation overpotential 

Figure 2.  SEM images of a,b) TNT and c,d) TNT-Ag. e) TEM and f) HRTEM images of TNT-Ag. g,h) SEM images of Li nucleation on TNT-Ag with a 
plating capacity of 0.5 mA h cm–2.
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at 1 mA  cm–2 reaches up to 64  mV, but it reduces to 35  mV 
for TNT. This result clearly indicates the better lithiophilic 
property of TNT than copper substrate, which is necessary and 
favorable for homogeneous Li deposition. Moreover, TNT-Ag 
provides a lowest nucleation overpotential near 0 mV, which is 
also found for the Au or Ag substrate.[39] This is essential for 
the spatial control of Li deposition site. Thanks to no nuclea-
tion barriers of Li deposition on Ag, Li metal electroplating 
occurs in the inside wall of nanotube facilitating the forma-
tion of 1D lithium metal nanocapsules (Figure 2g). It’s found 
that Ag content plays important role on the nucleation over-
potential. As shown in Figure S8, Supporting Information, 
there still exists the nucleation overpotential around 13  mV 
of TNT-Ag with low Ag content (2.6%) obtained under 1 min 
electroplating.

Figure  3b shows the cycling Coulombic efficiency of Li 
anode on the three substrates with 1 mA h cm–2 at 1 mA cm–2. 
It’s found that the Coulombic efficiency drops quickly for Cu 
substrate after 50 cycles, while it can maintain around 98.5% 
for TNT after 250 cycles and then decays. A high Coulombic 
efficiency about 99.3% can be maintained even after 400 cycles 
for TNT-Ag, indicating excellent cycling performance. Under 
higher plating capacity of 2  mA h cm–2 (Figure  3c) and 
4 mA h cm–2 (Figure 3d), the Coulombic efficiency of Cu and 
TNT substrates drops quickly with the increasing cycling. 
While a high Coulombic efficiency around 99.4% can be main-
tained for TNT-Ag even after 300 cycles with 2 mA h cm–2 and 
100 cycles with 4 mA h cm–2. In addition, it’s worth mentioning 
that the small inner diameter of nanotubes also facilitates the 
stable lithium deposition. As shown in Figure S9, Supporting 

Figure 3.  a) Galvanostatic voltage profiles of Li plating on Cu, TNA, and TNA-Ag substrates performed with a capacity of 0.5 mA h cm−2 at a current 
density of 1 mA cm−2. Coulombic efficiency of Li anode on the three substrates with a capacity of b) 1 mA h cm–2, c) 2 mA h cm–2,and d) 4 mA h cm–2 
under 1 mA cm–2. The most stable adsorption configurations of Li on the structure of e) Cu, f) TiO2, g) Li0.5TiO2, and h) TiO2-Ag.
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Information, the Coulombic efficiency for TNT-45 V with larger 
inner diameter ≈25  nm will gradually drop after 80 cycles. 
This is because TNT with small inner diameter owning larger 
surface area could be favorable for reducing the local electro-
plating current density and provides larger space for lithium 
deposition.

Density functional theory (DFT) calculations were per-
formed to illustrate the intrinsic Li deposition behavior on 
different substrate. Generally, Li absorption energy on the 
substrate should be larger than the Li cohesive in order to 
avoid the formation of Li bulk. As shown in Figure 3e–g, the 
Li absorption energy on the surface of Cu, TiO2, and Li0.5TiO2 
were calculated to be −0.41, −2.00, and −1.97 eV, respectively. 
Li0.5TiO2 is also considered because the lithiation occurred 
during the first cycle for anatase TiO2 as revealed in the CV 
curves. This suggests that both TiO2 and Li0.5TiO2 exhibit 
much larger absorption energy compared with Cu substrate, 
which is favorable for stable and uniform Li deposition. Nev-
ertheless, pristine TiO2 still has an unavoidable overpotential 
(35 mV) which may be due to its remarkably different crystal 
structure with Li. Ag decoration in nanoscale effectively solves 
this issue benefiting from the high solubility and compati-
bility with Li. Cui et al. also demonstrated that the low overpo-
tential generated little number of nuclei in the instantaneous 
nucleation, which can be used to improve the uniformity of 
deposited Li metal.[40] Herein, we also discuss it in view of 
DFT calculation. The adsorption configuration of Li on TiO2-
Ag is presented in Figure  3h. The calculated Li absorption 
energy on the surface of TiO2-Ag is −1.71  eV. This is much 
larger absorption energy compared with Cu substrate, pro-
viding enough strong energy for Li capture. Moreover, this 
value suggests that the presence of Ag can decrease the over 
large Li absorption energy on the surface of TiO2 (−2.00 eV). 
This may be favorable for the easy Li desorption on TiO2 scaf-
fold and avoid the Li loss, leading to improved Coulombic 
efficiency.

EIS spectra and their fitting (Figure S7b,c, Supporting 
Information) reveal the electrochemically improved process of 
TNT-Ag during cycling. In the initial state, the interface charge 
transfer resistance for TNT-Ag is about 32 Ω for TNT which is 
smaller than TNT (45 Ω), indicating the better electronic trans-
port after Ag decoration. The resistance decreased to 14 and 
6 Ω after 100 cycles for TNT and TNT-Ag respectively, which is 
consistent with the continuous increasing Coulomb efficiency 
in the first 100 cycles. However, after 200 cycles, the resistance 
of TNT quickly increased over 62 Ω, while TNT-Ag is still less 
than the initial state. This result verifies the improved elec-
tronic transport for TNT-Ag at the electrode interface through 
inhibiting the formation of thick SEI layer which facilitates the 
rate capability. Besides, the interface electric-field effect existing 
in binary composite structure may facilitate the charge transfer 
dynamics, as illustrated in previous reports.[41–43] Moreover, 
it’s deduced that the Li-ion diffusion coefficients in the TNT-
Ag-Li and TNT-Li anodes after 200 cycles are 6.6 × 10−10 and 
3.8 × 10−10 cm2 s−1, respectively. The improved Li-ion diffusion 
performance may be due to the smooth Li plating after Ag dec-
oration and well remained 3D channel during cycling.

The Li || Li symmetric cell tests were used to evaluate 
the interfacial stability of Li metal anodes upon repeated 

Li plating/stripping processes. Figure  4a shows the T–V 
curve of lithium deposition at 2  mA h cm–2 at 1  mA cm–2. 
The voltage overpotential of TNT anode is about 14  mV  
at the beginning, then increases and fluctuates drastically 
with the increasing cycles within working for 400 h. In con-
trast, as highlighted in the enlarged figure, TNT-Ag anode 
displays an ultrasmall overpotential of less than 4 mV, which 
could be very stable even after cycling for 2500 h without 
any apparent increase of voltage hysteresis. Overpotential or 
polarization voltage for electrode generally comes from con-
centration polarization voltage and electrochemical polariza-
tion voltage, which arises from overdue ions diffusion and 
extra electronics accumulation without complete transfer 
respectively. Such ultrasmall overpotential presented in this 
work illustrates the exceptional ions diffusion performance 
and outstanding reaction kinetics for TNT-Ag composite Li 
anode. In order to test the stability of lithium metal depo-
sition with large capacity, we tested the electrode deposited 
lithium metal with 4  mA h cm–2, as shown in Figure  4b. 
The voltage overpotential is about 58 mV for TNT anode and 
the working voltage fluctuates seriously which could only be 
maintained for 110 h. While for TNT-Ag anode, the voltage 
overpotential is only around 12  mV and keeps stable up to 
1400 h. In a word, to the best of our knowledge, this is the 
minimum overpotential up to now among various substrates 
and one of the best Li metal anodes as highlighted in the 
Table S1, Supporting Information. Besides, as presented 
in Figure S10, Supporting Information, TNT-Ag-Li exhibits 
excellent rate capability from 0.5 to 10  mA cm–2 with a 
capacity of 2  mA h cm–2. As discussed in the morphology 
formation of Li anode, uneven lithium dendrites and thick 
SEI layer will occur on the surface of TNT electrode with the 
increasing cycles, which would lead to the rise of the charge 
transfer resistance and voltage overpotential. In contrast, 
the ultrasmall overpotential and excellent cycling stability 
of TNT-Ag is attributed to the confined space Li deposition 
enabled by the ultrafine and homogeneous silver decorating 
which possesses zero nucleation barrier. Although 3D nano-
tube array has been reported as scaffold for Li metal through 
Li melt diffusion into space between nanotubes, the present 
study is the first achievement in confined space Li deposi-
tion inside the nanotubes. As a result, this result also dem-
onstrates the outstanding performance of real 1D composite 
Li metal anode.

To demonstrate the feasibility of such a design in prac-
tical application, we assembled bare Li metal and Li-plated 
TNT, TNT-Ag anodes with commercial LiFePO4 (LFP) 
cathode for investigating the application potential in full 
cells. The structure and morphology characterization are 
shown in Figure S11, Supporting Information, which deter-
mines the pure phase LiFePO4 with size of 200–500 nm. It 
can be seen from Figure 5a that LFP || TNT-Ag-Li displays  
the highest discharge capacity. The initial Coulombic 
efficiency of LFP||Li and LFP||TNT-Li is 90% and 95%, 
suggesting the improved reversibility of Li-ion on 3D TNT 
scaffold. Remarkably, we carried out a full cell test for TNT-
Ag-Li under 5 C current density (Figure 5d). It has surpris-
ingly excellent performance at high current density. After 
500 cycles, it still has a specific capacity of 110 mA h g–1 with  
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a capacity retention up to 96%, and high Coulomb efficiency 
around 100%.

3. Conclusions

In summary, ultrafine silver-nanocrystals-decorated 3D TiO2 
nanotube arrays were first fabricated and used as a confined 
space for lithium deposition, demonstrating ultrastable lithium 
metal electroplating and stripping performance. Such binary 
structure addresses the essential requirements for regulating 
uniform lithium deposition. TiO2 material possesses superior 
lithium affinity, ultrafine silver nanocrystals decoration pro-
vides the selective and uniform nucleation in nanoscale without 
overpotential, 1D nanotube arrays effectively accommodate 

volume change of lithium anode and facilitate fast ions and 
electrons transport. Finally, lithium anode hosted in such scaf-
fold displays high Coulomb efficiency, ultralow overpotential, 
and long-term cycling life.

4. Experimental Section
Material Synthesis: TiO2 nanotube arrays (TNT) precursor was 

fabricated by typical anodic oxidation process. First, the titanium 
sheet (99.99%, 0.1 mm) was cut into the size of 1.2 cm × 1.2 cm and 
sanded, and then placed in acetone, ethanol, and deionized water with 
ultrasonic cleaning for 30 min, respectively. Second, the electrolyte was 
prepared by mass ratio of 0.25% NH4F, 0.75% deionized water, and 
99% ethylene glycol. Finally, TNT was prepared by electrolysis at 60 V 
constant voltage for 1 h at a constant temperature of 25 °C with the 

Figure 4.  Voltage profiles of metallic Li plating/stripping on TNT and TNT-Ag substrates at 1  mA cm–2 with capacity of a) 2  mA h cm–2 and  
b) 4 mA h cm–2 and their corresponding enlarged figures at selective areas.
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treated titanium sheet as anode and Pt network as cathode. In order 
to investigate the effect of diameter upon Li deposition, TNT-45  V 
sample with small inner diameter of nanotube was also prepared 
under the constant electrolysis voltage at 45  V. TNT-Ag was prepared 
by depositing silver nanocrystals on TNT precursors with cathodic 
reduction method with TNT precursor as cathode, Pt network as anode, 
and 0.1 M AgNO3 (ethylene glycol solution) as electrolyte, following 
heat treatment at 400 °C for 3 h in Ar atmosphere. In order to obtain 
the homogenous decoration with ultrafine silver nanocrystals, two step 
electrodeposition process with 15  mA constant current for 1  min in 
each time, and the surface of the electrode was washed with deionized 
water and alcohol.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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