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ABSTRACT: To power the next generation of miniaturized electronic devices, the 

energy storage capability of Li-ion micro-batteries has to be significantly improved 

and the fabrication of high performance 3D electrodes is mandatory. Here we show 

how to carefully match the design of efficient 3D scaffold based on metallic porous 

template with the deposition parameters of titanium dioxide films made from thermal 

Atomic Layer Deposition method for designing efficient 3D electrodes for Li-ion 

micro-batteries. A 3D electrode made from Pt porous scaffold coated with 150 nm-

thick anatase TiO2 film reaches a high surface capacity value up to 1600 µAh.cm-2 at 

C/12 with a good cycling stability during 100 cycles. 
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INTRODUCTION 

Over the last decade, the number of connected electronic devices is in total 

expansion in our daily life through the Internet of Things concept for health, 

environmental or industrial monitoring, transportation, wearable electronics, and 

smart buildings1,2. Miniaturization of these intelligent systems opens the road to the 

next generation of IoT devices. A pertinent example of this groundbreaking 

technology is the Michigan Micro-Mote (M3) designed and fabricated within the 

research group from David Blaauw3. In a restricted volume (1.5 mm3), a miniaturized 

energy autonomous system embeds numerous sensors, a radiofrequency front-end, 

a data management unit and an energy harvesting and storage micro-source. The 

compactness of the M3 was possible using advanced small form factor packaging 

methods such as 3D System-in-Package (3D SiP) technology which integrate, 

vertically or horizontally on the same substrate, many electronic functions including 

the miniaturized energy harvesting and storage sources. Integrated in an eye to 

follow the evolution of a glaucoma (i.e. the variation of the intraocular pressure within 

the eye), the transmission distance of the radiofrequency (RF) signal from the eye to 

a small data center is limited to ~ 10 cm (transmission of the signal in saline media (5 

mm) and air). To get such smart microsystems autonomous and to increase the 

transmission distance of the RF signals (several tens of meters) in the frame of the 

IoT concept, lithium-ion micro-batteries and / or micro-supercapacitors with limited 

surface footprint and high storage capacity have to be used taking into account the 

limited available space. Consequently, footprint surface of the micro-battery is 

constrained, limiting the amount of active material and thus the energy performance. 

A promising way to improve the energy performance of a Li-ion micro-battery 

consists of designing 3D devices where the active materials are deposited by step-
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conformal deposition methods widely used in the semiconductor industry on high 

specific surface 3D scaffold. To tackle this issue, Atomic Layer Deposition technique 

remains the best deposition method to produce 3D Li-ion solid-state micro-batteries 

on large-scale wafers. Current collectors4,5 (Pt, TiN), positive electrode6–10 (LiCoO2, 

LiFePO4, LiMn2O4…), solid electrolyte11–15 (Li3PO4, LIPON, Li7La3Zr2O12…) and 

negative electrodes11,16–20 (TiO2, V2O5, Nb2O5, Li4Ti5O12…) have already been 

investigated as efficient thin films for all solid-state 3D Li-ion micro-battery. Among 

the existing functional electrodes made from ALD facility, bulk or nanostructured 

titanium dioxide is a promising alternative material to graphite and silicon based 

negative electrodes in a Li-ion battery owing to the low toxicity, low cost and safety 

issue. Within the numerous existing TiO2 polymorphs, Rutile, Anatase, Brookite and 

TiO2-B were widely studied21–27. With a mean potential around 1.7 V vs Li/Li+ and a 

maximum theoretical gravimetric capacity of 335 mAh.g-1 corresponding to the 

complete reduction of Ti4+ to Ti3+ (xLi
+ = 1 mol Li+ per TiO2 molecule), titanium dioxide 

is a favorable electrode. Promising lithium insertion / extraction in TiO2-(B) (xLi
+=1) as 

well as TiO2 anatase21 polymorphs have already been reported at room temperature 

(xLi
+ ~ 0.6)21. We have recently shown the fabrication of 155 nm-thick 3D TiO2 

electrode reaching more than 370 µAh.cm-2 at C/10 when cycled in liquid electrolyte. 

To reach this areal capacity value, an efficient 3D scaffold based on vertically etched 

silicon micro-tubes (with an area enhancement factor of 53) was coated with a TiO2 

film deposited by thermal ALD 11,26. P. Vereecken et al have shown in 2017 the 

deposition of “doped” amorphous TiO2 (with Chloride species) films on silicon micro-

pillars using spatial Atomic Layer Deposition technique (s-ALD)17. The capacity of the 

amorphous TiO2 electrode was close to 240 µAh.cm-2 at C/4 and 89 µAh.cm-2 at 20C 

but the galvanostatic discharge plot does not fit with the one expected for battery-
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type material (flat plateau due to biphasic transition occurring during the 

lithiation/delithiation process). In that case, a quasi-triangular plot is observed as 

expected for pseudocapacitive material or nanostructured faradic materials28 leading 

to fast rate capability. 

In similar lines, many 3D porous metallic scaffolds have been reported in the past in 

the context of 3D micro-supercapacitors29 and micro-batteries30. These porous 

current collectors are fabricated through ambient condition electrodeposition under 

sufficient cathodic overpotential in acidic media having appropriate metal salt 

precursors. The generated hydrogen bubbles create a Dynamic hydrogen bubble 

template (DHBT) for the reducing metal salt, thus resulting in a robust nanoporous 

dendritic structure with extremely high surface area. With variety of tunable 

parameters like reduction current, acid concentration, salt concentration etc. and low 

temperature aqueous fabrication, DHBT is a promising methodology for fabrication of 

3D porous microelectrodes. Micrometer thick porous gold (Au-DHBT) and porous 

Pt/Cu (Pt-DHBT) electrodes can be easily produced through this technique having 

extremely high surface area. 

Here we demonstrate the fabrication of TiO2 electrode for 3D Li-ion micro-battery 

combining an efficient porous Pt scaffold with the Atomic Layer Deposition of 150 

nm-thick anatase TiO2 film. While the planar TiO2 film shows a capacity close to 5 

µAh.cm-2, a high areal capacity value (~ 1600 µAh.cm-2) is measured at C/12 for the 

3D electrode. This areal capacity is ~ 4 times higher than the best capacities reached 

with thin film electrodes made from magnetron sputtering technique for planar 

Lithium-based micro-batteries31–33 and ~ 6 times higher than the capacity reached by 

P. Vereecken et al17 recently with 3D electrodes made from TiO2 films thus validating 

the selected strategy of this study. 



7 
 

  



8 
 

RESULTS AND DISCUSSION 

As the deposition temperature is well known to be a critical issue to reach the desired 

TiO2 polymorph (anatase), the porous metallic scaffold has to be carefully selected 

with specific surface and temperature stability point of view: in that case, porous gold 

and platinum scaffolds were investigated. A first approach was made with porous 

gold template coated with TiO2 films. To study the temperature stability of the gold 

porous scaffold, thermal Atomic Layer Deposition of conformal TiO2 films was 

achieved between 150 and 300 °C (fig. S1). The diffractograms of five samples 

deposited on planar Si / Pt substrate are shown in fig. S1a. The thickness of the five 

samples was close to ~ 100 nm. At 150 °C, the TiO2 film seemed to be amorphous 

(or with so small crystallite size giving rise to the same XRD signature) as we did not 

observe any Bragg peaks coming from a TiO2 phase and only two diffraction peaks 

(2 = 40° and 46.5°) revealing the cubic phase of platinum layers (PDF 00-004-

0802). From 175 up to 250 °C, the formation of the anatase polymorph (PDF 00-021-

1272) was highlighted through the progressive increasing of the intensity of the 

Bragg peaks (~ 2 = 25.5°, 37°, 38°, 38.5° and 48°). The Cyclic Voltammetry curves 

are reported in fig. S1b at 0.1 mV.s-1 in 1M LiClO4 EC / DMC electrolyte. As 

expected from the preliminary XRD study, the CV plot of the sample deposited at 150 

°C exhibits no redox peaks and an electrochemical signature corresponding to the 

one of an amorphous compound. The CV curves of the planar TiO2 samples 

deposited at substrate temperature ranging from 175 up to 300 °C exhibit two redox 

peaks at 1.7 and 2.2 V vs Li/Li+ characteristic of the anatase TiO2 polymorph21. 

Finally, the CV plot of the sample deposited at 300 °C shows a lower intensity than 

the sample deposited at 200 °C. From this preliminary combined XRD / CV study, we 

chose to set the deposition temperature close to 200 °C where the electrochemical 
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and structural analyses confirmed the formation of anatase polymorph. The 

morphological, structural and electrochemical analyses of 90 nm-thick TiO2 film 

deposited at 200 °C on planar Si / Pt substrate are depicted in fig. S2a-d. While the 

SEM cross section image confirmed the dense nature of the 90 nm-thick TiO2 film 

deposited by ALD (fig. S2a), the anatase polymorph was identified by XRD analysis 

(fig. S2b). From electrochemical point of view, the CV plots reported in fig. S2c at 

different sweep rates confirmed the intercalation / de-intercalation of the lithium ions 

in the anatase TiO2 polymorph where two redox peaks are identified at ~ 1.7 V vs 

and 2.1 V Li/Li+. Regarding the increasing of the sweep rate, we observed a shift of 

the reduction peak to lower potential value and toward higher potential for the 

oxidation peak as expected for battery-type electrode. From these CV curves, we 

extracted the b-coefficient34 (fig. S2d) and confirmed that the charge storage 

mechanism within the TiO2 film arises from a diffusion limited faradic process (b ~ 

0.5). 

Once the operating temperature of the Atomic Layer Deposition process was set to 

200 °C to promote the formation of the anatase polymorph, we achieved the 

deposition of TiO2 films on 3D porous gold scaffold. 90 nm-thick TiO2 film was then 

deposited on 30 µm-depth 3D porous gold template. The porous gold framework had 

an apparent porosity of ~88% and aspect ratio, AEF (ratio between the 

electrochemical active surface area and the geometrical surface area) value of ~ 900 

cm2 per cm2. This huge area to volume ratio thus ensures more active material 

loading per unit area of electrode and better interfacial kinetics as explained later in 

the CV studies after deposition of TiO2 films by ALD. The resulting electrodeposited 

film is extremely porous and this can be observed in the scanning electron 

microscope (SEM) images (fig. 1a), where numerous gold dendrites and nodules are 
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extensively distributed in a cemented matrix. They are oriented in all directions, 

forming mechanically stable and self-supported pore walls. The morphological 

analysis is shown in fig. 1a before and after the TiO2 deposition. From the SEM 

images, we observed that the ALD process did not significantly change the shape of 

the scaffold. The X-ray Diffraction analysis of the 3D electrode (3D Au / TiO2) is 

depicted in fig. 1b where the two main peaks (at 2 = 38° and 44°) are assigned to 

the porous gold template with a cubic structure (PDF file = 00-004-0784), while the 

two smaller other peaks, at 2 = 25° and 48° were attributed to the anatase TiO2 

polymorph (PDF 00-021-1272) as expected. To check the beneficial effect issued 

from the 3D scaffold, two 90 nm-thick TiO2 coatings, respectively 2D and 3D, were 

electrochemically tested in liquid electrolyte. The CV plots are reported in fig. 1c and 

both correspond to the electrochemical signature of a faradic electrode made from 

anatase TiO2. Not surprisingly, the CV curve of the 3D Au / TiO2 electrode exhibits a 

much higher current intensity meaning that the amount of active materials is greatly 

enhanced owing to the 3D template, as compared to the planar TiO2 electrode. From 

these CVs, the areal capacities of the planar and 3D Au / TiO2 electrodes were 

extracted and plotted vs the sweep rates (fig. 1d). While the planar electrode showed 

a surface capacity close to ~ 5 µAh.cm-2 at 0.1 mV.s-1, the capacity of the 3D 

electrode reaches ~ 75 µAh.cm-2 at the same scan rate. As the sweep rates 

increases, the gap between the areal capacities of the planar and 3D electrodes 

progressively decreases due to the kinetic limitations of the lithium ions occurring 

within the TiO2 film at high scan rate (diffusion-limited faradic process). The benefit 

from the 3D porous gold scaffold was then demonstrated but the enhancement of the 

surface capacity (~ x 15) did not correspond to the expected area enhancement 

factor of the 3D scaffold (AEF value = 900 cm2 per cm2) meaning that the ALD 
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process at 200 °C probably modified the behaviour of the 3D template. Indeed, we 

can infer that most of the porosity was not easily accessible by the ions coming from 

the electrolyte after the deposition process of the TiO2 film at 200 °C reducing the 

AEF of the 3D scaffold. Consequently, we chose to move from porous gold metallic 

scaffold to the formation of platinum-based 3D template owing to the higher 

mechanical stability of porous Pt/Cu vs gold scaffolds. The relatively lower stability of 

porous Au matrix can be explained based on the very high surface diffusion 

coefficient of Au atoms (resulting in large number of defects, especially under the 

harsh deposition conditions) and high driving force to reduce its surface energy 

leading to coarsening of the dendritic structure, especially at high temperatures35,36. 

On the other hand, for Pt/Cu, Pt has much lower surface diffusion than Au while Cu 

aids in better adhesion and also prevents formation of larger particles, thus improving 

stability of the porous structure. The porous Pt/Cu scaffolds had extremely high 

surface area (AEF > 11 000) with high temperature stability (less than 20 % drop of 

the AEF value after annealing at 250 °C). The evolution of the AEF value for Pt/Cu 

porous films increases with deposition time finally before levelling off at ~ 140 m 

thickness (10 minutes of deposition). 

To maximize the areal capacity of the TiO2 electrode, both the area enhancement 

factor of the 3D scaffold and the thickness of active material were increased in the 

following section. Hence, 140 µm-depth 3D porous scaffold was coated with 150 nm-

thick TiO2 film deposited by ALD at 200 °C. A 150 nm-thick planar TiO2 film was used 

as a reference sample to quantify the benefit from the 3D scaffold. In that case, the 

corresponding AEF value was approximately ~ 13 000. As the fabrication of the 

porous Pt scaffold came from the dealloying process of copper-platinum alloy, it was 

important to check the structural evolution of the 3D electrodes systematically during 
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the synthesis process. Several diffractograms are summarized in fig. 2a. While the 

platinum seed layer (green plot) exhibited a cubic structure (pdf file 00-004-0808) 

with two Bragg peaks occurring at 2 = 40° and 46°, we observe broader peaks at 

similar 2theta angles assigned to Pt and an additional peak at 2 = 41° attributed to 

CuPt mixed compounds (red diffractogram). The diffractogram of the 3D porous CuPt 

/ TiO2 electrode is also reported in the fig. 2a (blue curve) where the additional peaks 

are attributed the anatase polymorph deposited on the metallic CuPt scaffold by ALD 

at 200 °C. Raman spectroscopy analyses reported in fig. 2b confirmed that both 2D 

and 3D TiO2 electrodes show the same structure: in that case, the main difference 

came from the shape of the metallic underlayer. 

The morphological analyses of the planar and 3D electrodes are given in fig. 2c-e. 

The cross-section imaging of the 150 nm-thick planar TiO2 film is shown in the panel I 

of the fig. 2c. As expected, the layer seems to be very dense and compact as 

typically observed for oxide films deposited by ALD. SEM top surface of the 3D 

porous sample is illustrated in the panels II (3D porous CuPt) and III (3D porous CuPt 

/ TiO2) where cauliflower-like morphology mixed with macropores (pore diameter ~ 

50 µm) is observed. The DHBT deposition process is known to produce highly 

porous scaffold with hierarchical porosity. At the scale of the SEM images, we only 

observe the macroporosity. Meso and microporosities were then studied by TEM 

imaging. SEM cross-sectional imaging of the FIB-extracted 3D porous CuPt / TiO2 

sample is depicted in fig. 2d. The total thickness of the 3D scaffold is approximately 

140 µm as shown in the inset of the fig. 2d (blue area). From this SEM analysis 

validating the porous shape of the template, we observed the large specific surface 

developed by the 3D scaffold that probably led to high surface capacity value of the 

3D electrode. The chemical analysis of 3D porous CuPt / TiO2 electrode was carried 
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out by Energy-dispersive X-ray spectroscopy (EDX) measurements at two different 

scales (at the micro and the nano scales) with both SEM and TEM analyses. As 

confirmed by EDX-SEM measurement (fig. 2e), the 3D metallic porous scaffold is 

composed by a CuPt metallic alloy (Pt:Cu / 74:26). As the Atomic Layer Deposition 

process is suitable to coat complex surface due to self-limiting reactions within the 

ALD reactor, the titanium and oxygen elements of the TiO2 film are detected through 

the total thickness of the 3D scaffold, from the top to the bottom of the porous 

metallic template. EDX-TEM analyses are depicted in fig. 2f where a FIB lamella was 

prepared from a 3D porous CuPt / TiO2 electrode. To protect the 3D electrode from 

the FIB preparation, an Al2O3 layer was deposited by ALD to fill the entire porosity of 

the electrode leading to a robust and protected sample.  

The HRTEM images as well as the EDX maps highlight the cauliflower-like 

morphology of the CuPt alloy (fig. 2f) coated with TiO2 active material. At the 

nanoscale, the pore-sizes vary between 6 to 18 nm, demonstrating the hierarchical 

porosity of metallic scaffold obtained by the DHBT process. The enlargement of the 

red and green area of the image of fig. 2f III reveals numerous crystalline nano-

domains with inter fringe distances of 3.5 Å and 1.8 Å which can be attributed to the 

inter-planar spacing d101 of the TiO2 anatase polymorph and d012 of the CuPt, 

respectively, in good agreement with the XRD study. The quantification of the TEM-

EDX mapping (fig. 2) confirms also the CuPt and TiO composition of the scaffold and 

active layer, respectively.  

Beside the morphological and structural analyses of our 150 nm-thick TiO2 film 

deposited on 2D or 3D porous scaffold presented fig.2, it is important to compare the 

electrochemical performance of these electrodes made from either porous platinum 

scaffold or from porous gold template. The electrochemical characterizations were 
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achieved by Galvanostatic Charge / Discharge measurement in 1M LiClO4 / EC / 

DMC at C/12. The discharges curves of both 2D and 3D electrodes are reported in 

fig. 3a-b. From the discharge plot of the planar sample, we observe a plateau at 1.8 

V vs Li/Li+ characteristic of a biphasic transition occurring during the intercalation 

mechanism of the lithium ions in the anatase TiO2 structure. On one hand, the planar 

TiO2 electrode (150 nm-thick) delivers a surface capacity close to ~ 5.8 µAh.cm-2 at 

C/12 (fig. 3a). On the other hand, the 3D TiO2 electrode exhibit a very high surface 

capacity value close to 1600 µAh.cm-2. A plateau at 1.8V vs Li / Li+ was also 

observed in the discharge plot of the 3D electrode (fig. 3b). To discuss about the 

obtained performance, the following explanation is proposed. The bulk density of the 

TiO2 anatase is 3.8 g cm-3. If we consider the high density of the films deposited by 

ALD (~ 90 % of the theoretical one), the bulk density of TiO2 films deposited by ALD 

method is about 3.4 g cm-3. The thickness of the TiO2 films (deposited on planar or 

3D scaffold) is close to 150 nm thus leading to a low mass loading for the planar 

sample (~ 0.051 mg cm-2). The theoretical gravimetric capacity of the bulk anatase 

TiO2 is ~ 336 mAh g-1 for 1 Li+ intercalation. Unfortunately, this capacity is usually 

limited to 174 mAh g-1 with ~ 0.5 Li+ intercalation in TiO2 except for nanometer-thick 

particles where nanosized effect21 occurs thus leading to higher Li+ per TiO2. 

Regarding the mass loading of the 150 nm-thick TiO2 film (0.051 mg cm-2), the 

expected areal capacity is thus 8.9 µAh cm-2.  Subsequently, the surface capacity 

value measured at C/12 on the 150 nm planar electrode (~ 5.8 µAh cm-2, figure 3a) 

corresponds to 113 mAh g-1, i.e. 0.34 Li+ per TiO2. ALD method is one the best 

deposition technique suitable to perform the conformal deposition of thin films in 

range of 1 – 200 nm thickness. Consequently, no evolution of the film thickness 

would be expected if the deposition is carried out on planar substrate or 3D complex 
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scaffold meaning that the conformality is close to 100 %. In our case, the thickness of 

the TiO2 layer deposited on 3D porous Pt template was evaluated close to 150 nm. 

As the surface capacity value of the 3D TiO2 was measured to be close to 1600 µAh 

cm-2, we clearly attribute the significant enhancement of the performance by the large 

specific surface of the 3D template associated to the conformal shape of thin films 

materials deposited by ALD.  

In that case, the significant enhancement of the surface capacity value was 

demonstrated validating the selected strategy. Indeed, moving from gold to porous 

metallic scaffold allows maximising the capacity value based on an efficient template 

decorated with TiO2 film deposited by ALD. The capacity retention of the planar and 

the 3D TiO2 electrodes were also evaluated at C/12 during 100 cycles, and results 

are summarized in fig. 3c. The coulombic efficiency (CE) of 3D TiO2 electrodes is 

plotted in fig. 3d and we observe that the CE stayed close to 100 % during 100 

cycles. The GCD plot at the 50th cycle is shown (in the inset - fig. 3d) to clearly 

highlight the stability performance of the 3D electrode. 

Finally, the reached performance were benchmarked regarding state-of-the-art 3D 

electrodes reported in the literature (fig. 3e). In that respect, we plot the evolution of 

the surface capacity (in mAh.cm-2) vs the thickness of active material. The nano-

architectured templates based on Ni nanowires37 and Al nanorods38 were proposed 

ten years ago as efficient scaffold to improve the surface capacity of a TiO2 film made 

by ALD. The spacing between two nanostructures (nanowire or nanorod) were kept 

low (~ 20 nm) and consequently, the thicknesses of active materials were limited by 

the spacing parameter. The surface capacity values of such 3D electrodes were 

approximately 10 and 160 µAh.cm-2 at C/10 for the Al nanorods and Ni nanowires 

respectively. In 2016, P. Notten et al. has reported the use of silicon micro-pillars 
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technology coated with a TiN current collector (made by ALD) and a 40 nm-thick TiO2 

film deposited by low pressure chemical vapour deposition technique (LP CVD)39. 

The normalized capacitance value of the 3D electrode was close to 200 µAh.cm-

2.µm-1. Regarding the thickness of the TiO2 layer (40 nm), the areal capacity was 

approximately 8 µAh.cm-2. This "low capacity" value was attributed to the low area 

enhancement factor of the 3D template. This micro-architectured approach based on 

Si micropillars was improved by the group of P. Vereecken where TiO2 films made by 

ALD technique were deposited on such 3D scaffold. In 2017, the deposition of 

“doped” amorphous TiO2 (100 nm-thick) films on silicon micro-pillars using spatial-

ALD17 was reported. Similar results were proposed in 2019 when compared thermal 

ALD and s-ALD 40. The capacity of the amorphous TiO2 electrode was close to 240 

µAh.cm-2 at C/4. In our group, we recently shown the fabrication of 155 nm-thick 3D 

TiO2 electrode reaching more than 370 Ah.cm-2 at C/10. To reach this high areal 

capacity value, an original, robust, and highly efficient 3D scaffold based on vertically 

etched silicon micro-tubes (with an area enhancement factor of 53) was coated with a 

TiO2 film (155 nm-thick) deposited by thermal ALD 11,26. The results obtained in the 

frame of this study are implemented in this graph. With 150 nm-thick TiO2 film 

deposited on porous platinum-based scaffold, the surface capacity value of the 3D 

electrode (~ 1.6 mAh.cm-2) reaches a 10 times higher surface capacity value as 

compared to reported literature. More specifically, regarding the results obtained by 

the authors, this surface capacity value is 4.3 fold higher than the value reported11 in 

2017 by our group and 16 times higher than the capacity value reported by the group 

of P. Vereecken40 in 2019. This is the highest capacity value reported up to now with 

such low amount of active material. When combined with a suitable positive electrode 

material6,10 (LiMn2O4, LiCoO2), such 3D TiO2-based negative electrode could deliver 
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high energy density values, opening the way to high performance Li-ion micro-

batteries for efficiently powering miniaturized electronics devices. 
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CONCLUSION 

We demonstrate porous metallic scaffold decorated with TiO2 thin film deposited by 

ALD as an attractive solution for designing 3D electrodes with ultra-high capacity 

values. In that respect, we show that porous gold scaffolds do not support the 

deposition temperature of the ALD process (200 °C) with areal capacity below 100 

µAh.cm-2. Moving from gold to platinum porous-scaffold helps to tackle the 

temperature issue. The surface capacity of such 3D porous Pt / TiO2 electrode 

reaches 1600 µAh.cm-2 at C/12, validating our strategy for designing efficient thin film 

electrodes for 3D Li-ion micro-batteries. 
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METHODS 

Fabrication of the 3D Porous Au and Pt scaffolds. For 3D porous Au, a Ti (100 

nm) / Au (300 nm) thin film was deposited by evaporation on an oxidized silicon 

substrate and electrochemically pretreated by cycling the potential at a scan rate of 

100 mV.s-1 between -0.3 and +1.7 V versus saturated calomel electrode (SCE) in 1 

M H2SO4 until a stable voltammogram was obtained. Porous metallic current 

collectors were prepared using the DHBT technique from an optimized solution of 2 x 

10-3 M of HAuCl4.3H2O in 3 M H2SO4 by applying 5 A.cm-2 for 20 min in a 3-electrode 

configuration. For 3D porous Pt/Cu, A Ti (50 nm) / Pt (200 nm) thin film was 

deposited by evaporation on an oxidized silicon substrate and used as working 

electrode, saturated calomel electrode (SCE) as reference electrode and a Pt mesh 

as counter electrode  followed by two CV cycles between -0.6 to +1.2 vs. SCE to 

facilitate better nucleation. Porous metallic current collectors were then prepared 

using a similar DHBT technique from an optimized solution of 30 mM H2PtCl6 and 

15mM CuSO4.5H2O in 1 M H2SO4 by applying 6.5 A.cm-2 for 10 min in a 3-electrode 

configuration. Cu was further de-alloyed electrochemically though cyclic voltammetry 

in 0.5M H2SO4 between -0.38 to +1.2 V vs SCE for 50 cycles at 10 mV.s-1. 

Atomic Layer Deposition (ALD) of TiO2 films. The TiO2 films were deposited by 

ALD on a planar substrate composed of stacked Al2O3 / Pt layers on a silicon wafer 

as already reported by our group in previous publications11,31,41,42. The TiO2 films (90 

and 150 nm-thick) were deposited by atomic layer deposition method from a TFS200 

Beneq ALD reactor; this technique ensures a conformal deposit on the 3D scaffold. 

The precursors for the TiO2 ALD were TiCl4 and H2O. The TiO2 ALD reactions are 

supposed to be : 

1. TiCl4 adsorption with some HCl release 
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2. TiCl3-ads + H2O → TiO2 + HCl(g) 

The TiO2 canister was not heated as it operates at high vapor pressure. The 

substrate holder temperature was varied between 150 and 300 °C in order to study 

the polymorphism of the TiO2 films. The deposition reaction was achieved in four 

steps, each precursor being introduced separately, with a nitrogen purge of 300 sccm 

between two cycles. The growth rate of the TiO2 anatase polymorph was 0.8 Å per 

ALD cycle at 200 °C.  

Morphological and chemical analyses of TiO2 films. For 3D films, thicknesses and 

EDX analyses were evaluated by Scanning Electron Microscopy technique (Zeiss 

Ultra 55 Scanning Electron Microscope). Structural properties were examined by X-

ray diffraction using a Rigaku Smarlab diffractometer in Bragg-Brentano mode 

employing Cu Kα-radiation (λ = 1.5418 Å). An offset of 2° was applied on the silicon 

substrate to avoid the high intensity of the (100) silicon peak. TEM measurements 

were conducted on a S/TEM FEI TITAN Themis 300 equipped with a probe corrector 

for a resolution of 0.6 Å in STEM mode, an electron monochromator for an energy 

resolution of 140 meV, and a Super-X quad EDS detector for elemental analysis. The 

microscope has several annual detectors for imaging, and a post-column GATAN 

Quantum ERS/966 GIF operating a dual EELS mode.  

Electrochemical characterizations. Cyclic voltammetry (CV) and Galvanostatic 

Charge and Discharge Plots were investigated on a VMP3 potentiostat/galvanostat 

equipment using a homemade Teflon like flat-cell with Li metal used as the counter 

and reference electrode. The electrolyte (1 mL), comprising 1 M LiClO4, dissolved in 

ethylene carbonate (EC) and diethylene carbonate (DEC) in a 1:1 ratio, was poured 

into the flat-cell cavity. The tested area (circular shape) of the sample was limited to 
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0.4 cm2. The flat cells under test were placed in a glove box with controlled 

atmosphere (O2 and H2O quantities: less than 1 ppm).  
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LIST OF THE FIGURES AND FIGURE CAPTIONS 

 

Fig. 1 | Preliminary studies on 3D porous gold metallic scaffold. a. Scanning 

Electron Microscope imaging of porous gold collector before and after the TiO2 

deposition by ALD at 200 °C. b. X-Ray Diffraction analysis of the 90 nm-thick TiO2 

film deposited on porous gold scaffold. c. CV profile of 90 nm-thick TiO2 film 

deposited on planar Si wafer and 3D porous gold template. d. Evolution of the areal 

capacity vs the scan rate for 2D and 3D samples. 
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Fig. 2 | Structural and morphological analyses of the 150 nm-thick TiO2 film 

deposited on planar Si / Pt substrate and on the porous platinum 3D scaffold. 

a. Diffractogramms of the Pt seed layers, porous Pt scaffold and the TiO2 film 

deposited on to 3D metallic template. b. Raman analyses of the TiO2 films deposited 
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on planar Si wafer and a 3D scaffold. c-e. Scanning electron microscope imaging 

(top view and cross-sections).  f. TEM analyses performed on 3D porous metallic 

scaffold decorated with a 150 nm-thick TiO2 film. Panels I-II-III: TEM images for 

increasing magnification. magnification of the green and red area of III. Panel IV 

HAADF image and corresponding EDX map 
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Fig. 3 | Electrochemical performance of the 3D TiO2 electrode. a. Galvanostatic 

Discharge capacity of 150 nm-thick TiO2 thin film deposited on Pt coated-planar Si 

wafer at C/12. b. Galvanostatic Discharge capacity of 150 nm-thick TiO2 thin film 

deposited on 3D platinum porous scaffold. c. Evolution of the discharge capacity of 

the planar and 3D TiO2 films at C/12 vs the number of cycles. d. Coulombic efficiency 

of the 3D TiO2 electrode (150 nm-thick TiO2 film deposited on porous Pt scaffold). 
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the inset. e. Benchmarking of this work regarding the existing 3D TiO2 electrodes for 

high performance Li-ion micro-battery11,16,17,39,40,43,44. 


