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ABSTRACT Much progress has recently been made in the development of novel active 

materials, electrode morphologies and electrolytes for lithium ion batteries. Well-defined studies 

on size effects of the three-dimensional (3D) electrode architecture, however, remain to be rare 

due to the lack of suitable material platforms where the critical length scales (such as pore size 

and thickness of the active material) can be freely and deterministically adjusted over a wide 

range without affecting the overall 3D morphology of the electrode. Here, we report on a 

systematic study on length scale effects on the electrochemical performance of model 3D porous 

Au/TiO2 core/shell electrodes. Bulk nanoporous gold provides deterministic control over the 

pore size and is used as a monolithic metallic scaffold and current collector. Extremely uniform 

and conformal TiO2 films of controlled thickness were deposited on the current collector by 

employing atomic layer deposition (ALD). Our experiments demonstrate profound performance 

improvements by matching the Li
+
 diffusivity in the electrolyte and the solid state through 

adjusting pore size and thickness of the active coating which, for 200 μm thick porous electrodes, 
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requires the presence of 100 nm pores. Decreasing the thickness of the TiO2 coating  generally 

improves the power performance of the electrode by reducing the Li
+
 diffusion pathway, 

enhancing the Li
+
 solid solubility, and minimizing the voltage drop across the 

electrode/electrolyte interface. Using the optimized electrode morphology, supercapacitor-like 

power performance with lithium-ion-battery energy densities was realized. Our results provide 

the much-needed fundamental insight for the rational design of the 3D architecture of lithium ion 

battery electrodes with improved power performance. 

KEYWORDS: Atomic layer deposition, nanoporous gold, TiO2, lithium ion batteries, length 

scales 

Today’s lithium ion battery (LIB) development is driven by the desire to increase the energy 

and power densities (per volume and footprint), lifetime, and making LIBs inherently safe.
1, 2

 

The performance of LIB electrodes is generally governed by the thermodynamics and kinetics of 

several interconnected processes, including Li
+
 diffusion/migration in the electrolyte through 

interconnected pores, charge transfer at the electrolyte/electrode interface, Li
+
 transportation/ 

storage and electron transport in active material of the electrode (Figure 1a).
3
 All these processes 

have in common that they are strongly affected by the structural design of the electrode, specially 

the length scales involved in both the active material and the porous network. However, despite 

the obvious importance for rational electrode design, surprisingly little is known about the 

fundamental relationships between Li
+
 storage behavior and the three dimensional (3D) 

architecture of the electrode as the majority of efforts have been focused on the geometrical and 

physical design of the active material alone.
4-9

 Furthermore, most current LIB designs are 

particle based and require the use of conductive additives and binders. These conventional 
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electrode preparation methods do not provide the required control over the porous structure, 

which makes it difficult to separate the intrinsic electrochemical properties of the active material 

from size effects related to the overall electrode architecture.  

An example of a commonly accepted architectural design rule is that the presence of large 

pores facilitates electrolyte-based ion mass transport in porous materials, and thus positively 

affects the gravimetric power density. We were thus surprised by our recent findings that the 

gravimetric power density of graphene-based supercapacitor electrodes is only marginally 

affected by 8-fold compression of the porous electrode material, which completely removed the 

macroporosity and part of the mesoporosity.
10

 This result demonstrates the importance of design 

rules for porous electrodes. In this work, we systematically studied length scale effects that 

determine the electrode performance of LIBs. To achieve this goal we developed a monolithic 

LIB electrode design that provides deterministic control over pore size and thickness of the 

active material. The use of conductive additives and binders is avoided by using monolithic 

nanoporous gold (np-Au) as scaffold and current collector.  Deterministic control over the 

thickness of the active material, TiO2, is achieved by employing atomic layer deposition.  

Np-Au has a unique bi-continuous porous structure with a unimodal pore/ligament size 

distribution (Figure 1b) that can be tuned - without changing the connectivity of the 

ligament/pore system - in the range from ~50 nm to 3 µm by a simple annealing procedure.
11

. 

The monolithic structure of bulk np-Au also provides fast electron transport thus minimizing the 

voltage drop (commonly referred to as the IR drop) in the current collector. For the same reason, 

ultra-thin (100-nm thick) np-Au films have been previously used by other groups as current 

collector for supercapacitors and LIB electrodes.
12

 These ultrathin films, however, are not 

suitable for length scale studies as the 3D structure collapses into a 2D film as the pore size 
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approaches the film thickness.
13

 By contrast, the np-Au bulk materials used in the present study 

are 200-μm thick and can thus accommodate micron-sized pores. The thickness of our electrodes 

is commensurate with commercial electrode designs, and our results thus have direct practical 

implications.
14

 It is important to note that although the cost of gold is too high for practical 

battery applications, the design rules developed in this study are directly transferable to other 

nanoporous current collectors, such as 3D graphene and less expensive metal foams (e.g., Cu, Ni, 

and Al).
15-26

  

Unlike previous electroless plating approaches,
27

 ALD allows one to coat even ultra-high 

aspect ratio substrates such as np-Au with uniform and conformal films with atom-scale 

thickness control by employing alternating self-limiting surface reactions. Consequently, ALD is 

considered to be a key technology in the energy-storage field.
28

 Successful applications include, 

for example, surface modifications and direct synthesis of active materials for lithium ion 

batteries.
29-32

 Here, we use the ALD process to coat the np-Au current collector with conformal 

TiO2 films (Figure 1c, e-i). We previously developed and characterized such monolithic np-

Au/metal oxide core/shell composite materials for catalytic applications where they showed 

excellent performance and stability.
33

 As an environmentally friendly material with abundant 

resources on earth, TiO2 is also an attractive anode candidate for LIBs due to its cycling stability. 

Many studies
34-39

 on particle-based or composite TiO2 electrodes have attempted to identify 

size/geometry effects on the Li
+
 storage capability, but such electrode systems often suffer from 

poor control over the overall porous structure, nanoparticle aggregation, not well defined 

electrode/electrolyte interfaces, poor contact between active material and current collector, and 

poor mechanical stability. By contrast, the core/shell architecture of the monolithic 3D ALD 

TiO2/np-Au electrodes used in the present study is well defined and mechanically robust,
40

 and 
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provides a well-defined and stable interface between np-Au current collector and active material 

for good electrical contact.   

 

RESULTS AND DISCUSSION 

Figure 1(c, e-i) shows SEM images of a set of TiO2 ALD coated np-Au samples with three 

different pores sizes (75 nm, 225 nm, and 750 nm) and three different TiO2 coating thicknesses 

(2 nm, 7 nm, and 20 nm) after annealing in air at 600 °C for 1h. For simplicity, samples will be 

denoted as d/l-nm TiO2 in the following sections, where d denotes the pore size and l is the ALD 

film thickness. The pore size was adjusted by annealing the uncoated np-Au samples in air (300 - 

500 °C), and the thickness of the TiO2 coatings was adjusted by the number of ALD cycles 

applied (30-300 cycles). In all cases the np-Au ligaments are coated with uniform and conformal 

TiO2 films. Raman spectra (Figure 1d) reveal that the post-deposition annealing procedure at 600 

°C `triggers a phase transition from as-deposited amorphous to anatase.  

This set of samples was then used for electrochemical characterization to systematically study 

length scale effects in 3D LIB electrodes. Galvanostatic charge/discharge experiments were 

carried out in a half-cell setup with a lithium chip as the counter electrode (Figure 2a, for details 

see methods). The cells were initially run at 1C rate (1C equals 168 mAh/g) for 10 cycles to 

stabilize the performance. Figure 2b shows the first ten charge/discharge voltage profiles 

collected from a 750/7-nm sample. The first discharge (Li
+
 insertion into TiO2) results in a 

capacity of 236 mAh/g (equals to Li0.70TiO2), of which 63 mAh/g (0.19 Li per TiO2) is 

irreversible indicating the formation of a solid electrolyte interface (SEI) layer. The reversible 

capacity of 173 mAh/g corresponding to a composition of Li0.51TiO2 is consistent with the value 

of 168 mAh/g reported in previous experimental and theoretical studies for the Li
+
 storage 
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capability of anatase TiO2.
36, 41

 The reduction/oxidation plateaus, occurring at around 1.7 V and 

2.0 V, respectively, are indicative of a two-phase reaction mechanism in anatase TiO2 (from 

tetragonal to orthorhombic and vice versa).
36

 The voltage gap between the reduction/oxidation 

plateaus narrows slightly during the first 10 cycles. The coulombic efficiency also improves, 

from 73.2% in the first cycle to 95.3% in the second cycle and 98.8% in the 10
th

 cycle. Rate 

jump experiments were then carried out in the rate range of 1-400C (1C = 168 mA/g, 400C = 67 

A/g) to study the detailed kinetics. The raw data of charge/discharge capacities at varied C-rates 

can be found in Figure S1, Supporting Information, and typical voltage profiles for the 750/7-nm 

TiO2 sample are shown in Figure 2c. With increasing charge/discharge rate, the potential 

separation between redox peaks increases and the capacity decreases indicating polarization 

losses (IR drop) and/or rate limiting Li
+
 diffusion either in solid TiO2 or liquid electrolyte.  

To identify the rate-limiting processes, we systematically studied the rate performance as a 

function of both pore size and TiO2 film thickness. The effects of pore size on the voltage 

profiles and rate performance are summarized in Figure 3. For 2-nm thick anatase TiO2 samples, 

the voltage profiles measured at 1C rate are independent of the pore size (Figure 3a). This 

demonstrates that, at 1C rate, Li
+
 ion transport through the electrolyte is always fast enough to 

keep up with the Li
+
 uptake of the 2-nm thick TiO2 coating. For higher rates, however, the 

performance improves drastically with increasing pore size from 75 nm to 225 nm (Figure 3c). 

For example, at 50C rate, the capacity of the 2-nm TiO2 increases by 300%, from 30 mAh/g (75-

nm pores) to 120 mAh/g (225-nm pores). This improvement in rate performance is also observed 

for 7-nm thick TiO2 films (Figure 3b, d). For these thicker TiO2 coatings, an increase in capacity 

with increasing pore size from 75 nm to 225 nm was even observed at rates as low as 1C (Figure 

3b). No further capacity gain is observed by further increasing the pores to 750 nm, implying that 
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a pore size of 225 nm or above provides sufficiently fast Li
+
 transport through the electrolyte to 

keep up with the Li
+
 uptake of a 7 nm thick TiO2 film. This is true at least for the ultrathick 

electrodes we studied here. On the other hand, at rates higher than 1C, a pore size of 75 nm or 

below will limit Li
+
 supply to TiO2 with a thickness of 2 nm or above. This critical pore size 

between 75 nm and 225 nm is surprisingly high for the design of porous electrode.  

A small fraction of the pronounced rate performance changes observed in Figure 3 can be 

attributed to the fact that the porosity of the np-Au/TiO2 composite material decreases with 

increasing TiO2 film thickness which effectively reduces the Li
+
 diffusivity in the nanoporous 

electrode. The effective Li
+
 diffusivity through the electrolyte in 3D np-Au/TiO2 electrodes can 

be described as 𝐷𝑒 = 𝐷𝜀𝑡/𝜏.
42-44

 Here, D is the diffusion coefficient in the absence of a porous 

media; 𝜀𝑡 is the porosity available for the transport that equals to the total porosity of the np-Au; 

𝜏 is the tortuosity. Increasing the feature size of np-Au through annealing does not change the 

porosity of the material or the ligament connectivity. Coating np-Au with TiO2, however, does 

affect the porosity. Thin ALD coatings (2nm) cause only small changes in porosity (up to 4% for 

75/2-nm samples), but the presence of thicker films can lead to more pronounced changes in 

porosity (e.g., 17% for 75/7-nm samples). The tortuosity, on the other hand, is not be affected by 

the coating thickness. Thus, while some of the rate performance changes of the thicker coatings 

(Figure 3d) may be attributed to porosity changes, this cannot explain the large changes observed 

for thin coatings (Figure 3c). Those may reflect contributions from the ionic resistance of the 

electrolyte as the volumetric mass of the active material increases with decreasing pore size thus 

requiring higher currents for a given C rate.  This can lead to polarization effects (IR drop) which 

will be discussed in detail below. 
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To better differentiate between ALD induced porosity changes and other TiO2 film thickness 

effects we studied a set of large pore samples (750/x-nm) where porosity changes can be 

neglected even for thick coatings (4% porosity change for the 750/20-nm sample)  (Figure 4). At 

a low rate of 0.1C, decreasing the TiO2 layer thickness in 750 nm pore material, from 20 nm to 7 

nm and 2 nm, increases the capacity from 157 mAh/g to 214 mAh/g and 227 mAh/g, 

respectively; This performance improvement becomes even more pronounced at higher rates as 

shown in Figure 4b. The thermodynamic and kinetic improvement of the Li
+
 storage capability 

with decreasing TiO2 layer thickness can be attributed to narrowing of the potential gap between 

the reduction and oxidation peaks (from 0.16 V to 0.11 V), and a decreasing miscibility gap
36, 37

 

(portion of the plateau) (from 82% to 30%), as shown in Figure 4c. Decreasing the TiO2 layer 

thickness reduces the Li
+
 solid state diffusion length thus minimizing performance limitations 

arising from slow Li
+
 diffusion in solid TiO2. The nanoscale architecture of our core/shell 

material also increases the fraction of Li
+
 storage sites in the surface region and enhances Li

+
 

solid solubility in TiO2,
36, 37

 especially for samples with a TiO2 layer thickness of only 2 nm. As a 

result, the two-phase reaction in bulk TiO2 is partially replaced with single-phase reaction in 

nano-sized TiO2, which decreases the length of the plateau, that is, the miscibility gap. With the 

absence of a Li-rich/Li-poor phase boundary, the phase transition induced barrier that impedes 

the Li
+
 transportation process is greatly reduced,

45
 which  could explain  the observed narrowing 

of the potential gap.   

So far we have not discussed the potential effect of electronic transport limitations arising from 

the TiO2 layer that, like the resistance of the bulk electrolyte and the TiO2/electrolyte interface, 

can contribute to the overall IR drop, especially at very high current densities. To differentiate 

between contributions from the electronic resistance of TiO2 (𝑅𝑇𝑖𝑂2
) and contributions from 
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the ionic resistance of the electrolyte 𝑅𝑒 and the electrode-electrolyte interface (𝑅𝑖), we measured 

the dependence of the IR drop on the thickness of TiO2 layer. The IR drop ∆𝑉𝑇𝑖𝑂2
due to the 

electronic resistance of the TiO2 layer can be expressed as:  

∆𝑉𝑇𝑖𝑂2
= 𝐼𝑅 ≈ 𝐼𝑐 ∙ 𝜌 ∙ 𝑑𝑇𝑖𝑂2

∙ 𝑙𝑇𝑖𝑂2

2 ,           (1) 

where 𝐼𝑐 is the current density at a certain C-rate, 𝜌 is the electrical resistivity of the TiO2 layer 

(anatase: ~ 10
6
 ohm cm

46
), 𝑑𝑇𝑖𝑂2

 is the volumetric density of TiO2 (anatase: 3.79 g/cm
3
,
47

), and 

𝑙𝑇𝑖𝑂2
 is the thickness of TiO2 layer. Equation (1) suggests that ∆𝑉𝑇𝑖𝑂2

 scales quadratically with 

the TiO2 thickness. The IR drop ∆𝑉𝐸𝐼 due to 𝑅𝑒 and 𝑅𝑖, both of which are independent of the 

TiO2 thickness, can be expressed as: 

 ∆𝑉𝐸𝐼 = 𝐼(𝑅𝑒 + 𝑅𝑖) ≈ 𝐼𝑐 ∙ 𝑑𝑇𝑖𝑂2
∙ 𝑆 ∙ (𝑅𝑒 + 𝑅𝑖) ∙ 𝑙𝑇𝑖𝑂2

,        (2) 

where S is the surface area of the 3D porous electrode, which is inverse proportional to the pore 

size of the 3D electrode. For a given pore size and C-rate, ∆𝑉𝐸𝐼 is thus linearly proportional to 

the TiO2 film thickness. Here, we use the current interrupt method to measure the overall IR drop 

of the system.
48

 Specifically, we performed galvanostatic charge/discharge experiments at a rate 

of 10 C while switching off the charging current at 3V. The immediate cell voltage decay 

response provides a measure for the overall IR drop of the system (Figure 4d, inset). The 

observed linear relationship of the IR drop with the TiO2 film thickness (Figure 4d) reveals that 

electrical transport is limited by the electrolyte and the electrode/electrolyte interface (∆𝑉𝐸𝐼) and 

not by the electronic resistance of the TiO2 layer (∆𝑉𝑇𝑖𝑂2
) that would lead to an IR drop that 

scales quadratically with the TiO2 film thickness. The IR drop forces the cell potential to go 

earlier beyond the charge/discharge voltage window (1-3V) and thus results in a lower capacity, 

especially at very high C-rates. It has been recognized that the resistance of the active material is 
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an important factor that can inhibit the high power output of batteries.
25

 While this conclusion 

may be true for micro-structured electrodes, our finding suggests that electron transport 

limitations can be overcome by using an optimized nanoscale architecture.  

Finally, the effect of pore size and TiO2 film thickness on the energy and power density 

performance of 3D np-Au/TiO2 electrodes is summarized using a Ragone plot (Figure 5). At low 

charge/discharge rates, the electrode performance falls into the high-energy density lithium-ion-

battery region. With increasing charge/discharge rates, the energy density decreases and 

approaches values more characteristic for electrochemical supercapacitors. This drop in energy 

density is especially pronounced for samples with thick ALD films and small pores (e.g. 75/7-nm 

and 750/20-nm). Li
+
 ion storage in these materials under high rate conditions seems to be limited 

to a thin layer near the surface of the bulk nanoporous electrode thus leading to inefficient 

utilization of the TiO2 storage material. However, by using optimized ALD layer thickness/pore 

size combinations, high gravimetric energy densities can be realized even at supercapacitor-like 

power densities. For example, the 225/2-nm TiO2 sample combines a power density of 13 W/g 

with an energy density of 130 mWh/g at a time scale of only 36s, indicating a high degree of 

TiO2 utilization even at high power. Actually, our ultra-thick electrodes outperform even much 

thinner and doctor blading prepared film electrodes on a pure gravimetric base (Figure S2, 

Supporting Information). On the other hand, the 75/7-nm TiO2 sample, at the same time scale, 

shows the best combination of footprint performance (Figure S3, Supporting Information), with 

an areal power and energy density of 30 mW/cm
2
 and 0.3 mWh/cm

2
, respectively. Due to our 

ultra-thick (200 μm) electrode design, the footprint power and energy density is much higher 

than that of thin electrodes reported previously.
24, 32, 49, 50

 Finally, our electrodes are very stable 

during long-term cycle testing (Figure S4, Supporting Information), which could be attributed to 
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the robust core/shell architecture. These results clearly demonstrate the importance of 

understanding length scale effects in porous electrodes, and developing design rules for the 

architecture of next generation LIB electrodes. 

 

CONCLUSION 

We developed a generic model system for structural optimization of 3D porous LIB electrodes. 

Specifically, our model system consists of monolithic np-Au as fully tunable nanoporous current 

collector and scaffold, and conformal TiO2 ALD coatings with atomic-scale thickness control. 

The rate performance of these monolithic 3D core/shell electrodes can be significantly improved 

by matching the kinetics of liquid phase diffusion and solid-state reactions through adjusting 

pore size and ALD layer thickness. It was found that for electrodes with commercially relevant 

thicknesses (~200 μm), Li
+
 transportation through the liquid electrolyte becomes rate limiting 

when the pore size is smaller than 75 nm. The high-rate performance is dramatically improved 

by reducing the TiO2 thickness primarily due to the reduced Li
+
 diffusion pathway and enhanced 

solid solubility. The linear relationship of the IR drop and TiO2 thickness suggests that electron 

transport in TiO2 with a thickness of less than 20 nm is not a rate-limiting process. Instead, the 

IR drop is dominated by interfacial charge-transfer and electrolyte resistance, which limit Li
+
 

storage capability at higher rates. Overall, the length-scale design allows mechanistic studies in a 

systematic way and provides a pathway forward to realize high power densities in thick LIB 

battery electrodes.  

 

METHODS  

Sample preparation: The Ag70Au30 alloy discs with diameter of 5 mm and thickness of 200 μm 
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were immersed in 72 ml concentrated nitric acid at room temperature. The color of the discs 

changed from silver to brown in just a few seconds. After dealloying for 48 hours, the discs were 

washed with deionized water and dried in air. The weight change of alloys was monitored in 

order to confirm the complete removal of Ag. The resultant np-Au templates were annealed at 

300 °C and 500 °C in air for 60 minutes to adjust the pore size from as-dealloyed 75 nm to 225 

nm and 750 nm, respectively. The active TiO2 ALD coatings were deposited in a warm wall 

reactor (wall temperature of 100 °C and stage temperature of 110 °C) on ALD-200L system 

(Kurt J. Lesker Company) using titanium tetrachloride (TiCl4) as the Ti source and H2O as the O 

source. Long dose, exposure and purge time (20s/300s/300s) were used to ensure the gas 

precursors penetrate through the np-Au discs and achieve uniform coatings. The anatase TiO2 

was obtained by annealing the as-deposited np-Au/TiO2 electrode at 600 °C in air for 60 

minutes.  

Materials characterization: The morphology of the np-Au/TiO2 core/shell samples was 

characterized with a field emission scanning electron microscope (JEOL 7401‐F) at 20 keV 

(20mA) in secondary electron imaging mode with a working distance of 5‐8 mm. The Raman 

spectra for TiO2 phase identification were collected using a Nicolet Almega XR dispersive 

micro-Raman spectrometer with 633 nm excitation length. To avoid crystallization of TiO2, a 

low laser beam power (as low as 0.67 mW) and a spot size of 1.3 μm was selected.  

Electrochemical characterization: A two-electrode setup was used for galvanostatic 

charge/discharge experiments. Swagelok type half cells were prepared inside an argon filled 

glovebox with moisture and oxygen levels below 1 ppm. 1M LiPF6 in a 1/1/1 (vol.) mixture of 

ethylene carbonate/diethyl carbonate/dimethyl carbonate (EC/DEC/DMC) (MTI, Cor.) was used 

as the electrolyte and polypropylene membrane (Celgard 3501) as the separator. A lithium 
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chip with diameter of 9.5 mm and a thickness of 250 µm was placed on the current collector as 

the counter electrode. A double-layer separator was placed on top of the lithium chip and soaked 

with electrolyte. Directly after assembly, the cells were rested for at least 5 h. Then, the cells 

were discharged (Li
+
 insertion) and charged (Li

+
 extraction) galvanostatically in a potential 

window between 1 and 3 V at various rates ranging from 1C up to 400C using a Maccor Model 

4304 battery tester or a MTI 8 Channel Battery Analyzer. A 5-s rest step was inserted after each 

charge or discharge step. All electrochemical tests were performed at ambient conditions. 

 

SUPPORTING INFORMATION AVAILABLE  

Charge/discharge capacities measured from rate-jump experiments. Rate performance of 225/2-

nm TiO2 compared to reference data. The footprint power and energy density. This material is 

available free of charge via the Internet at http://pubs.acs.org. 
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Figure 1. Relevant transport processes and microstructure of 3D np-Au/TiO2 electrodes for 

lithium ion batteries. (a) An illustration of relevant transport processes in 3D porous LIB 

electrodes: 1) Li
+
 transport through the electrolyte; 2) Charge transfer at the electrolyte/electrode 

interface; 3) Li
+
 transport in the active material; 4) Electron transport in the current collector; 5) 

Electron transfer from the current collector to the active material; 6) Li
+
/electron recombination. 

(b) Scanning electron micrograph (SEM) of np-Au with a pore size of 750 nm. (c, e-i) SEM 

images of TiO2 ALD coated np-Au samples after annealing at 600 °C for various pore size (75 

nm, 225 nm and 750 nm) and TiO2 film thickness (2nm, 7nm and 20 nm). All SEM images were 

taken at the same magnification. (d) Raman spectra from a TiO2-coated np-Au sample measured 

before and after annealing at 600 °C revealing the phase transition from as-deposited amorphous 

TiO2 to anatase.  
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Figure 2. Experimental setup and galvanostatic charge/discharge plots. (a) The schematic of 

the two-electrode setup for galvanostatic charge/discharge experiments using a lithium chip as 

the counter electrode; (b) Voltage profiles collected from 750/7-nm anatase samples during the 
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first 10 cycles at 1C rate; (c) Voltage profiles of the 750/7-nm anatase sample obtained from rate 

jump experiments  (0.1 C to 20C, 1C equals 168 mA/g current density). The curves were taken 

from the last cycle at each rate.  
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Figure 3. Effect of pore size, TiO2 layer thickness, and cycling rate on the specific capacity 

of np-Au/TiO2 electrodes: (a) For 2 nm thick TiO2 films and low rates (1C), the pore size has 

little effect on the on the measured voltage profiles; Significant reduction of the specific capacity 

was observed for small pore size (75 nm)/thicker TiO2 film (7 nm) combinations  (b) and/or 

higher-rate cycling (c-d)..  
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Figure 4. Effect of the TiO2 layer thickness on (a) charge/discharge voltage profiles (measured 

at 0.1C) and (b) the rate performance of npAu/TiO2 electrodes with 750 nm pores; (c) Potential 

separation and miscibility gap measured at 0.1C as a function of the TiO2 layer thickness;  (d) IR 

drop / TiO2 layer thickness dependency for various pore sizes measured by the current interrupt 

method. The inset shows a typical charge-rest-discharge voltage profile collected from a 750/7-

nm sample (charge/discharge at 10C, interrupted at 3V). Note the linear correlation between IR 

drop and TiO2 layer thickness. 
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Figure 5. Ragone plot for 3D np-Au/TiO2 electrodes. For comparison, the typical 

characteristics of electrochemical capacitor (EC, blue shadow region) and lithium ion battery 

(LIB, brown shadow region) are included.
51, 52

 Dashed lines denote the discharge time of a half 

cell. 

 

  



 

24 

Table of Content Graphic 

 


