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Thin-Film Electrode Design for High Volumetric 
Electrochemical Performance Using Metal Sputtering-
Combined Ligand Exchange Layer-by-Layer Assembly

Yongmin Ko, Minseong Kwon, Yongkwon Song, Seung Woo Lee,* and Jinhan Cho*

The design of electrode with high volumetric performance in energy 
storages still remains as a significant challenge because it simultaneously 
requires a high packing density of active materials for high energy density 
and a conductive porous structure for facile charge transfer. Here, a novel 
assembly process is introduced for thin-film anodes for Li-ion battery with 
a high volumetric energy density and rate performance by systematically 
controlling the interfacial structure between metal-oxide nanoparticles and/
or metal clusters. For this study, oleic-acid-stabilized Fe3O4 nanoparticles 
are layer-by-layer assembled with small organic molecules through a ligand 
exchange reaction, which enable a high packing density. During layer-by-layer 
deposition, periodic Pt-sputtering onto multilayers significantly reduces the 
internal resistance of the electrodes but maintains the nanopores formed 
among the nanoparticles. The resulting anode exhibits an extremely high 
volumetric capacity of ≈3195 mA h cm−3 and rate performance, which 
are far superior to that reported for Li-ion battery anodes. Additionally, all 
components in the electrodes have a stable covalent bond network between 
the metal atom and the amine group of organic molecule linker, allowing 
good cycle retention. This approach can be widely applied to the fabrication 
of various nanoparticle-based electrodes, enabling maximum charge storage 
performance in confined volumes.
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without sacrificing the charge storage rate 
capability is a key step in achieving a high 
electrochemical performance with a given 
electrode volume. To satisfy this issue, it is 
necessary to realize appropriate porosity 
and improved electrical conductivity as 
well as the dense packing of active mate-
rials within the electrodes. Metal-oxide 
nanoparticles (MO NPs) (such as MnOx, 
SnO2, MoO3, CoOx, Fe3O4, etc.) with high 
theoretical capacities and large surface 
areas have been considered as one of the 
most promising electrode materials for 
realizing high-performance energy-storage 
systems including ECs and lithium-
ion batteries (LIBs).[5–11] For example, 
when used as an LIB anode, Fe3O4 
has a much higher theoretical capacity 
(≈924 mA h g−1)[5] than a commercial 
graphite anode (≈372 mA h g−1)[12] due 
to its reversible, multielectron conversion 
reaction with lithium (Li) ions.[7] Despite 
their high theoretical capacity, most MO 
NPs have poor electrical conductivities, 
which lead to serious issues such as a 
high internal resistance and insufficient 
utilization of redox reactions, resulting 

in a lower performance than predicted by theoretical values. 
Therefore, MO NPs should be mixed with conductive mate-
rials, such as high-surface area carbon, to increase the electrical 
conductivity of the electrodes. However, mixing (or blending) 
of active components with conductive materials and a polymer 
binder, which is the most common method of preparing elec-
trodes, may still result in a significant internal resistance due 
to inhomogeneous mixing of the components and the insu-
lating property of the polymer binder. To resolve these issues, 
3D conductive matrices composed of soft conductive materials 
[i.e., carbon nanotubes (CNTs), graphene, conducting polymer, 
etc.] have been intensively employed as conductive enhancers 
and/or substrates for MO NP loading.[13–16] Although these 
3D, conductive networks can improve the specific energy and 
power performance per unit mass via improved electrical con-
ductivity and effective electrolyte diffusion, their low-density, 
porous structures can have much difficulty in achieving a high 
volumetric energy performance. Although the reduction of 
carbon materials in the MO NP-based electrodes can improve 
the volumetric energy density due to the increase in electrode 
density, the reduced rate-performance is still in the dilemma.[17] 

Thin-Film Electrodes

1. Introduction

To meet the growing demands for a variety of integrated, port-
able microelectronic devices, energy-storage devices such as 
batteries and electrochemical capacitors (ECs) must generate 
high-energy and power densities with smaller and thinner elec-
trodes.[1–4] Designing electrodes with a high packing density 
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Incorporation of metal NPs into the electrodes as a conduc-
tive enhancer can be another way of reducing both the internal 
resistance and the excess inactive pore volume due to their 
high electrical conductivity and low volume per mass (i.e., high 
mass density).[18–20] However, for sufficiently fulfilling their role 
as a conductive enhancer in electrochemical electrodes, the 
assembly process should ensure the followings: 1) uniform dis-
tribution of metal NPs within the whole electrode without the 
blocking the porous electrode structure, and 2) stable immobi-
lization of metal NPs onto the electrode surface during contin-
uous operation.

Among various approaches for NP-based electrode prepa-
ration, layer-by-layer (LbL) assembly using complementary 
interactions between neighboring components is a versatile, 
simple, and well-established process that allows tailored thick-
nesses, compositions, and functionalities.[21–35] This approach 
also enables homogeneous and uniform distribution of active 
materials in electrodes without undesirable particle agglom-
eration or segregation, effectively activating the particle 
functionalities. Furthermore, because the active materials can be 
directly deposited onto various substrates (or current collectors) 
without a polymer binder due to their complementary interac-
tions, the interfacial stability between the active materials and 
the substrate can be significantly enhanced compared to that 
obtained using a simple blending method. Accordingly, many 
research groups have attempted to develop LbL-assembled 
nanocomposite electrodes consisting of high-energy materials 
and conductive matrices for high-performance energy-storage 
device applications.[30–35] However, the LbL approaches reported 
to date still have difficulties in significantly enhancing energy 
density (particularly, volumetric energy density) because of 
the low mass density of the conductive component. Thus, to 
achieve the high volumetric energy density, it is essential to 
develop a new assembly process that can precisely control the 
connection of energy and conductive materials within a con-
fined volume.

Herein, we report a novel and simple approach for the 
preparation of thin-film electrodes with exceptional volumetric 
capacity, improved rate performance, and long-term cycle 
stability by incorporating metal clusters into the nanovoids 
formed among LbL-assembled MO NPs. For this study, 
high-energy Fe3O4 NPs stabilized by oleic acid (OA) were 
LbL-assembled with small organic molecules [i.e., tris(2-
aminoethyl)amine, TREN with Mw ≈ 146] through a ligand 
exchange reaction between OA and TREN in organic media. 
After the ligand exchange reaction, the organic linkers sand-
wiched between the adjacent Fe3O4 NP layers were small 
TREN molecules. Therefore, this approach can reduce the 
interparticle distance between adjacent Fe3O4 NPs, allowing 
densely packed NP arrays (mass density ≈ 3.5 g cm−3) within a 
limited volume. Despite the high packing density, the formed 
NP films possess a nanoporous multilayer structure with 
porosity of ∼33%, which is reasonable for the facile Li-ion dif-
fusion kinetics within the electrodes.[36] Moreover, periodic 
platinum (Pt) sputtering during the LbL-assembled Fe3O4 NP 
films significantly reduces the internal resistance of the elec-
trode, and additionally the sputtered Pt nanoclusters have 
stable covalent bonding with amine-functionalized TREN due 
to the high affinity between metal and amine groups, while 

still retaining the nanoporous structure for fast ion diffusion 
through the electrode. Although high-cost Pt was used as a 
sputtered metal component for the model system in our study, 
it should be noted that various metals such as Al, Cu, Au, and 
Ag showing a high affinity with amine moieties can be also 
employed for periodic metal implantation instead of Pt. The 
controlled and repetitive process between LbL assembly and 
sputtering allowed uniform metal implantation even within 
few µm thick LbL film electrodes. Strong interactions between 
the amine groups of TREN and the introduced Pt allow the 
uniform distribution of Pt nanoclusters within the multilayer. 
The Pt-sputtered LbL assemblies of OA-Fe3O4 NP and TREN 
multilayers [i.e., Pt@(OA-Fe3O4 NP/TREN)n] show a remark-
able volumetric capacity of ≈3195 mA h cm−3 at a current 
density of 470 mA cm−3 for LIB anodes with an excellent rate 
capability and cycling stability. The introduced approach is a 
novel strategy to design various energy-storage and energy-
conversion electrodes with enhanced volumetric performance.

2. Results and Discussion

2.1. Preparation and Characterization of Pt-Sputtered 
Multilayers

First, OA-Fe3O4 NPs 7.5 nm in size with an inverse spinel struc-
ture, which was confirmed by high-resolution transmission 
electron microscopy (HR-TEM) image and X-ray diffraction 
(XRD) pattern (see Figure S1, Supporting Information), were 
prepared in toluene (or hexane). These OA-Fe3O4 NPs were 
LbL-assembled with TREN in ethanol via a ligand exchange 
reaction between the carboxylate ion (COO−) groups of the OA  
ligands, which have long aliphatic chains, and the amine 
groups of TREN, which have only six carbon atoms (Scheme 1). 
When the OA-Fe3O4 NP-coated substrate was dipped into the 
TREN solution [i.e., (OA-Fe3O4 NP/TREN)1.5], the characteristic 
peaks of the OA ligands, such as the CH stretching peaks 
in the Fourier transform infrared (FTIR) spectra originating 
from the long aliphatic chains at 2858 and 2927 cm−1 and the 
COO− stretching peak at 1412 cm−1 (see Figure S2, Supporting 
Information), gradually disappeared as the TREN adsorption 
time increased (Figure 1A). Therefore, alternating TREN and 
OA-Fe3O4 NPs absorption causes the appearance and disap-
pearance of the characteristic peaks of the OA ligands (at 2858, 
2927, and 1412 cm−1) when the outermost layer changes from 
TREN to OA-Fe3O4 NP and vice versa (Figure 1B). These phe-
nomena imply that only the TREN molecules are simultane-
ously bound to the upper and lower Fe3O4 NP layers without 
the presence of bulky insulating OA ligands, which can mini-
mize the distance between the Fe3O4 NPs and notably reduce 
the internal resistance.

The vertical growth of (OA-Fe3O4 NP/TREN)n multilayers 
was investigated using topographic atomic force microscopy 
(AFM), UV–vis spectroscopy, and a quartz crystal microbalance 
(QCM). As the bilayer number (n) increased, the film thick-
ness almost regularly increased up to ≈2.12 µm with an average 
thickness of ≈5.9 ± 0.8 nm per bilayer (see Figure 1C and 
Figure S3, Supporting Information). Notably, the film thickness 
can easily be increased to the micrometer scale without NP 
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Scheme 1. Schematic illustration of the Pt@(OA-Fe3O4 NP/TREN)n multilayers based on the sequential ligand exchange reaction-induced layer-by-layer 
(LbL) assembly and metal sputtering process.

Figure 1. Fourier transform infrared (FTIR) spectra of (OA-Fe3O4 NP/TREN)n multilayers as a function of the A) bilayer number (n) and B) deposit time 
of TREN onto (OA-Fe3O4 NP/TREN)1.5 multilayers. The change in COO− stretching vibration of OA ligands was monitored using peak at 1412 cm−1 due 
to the overlap between the COO− stretching peak at 1524 cm−1 and the NH bending vibration of TREN. In this case, the COO− and CH stretching 
peaks originating from OA of Fe3O4 NP gradually disappeared with increasing the deposition time of TREN, while the intensity of NH bending peak 
was increased, indicating the ligand exchange behavior between OA and TREN. C) Film thickness variation and D) quartz crystal microbalance (QCM) 
analysis of (OA-Fe3O4 NP/TREN)n multilayers as a function of the bilayer number (n).
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agglomeration by simply repeating the LbL process, indicating 
precise and facile control of the film thickness (or mass). The 
linear increases in the UV–vis absorption spectra and frequency 
change [ΔF, (or mass changes, ΔM)] further imply the regular 
growth of (OA-Fe3O4 NP/TREN)n multilayers (see Figure 1D 
and Figure S4, Supporting Information). In this case, the mass 
change (ΔM) per bilayer (n) measured from the alternating 
deposition of OA-Fe3O4 NP and TREN was ≈2.3 ± 0.1 µg cm−2. 
In this case, the mass percentage of Fe3O4 NPs in the multi-
layer film measured to be ≈94.4% by thermogravimetry anal-
ysis (TGA) (see Figure S5, Supporting Information), indicating 
the high packing of Fe3O4 NPs realized by the effective ligand 
exchange by small molecule linker, TREN, and bulky OA 
ligands. In addition, the assembled (OA-Fe3O4 NP/TREN)n 
multilayers showed a high density of ≈3.5 g cm−3 (density of 
bulk Fe3O4 ≈5.2 g cm−3) with a porosity of ≈33% (see Figure S6,  
Supporting Information), providing the effective pathway for 
ion diffusion during continuous electrochemical operation. 
The optimal pore distribution in the MO-based electrode is a 
critical design factor to facilitate ion diffusion and buffer the 
volume change of the active materials, which can maximize 
the volumetric performance.[37,38] The numerous pores of our 
multilayers formed between the NPs also serve sufficient space 
for volume change of the Fe3O4 NPs during lithiation/delithi-
ation, resulting in good cycle retention (more details will be dis-
cussed in later part). To enhance the electrical conductivity of the 
(OA-Fe3O4 NP/TREN)n multilayers, Pt was implanted into the 
nanoporous multilayer films using a metal sputtering process. 
In typical magnetron sputtering deposition, the metal atoms 
generated from the target by a magnetic field were adsorbed 
continuously on the substrate surface, and simultaneously 
formed nanoclusters through nucleation and growth.[39,40] In 
this case, the penetration depth of sputtered metal atoms is sig-
nificantly affected by the porosity of initial electrode. When Pt 
was sputtered on the multilayer films for 30 s, the penetration 
depth of Pt into the films was ≈20 nm (Figure 2A–C). Thus, for 
a uniform distribution of Pt atoms in the thickness direction of 
multilayer films, the sputtering process must be applied every 
3 bilayers of (OA-Fe3O4 NP/TREN)3 (≈18 nm in thickness). For 
example, Pt was sputtered onto (OA-Fe3O4 NP/TREN)3 multi-
layers for 30 s, and then, 3 bilayers were sequentially deposited 
on the Pt-sputtered films. This entire process was repeated for 

the preparation of [(OA-Fe3O4 NP/TREN)3/sputtered Pt]m with 
the desired periodic number (m) [denoted Pt@(OA-Fe3O4 NP/
TREN)n, where n = 3m].

In this case, Pt was uniformly spread from the outer sur-
face of the multilayer film to the inside, showing an increased 
loading mass of ≈8.3 µg cm−2 per Pt-sputtering treatment 
(Figure 3A). Although the mass increased, the increase in the 
total film thickness and change in the surface morphology were 
negligible (see Figure 3B and Figure S7, Supporting Informa-
tion). As a result, the mass density of the multilayers after Pt 
sputtering was increased up to ≈7.6 g cm−3. In addition, cross-
sectional field-emission scanning electron microscopy (FE-
SEM) and elemental mapping showed that the introduced Pt 
nanoclusters were homogeneously distributed in the OA-Fe3O4 
NP/TREN multilayers (Figure 3C). The uniform distribution of 
the Pt nanoclusters without agglomeration may be due to the 
high affinity between the Pt atoms and the amine groups of 
the outermost TREN layer, as confirmed by X-ray photoelectron 
spectroscopy (XPS) (see Figure 4 and Figure S8, Supporting 
Information). Wide-survey scan of the OA-Fe3O4 NP/TREN 
multilayers after Pt sputtering clearly showed the photoemis-
sion peaks of Pt along with the peaks from bare OA-Fe3O4 NP/
TREN multilayers (see Figure S8, Supporting Information). 
The high-resolution N 1s spectrum of the Pt@(OA-Fe3O4 NP/
TREN)35 multilayers showed not only the characteristic peaks 
of nitrogen-containing species, such as amine/amino (399.4 eV,  
red dotted line) and oxidic-N (401.8 eV, green dotted line), but 
also the notable peak at 397.8 eV associated with Pt-N bonding 
(Figure 4A), which indicated that the sputtered Pt nanoclusters 
were immobilized in the multilayers through strong amine-
metal bonds.[41,42] In addition, the Pt 4f5/2 and 4f7/2 spin-orbital 
spectra of the Pt-sputtered multilayers significantly shifted to 
higher energies, further confirming the formation of stable 
covalent bonds between the Pt atoms and the amine moieties 
of TREN (Figure 4B).[43,44] In this case, the Pt 4f spectra can be 
deconvoluted into three Pt oxidation valences of Pt(0), Pt(II), 
and Pt(IV), which are attributed to the metallic Pt [ for Pt(0)] 
and the surface oxygen linkages by air contact [ for Pt(II) and 
Pt(IV)], respectively.[42] In particular, the Pt-sputtered multi-
layer films [i.e., Pt@(OA-Fe3O4 NP/TREN)35] showed the larger 
atomic ratio of Pt(II) species than that of the Pt bulk. This 
phenomenon can be further demonstrated by the formation 
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Figure 2. A) Cross-sectional transmission electron microscopy (TEM) image, B) energy-disperse X-ray spectroscopy (EDS) elemental mapping images 
(green solid line), and C) cross-sectional high-resolution transmission electron microscopy (HR-TEM) image of Pt-sputtered (OA-Fe3O4 NP/TREN)20 
[i.e., Pt@(OA-Fe3O4 NP/TREN)20] multilayers. In this case, the penetration depth of sputtered Pt (for 30 s) was ≈20 nm.
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of Pt-N bond caused by the strong interaction between amine  
moiety of TREN and sputtered Pt.[45] Thus, the multilayer films 
still maintain their nanoporous structure after Pt-sputtering for 
30 s (Figure 5A,B). The high-density configuration of the multi-
layers with numerous nanopores can allow facile ion transport 
within the interior of the electrodes during electrochemical 
operations, enabling effective activation of the Fe3O4 NPs. 
However, a Pt-sputtering time over 30 s caused agglomeration 

of the Pt nanoclusters, whose size increased with the sput-
tering time (Figure 5C,D). After Pt-sputtering for 70 s, the 
agglomerate size was several tens of nanometers, clogging the 
nanopores in the multilayers of the Fe3O4 NPs and covering 
the surface of the film. These phenomena can be further accel-
erated by the fact that the size (or packing density) of the Pt 
nanoclusters deposited closer to the surface of the electrode is 
larger than that of the Pt nanoclusters deposited inside.[40] To 

Adv. Funct. Mater. 2018, 28, 1804926

Figure 3. A) Quartz crystal microbalance (QCM) data of Pt@(OA-Fe3O4 NP/TREN)n multilayers. In this case, the change in frequency (ΔF) and cor-
responding change in mass (ΔM) after Pt-sputtering were measured as ≈471.4 Hz and 8.3 µg cm−2, respectively. B) Comparison of bilayer number 
(n)-dependent film thickness between (OA-Fe3O4 NP/TREN)n and Pt@(OA-Fe3O4 NP/TREN)n multilayers. C) Cross-sectional field-emission scanning 
electron spectroscopy (FE-SEM) images of Pt@(OA-Fe3O4 NP/TREN)40 multilayers (left) and EDS elemental mapping images (right, yellow region). 
FE-SEM and EDS images were obtained without pretreatment.

Figure 4. A) N 1s XPS spectra of (OA-Fe3O4 NP/TREN)35 multilayers with and without Pt sputtering. B) Pt 4f XPS spectra of Pt bulk film (prepared by 
Pt-sputter deposition on a Si-wafer for 100 s, film thickness ≈31 nm) and Pt@(OA-Fe3O4 NP/TREN)35 multilayers, respectively.
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confirm this issue, we investigated the changes in surface mor-
phology of Pt-sputtered multilayer films as a function of the Pt 
sputtering time (see Figure S9, Supporting Information). With 
increasing the sputtering time, the root-mean-square (RMS) 
roughness value tends to increase, indicating that the elec-
trode surface is roughened by the continuous growth of the Pt 
clusters.

2.2. Electrical Property of Pt-Sputtered Multilayers

Based on these results, the electrical properties of the (OA-
Fe3O4 NP/TREN)n multilayers with and without Pt-sputtering 
were compared (see Figure 6A and Figure S10, Supporting 
Information). First, the pristine OA-Fe3O4 NP film with a 
thickness of ≈0.20 µm prepared by a spin-coating process 
exhibited an extremely low current response level of less than 
≈10−9 mA under an external voltage applied from −1.5 to +1.5 V  

(Figure 6A). However, the electrical conductivity of (OA-Fe3O4 
NP/TREN)35 multilayers with a thickness of ≈0.21 µm was 
≈1000 times higher than that of the ≈0.20 µm thick pris-
tine OA-Fe3O4 NP film at an applied voltage of ±1.5 V due 
to the effective removal of insulating and bulky OA ligands 
through the ligand exchange reaction with TREN. Further-
more, the multilayers with Pt-sputtering [i.e., Pt@(OA-Fe3O4 
NP/TREN)n] in a thickness range of 0.45–2.12 µm exhibited 
significantly higher current response levels (≈10−4 mA) than 
the (OA-Fe3O4 NP/TREN)35 multilayers without Pt-sputtering 
(≈10−6 mA), which can be explained by the conduction mech-
anism relation between the current (I) and the electric field 
(E) (i.e., I ∝ Eα), as shown in Figure 6B. That is, the pristine 
OA-Fe3O4 NP film exhibited almost insulating properties with 
a value of α ∼ 0.34 × 10−3. However, the electrical conduc-
tion behavior of the LbL-assembled films with and without 
Pt-sputtering followed ohmic law (α ∼ 1). These results sug-
gest that the bulky OA ligands bound to the surface of Fe3O4 
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Figure 5. Tilted (left) and enlarged planar (right, red-solid box) FE-SEM images of A) (OA-Fe3O4 NP/TREN)40 and B) Pt@(OA-Fe3O4 NP/TREN)40 mul-
tilayers with a Pt-sputtering time of 30 s. Planar FE-SEM images of Pt@(OA-Fe3O4 NP/TREN)40 multilayers after Pt-sputtering for C) 50 s and D) 70 s.
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NPs play a significant role in lowering the conductivity of 
pristine OA-Fe3O4 NP films. The electrical conductivity of 
the Pt@(OA-Fe3O4 NP/TREN)35 film with a thickness of 0.21 
µm progressively increased as the temperature increased 
from 2 to 300 K (Figure 6C). As a result, the Pt@(OA-Fe3O4  
NP/TREN)35 film showed an electrical conductivity of  
≈11.6 S cm−1 at 298 K, which is considerably higher than that 
of the (OA-Fe3O4 NP/TREN)35 film with a similar thickness 
(i.e., ≈2.8 × 10−5 S cm−1) (inset of Figure 6C). In addition, the 
temperature-dependent resistance [R(T)/R(300K)] of the formed 
Pt@(OA-Fe3O4 NP/TREN)35 film shows the typical semicon-
ducting conduction behavior with a negative temperature 
coefficient of −2.7 × 10−3 K−1 determined from the relation-
ship of ΔR/R ∝  αΔT (where R, T, and α indicate resistance, 
absolute temperature, and temperature coefficient of resist-
ance) (Figure 6D).[46] Based on these results, the introduced 
Pt was deposited as clusters and not as a continuous phase 
on the Fe3O4 NPs due to the strong interactions between the 
Pt atoms and the amine groups of TREN. Therefore, the elec-
tron transport of the electrodes with sputtered and isolated 
Pt nanocluster follows a tunneling conduction mechanism, 
which exhibits the linearity between the electrical conductivity 
(ln σ) and temperature (K−1/2), instead of metallic conduction 
behavior (see Figure S11, Supporting Information).[47]

2.3. Electrochemical Performance of Pt-Sputtered Multilayer 
Electrodes for LIB Anode

Motivated by the significantly improved electrical conductivity, 
we evaluated the electrochemical performance of Pt-sputtered 
(OA-Fe3O4 NP/TREN)n multilayer electrodes as the anode in 
LIBs using cyclic voltammetry (CV), galvanostatic charge–
discharge (GCD) measurement, and electrochemical impedance 
spectroscopy (EIS). First, CV tests were performed to clarify the 
charge-storage mechanism of Fe3O4 NPs in the potential range 
of 0.01–3 V versus Li/Li+ at a scan rate of 0.1 mV s−1 (Figure 7A).  
The first cathodic sweep of the Pt-sputtered electrode [i.e., 
Pt@(OA-Fe3O4 NP/TREN)35 multilayer] showed two reduction 
peaks. The first reduction peak at 1.58 V versus Li may be due 
to the irreversible lithiation of Fe3O4 NPs [Fe3O4 + xLi+ + xe− → 
Lix(Fe3O4) up to x = 2], and the second peak at 0.65 V versus Li 
is ascribed to the subsequent conversion reaction of Fe3O4 NPs 
[Lix(Fe3O4) + (8−x) Li+ + (8−x)e− → 3Fe0 + 4Li2O], including the 
formation of a solid electrolyte interphase (SEI) layer containing 
Li2O on the electrode surface resulting from the irreversible 
decomposition of electrolyte.[48,49] The sequential anodic scan 
displayed a relatively broad peak at ≈1.66 V versus Li associated 
with the oxidation of Fe0 to Fe2+/Fe3+ by the delithiation pro-
cess.[50,51] The characteristic peaks of the lithiation/delithiation 
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Figure 6. A) Current (log I)–voltage (V) curves and B) current density (mA cm−2)–electric field (V cm−1) profiles of a spin-coated OA-Fe3O4 NP film 
(thickness ≈20 µm), (OA-Fe3O4 NP/TREN)35 (thickness ≈21 µm), and Pt@(OA-Fe3O4 NP/TREN)n multilayers (n = 75, 165, 260, and 360), respectively. 
C) Temperature (K)-dependent electrical conductivity (σ) of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 multilayers. Inset indicates the 
enlarged K–σ profile of the (OA-Fe3O4 NP/TREN)35 multilayers. D) Plot of temperature (K)-dependent resistance [R(T)/R(300 K)] for Pt@(OA-Fe3O4 NP/
TREN)35 multilayers.
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processes shifted to 0.77 V versus Li for the reduction process 
and 1.81 V versus Li for the oxidation process due to electrode 
polarization in the second CV scan.[52] Upon subsequent CV 
cycling, the peaks stabilized, indicating the stable lithiation/del-
ithiation behavior of the Fe3O4 NPs. The Pt-sputtered electrodes 
showed a higher volumetric current density than the multilayer 
electrodes without Pt-sputtering at various electrode thicknesses 
(see Figure S12, Supporting Information), which indicates that 

the significantly improved conductivity and reduced internal 
resistance resulting from Pt-sputtering can improve the charge-
storage performance of Fe3O4 NP-based anodes for LIBs.

GCD measurements were also used to assess the Li-
storage performance of the multilayer electrodes (Figure 7B). 
The capacity drop between the first and second discharging 
processes resulted from irreversible SEI formation. In the 
subsequent charge and discharge processes, the potential 
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Figure 7. Li-ion battery (LIB) anode tests in nonaqueous electrolyte. A) CV curves (at a scan rate of 0.1 mV s−1) and B) GCD profiles (at a current 
density of 470 mA cm−3) of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 multilayer electrodes. Comparison of the C) areal capacities 
recorded at a current density of 470 mA cm−3 for (OA-Fe3O4 NP/TREN)n and Pt@(OA-Fe3O4 NP/TREN)n multilayer electrodes as a function of film 
thicknesses ranging from 0.21 to 2.12 µm. D) Rate capability of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 at varied current densities of 
470 to 6110 mA cm−3. E) Cycling retention and coulombic efficiency of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 multilayer electrodes 
obtained at a current density of 1410 mA cm−3. F) Nyquist plots of (OA-Fe3O4 NP/TREN)35 and Pt@(OA-Fe3O4 NP/TREN)35 multilayer electrodes. The 
inset indicates the represent equivalent circuit of the multilayer electrodes.
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plateaus showed the conversion reaction between Fe3O4 and 
Fe0, which is consistent with the CV result. Importantly, the Pt-
sputtered electrode exhibited a remarkable volumetric capacity 
of ≈3195 mA h cm−3 at a current density of 470 mA cm−3,  
which was far superior to that of previously reported metal 
oxide-based anodes (785–2500 mA h cm−3) as well as that 
of the OA-Fe3O4 NP/TREN multilayer electrode without 
Pt (≈2305 mA h cm−3) (see Figure S13 and Table S1, Sup-
porting Information). The specific capacity of the Fe3O4 NPs 
on the Pt-sputtered electrode was ≈913 mA h gFe3O4

−1, which 
is very close to the theoretical capacity of ≈924 mA h g−1  
based on the reversible conversion reaction.[5] Although the 
volumetric capacity of the Pt-sputtered electrode gradually 
decreased with the increasing electrode thickness due to the 
increase in the internal resistance, the Pt-sputtered electrode 
maintained a high volumetric capacity of ≈1952 mA h cm−3 
at a high thickness of ≈2.12 µm (≈1116 mA h cm−3 for the Pt-
free electrode) (see Figure S14A,B, Supporting Information). In 
addition, the Pt-sputtered electrodes showed a better volumetric 
capacity retention with the increasing thickness than that 
showed by the Pt-free electrode (see Figure S14C, Supporting 
Information). Moreover, the areal capacity of the multilayered 
electrodes progressively increased with the increasing bilayer 
number (n) (see Figure 7C and Figure S15, Supporting Infor-
mation). In this case, the areal capacity of the Pt-sputtered 
electrode was measured to be ≈414 µA h cm−2 at a thickness 
of ≈2.12 µm, which is almost two times higher than that of Pt-
free electrodes (≈229 µA h cm−2). The obtained areal capacity 
is suitable for thin-film micro-battery applications,[53] and this 
capacity can be further improved by simply increasing n. In 
addition, the increased internal resistance caused by dense 
packing of MO NPs can be reduced by additional Pt sputtering, 
so that the resulting multilayer electrodes can exhibit the high 
volumetric capacity as well as the improved areal capacity. 
Thus, the areal capacity-to-n relationship for the Pt-sputtered 
electrode was closer to a linear trend than that of the Pt-free 
electrodes, offering better scalability. The volumetric capacities 
of the Pt-sputtered and Pt-free electrodes were evaluated at var-
ious current densities (see Figure 7D and Figure S16, Table S2,  
Supporting Information). As the current density increased 
from 470 to 6110 mA cm−3, the volumetric capacity of the Pt-
sputtered electrode [i.e., Pt@(OA-Fe3O4 NP/TREN)35] decreased 
from 3195 to 1551 mA h cm−3, showing a capacity retention 
of 48%. On the other hand, the Pt-free electrodes maintained 
only ≈19.5% of their initial capacity under the same conditions,  
confirming the critical role of Pt-sputtering on the rate capability 
for the conversion reaction of Fe3O4 NPs. When the current 
density decreased to 470 mA cm−3 again after 50 cycles, the volu-
metric capacity of the Pt-sputtered electrode almost recovered up 
to ≈97.4% of the average capacity recorded in the first 10 cycles  
(see Table S2, Supporting Information). The Pt-sputtered elec-
trode also displayed a better cycling performance and higher 
Coulombic efficiency than the Pt-free electrode (Figure 7E). 
Specifically, the Pt-sputtered electrode maintained ≈84% of the 
second discharge capacity after 300 cycles at a current density of 
1410 mA cm−3, which was much better than that of the Pt-free  
electrode (≈67.5%). At the same time, the Pt-sputtered electrode 
exhibited a Coulombic efficiency of ≈85.5% in the first cycle and  
a high value of >99% after the second cycle, whereas the Pt-free 

electrodes showed relatively low values of ≈71.5% and ≈92.9% 
for the first and subsequent cycles, respectively. These results 
further emphasize that the Pt-sputtering process can improve 
not only the overall charge-storage performance but also the 
cycling stability. In addition to the improved charge diffusion 
kinetic by incorporation of Pt nanocluster, the sufficient dis-
tribution of nanopores in our multilayer electrodes is also an 
important factor affecting cycling performance as well as facile 
ion diffusion. To confirm this issue of our multilayer electrodes, 
we have monitored the volume change against the lithiation-
delithiation cycling (see Figure S17, Supporting Information). 
After the first lithiation process, the apparent volume change 
was observed with an expansion ratio of ≈185% compared to 
the initial state. This expanded volume of the electrode was con-
tracted again after the subsequent delithiation process (≈105%). 
In this case, there is no significant change in morphology and 
total volume as compared with initial state (i.e., before lithia-
tion process), indicating the sufficient pores for buffering the 
volume change of the NPs and the good reversibility.

Improved electrochemical properties of MO NP-based 
electrodes after introducing Pt nanocluster can be further 
confirmed by EIS analysis (Figure 7F). Nyquist plots display 
representative impedance spectra of OA-Fe3O4 NP/TREN mul-
tilayer electrodes with and without Pt sputtering. These spectra 
composed of series resistance (Rs, including electrolyte resist-
ance, contact resistance at materials/current collector interface, 
and intrinsic resistance of electrode materials) at high fre-
quency region (intercept of x-axis), resistance for SEI formation 
on the electrode surface (RSEI), charge transfer resistance (Rct) 
at middle frequency region (semicircular arch), and Warburg 
impedance (Zw) at low frequency (linear tail). For better under-
standing, the experimental results were fitted by an equiva-
lent series circuit (the inset of Figure 7F). The Pt@(OA-Fe3O4  
NP/TREN)35 electrode showed Rs value of 1.8 Ω, which was much 
lower than that of the electrodes without Pt (4.7 Ω), implying 
a decrease in the internal resistance of the active materials by 
Pt sputtering. Additionally, the Rct value of the Pt@(OA-Fe3O4  
NP/TREN)35 electrode (52.1 Ω) was notably lower than that 
of the Pt-free multilayer electrode (143.5 Ω). These results 
evidently indicate that the improved electrical conductivity by 
homogeneously distributed Pt nanocluster within the multi-
layer electrodes, resulting in better charge transfer kinetics.[51,54] 
Given that various structural properties (i.e., thickness, porosity, 
and loading amount of the active materials) of the electrodes 
are almost identical to those of electrodes after Pt sputtering, it 
is worth noting that the superior electrochemical performance 
(i.e., volumetric capacity, rate-capability, cycling stability) of the 
Pt-sputtered electrodes is attributed to the enhanced electrical 
conductivity by Pt sputtering.

Although Pt was employed as a model system for conduc-
tive enhancer, a variety of other metal sources could also be 
applied to the LbL-assembled electrodes. To confirm this possi-
bility, we further prepared metal-sputtered multilayer electrodes 
using silver (Ag) and copper (Cu) sputtering and investigated 
their structures and electrochemical properties (see Figures S18 
and S19, Supporting Information). As expected, the sputtered 
metal (i.e., Ag and Cu) clusters were uniformly distributed 
throughout the multilayer electrode without segregation (see 
Figure S18, Supporting Information). As a result, the formed 
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metal-sputtered multilayer electrodes showed the improved 
electrochemical performance compared to the metal-free 
electrodes (see Figure S19, Supporting Information), clearly 
implying the versatility of our approach.

3. Conclusions

We have demonstrated that ultrathin energy-storage electrodes 
with remarkable volumetric energy-storage performance could 
be prepared using metal sputtering-assisted LbL assembly. 
Pt-sputtered Fe3O4 NP multilayers exhibited a high packing 
density but maintained their nanoporous structure without 
any agglomerations due to the strong interactions between the 
amine groups of TREN and the sputtered Pt nanoclusters. This 
approach significantly improved the volumetric energy density, 
rate capability, and cycling stability of the Fe3O4 NP electrodes by 
increasing the electrical conductivity and reducing the internal 
charge transfer resistance of the total electrode. Furthermore, 
the Pt-sputtered Fe3O4 NP anode delivered an extremely high 
volumetric capacity of ≈3195 mA h cm−3, outperforming pre-
viously reported LIB anodes. Our approach highlights that 
metal-like conductive pathways can be effectively introduced 
within the numerous nanopores formed among densely packed 
MO NPs without a meaningful volumetric increase in the MO 
NP-based electrode, and as a result, the energy performance 
(particularly, the volumetric performance) can be maximized 
in a limited electrode volume. Furthermore, our approach can 
provide an important foundation for developing and designing 
high-performance energy-storage devices with ultrathin film 
structures.

4. Experimental Section
Synthesis of OA-Fe3O4 NPs: Oleic-acid-stabilized Fe3O4 NP 

with a diameter of ≈7.5 nm in toluene was prepared as previously 
reported protocol.[55] Briefly, the mixture of Fe(acac)3 (2 mmol), 
1,2-hexadecanediol (10 mmol), oleylamine (6 mmol), oleic acid  
(5 mmol), and benzyl ether (20 mL) were heated to 200 °C for 2 h under 
nitrogen flow. Sequentially, the mixture was heated to reflux at 300 °C 
for 1 h under a blanket nitrogen. The resultant solution was cooled to 
room temperature and washed with 40 mL of ethanol via centrifugation. 
Then, black-brown power was dissolved in toluene in the presence 
of oleylamine (0.05 mL) and oleic acid (0.05 mL). Centrifugation was 
applied to remove the undispersed residual. Finally, the product was 
precipitated with ethanol via centrifugation, and dispersed in toluene.

Assembly of (OA-Fe3O4 NP/TREN)n Multilayers: The thin-film-type 
(OA-Fe3O4 NP/TREN) multilayer electrode was prepared using ligand 
exchange LbL assembly as the model system. The concentrations 
of TREN and OA-Fe3O4 NPs were adjusted to 1 and 5 mg mL−1, 
respectively. First, the substrates (FTO glass (for three-electrodes tests), 
a copper plate (for lithium cell tests), Si-wafer, quartz glass, and QCM 
electrode) that were treated using an UV–ozone cleaner were immersed 
in a TREN solution for 20 min, and then the TREN-coated substrate was 
washed using pure ethanol to remove the weakly adsorbed materials. 
After drying the residual solvent using a gentle flow of N2, the substrate 
was dipped into an OA-Fe3O4 NP solution for 20 min and then washed 
with pure toluene. This LbL-assembly procedure was repeated until the 
desired film thickness was obtained. The formed multilayer electrodes 
were dried at 100 °C under vacuum to remove residual solvent.

QCM Measurement: The quantitative analysis of LbL-assembled 
multilayer film was performed using a quartz crystal microgravimetry 

(QCM 200, SRS). The mass change (ΔM) per layer was obtained from 
the frequency change (ΔF) using the Sauerbrey equation as follows[56]

ρ µ
∆ = − × ∆(Hz)

2 0
2

q q
F

F
A

M  (1)

where F0 correspond to the resonant frequency of the fundamental mode 
of the crystal (5 MHz). A, ρq, and µq indicate the electrode area, density of 
quartz (2.65 g cm−3), and shear modulus quartz (2.95 × 1011 g cm−1 s−1),  
respectively. Therefore, these values can be simplified as follows

( )∆ = − × ∆Hz 56.6 AF M  (2)

where ΔMA is the mess change per unit area (in µg cm−2).
Preparation of Metal-Sputtered Multilayer Films: Metal (including Pt, 

Ag, and Cu)-sputtered (OA-Fe3O4 NP/TREN)n multilayer films were 
prepared using an ion sputter-coater (MC1000, Hitachi) with argon (Ar) 
gas flow under vacuum pressure of ≈10−2 Torr at a discharge current of 
20 mA. For this, Pt was introduced into the as-prepared ≈18 nm thick 
film electrodes (i.e., three-bilayered multilayer films) by a common metal 
sputtering deposition technique. Sequentially, OA-Fe3O4 NP and TREN 
were deposited onto a Pt-sputtered multilayer film using the LbL process 
mentioned above. After obtaining a film electrode with the desired 
thickness, the formed electrodes were thermally treated at 100 °C under 
vacuum for 2 h to eliminate any residual organic solvent.

Characterization: FTIR analysis was carried out using a CARY 600 
spectrometer (Agilent Technology) in the specular mode at room 
temperature, and the obtained dataset was plotted after line smoothing 
using spectra analyzing software (OMNIC, Nicolet). All spectra were 
obtained from 200 scans. TGA (Q50, TA Instruments) was conducted 
with increase the temperature from 25 to 600 °C with a heating rate 
of 5 °C min−1 under N2 environment. XPS analysis of the Pt-sputtered 
OA-Fe3O4 NP/TREN multilayer films was conducted using AXIS-Hsi 
(KRATOS), and all XPS spectra were calibrated based on the C 1s peak at 
284.5 eV from sp2-hybridization. Cross-sectional transmission electron 
microscopy (TEM) of the elemental mapping was performed on a Tecnai 
F20 operated at 200 kV. The surface morphology and film thickness were 
monitored by SEM (Hitachi S-4300) and AFM (Park System, XE-100) 
using the tapping mode. XRD analysis was performed using XRD-2500/
PC (Rigaku Co.) with Cu Kα radiation (40 kV, 150 mA). The sample was 
obtained by drop casting OA-Fe3O4 NPs onto a Si-wafer. The electrical 
properties were measured in a two-probe method using a semiconductor 
parametric analyzer (Agilent 4155B) for current–voltage curves with a 
current compliance of 0.1 mA at room temperature. In this case, a gold 
wire (diameter ≈ 0.5 mm, Made Lab, Korea) was used as the top and 
bottom electrodes. The electrical transport mechanism of the formed 
multilayers was confirmed by a physical property measurement system 
(PPMS-14, Quantum Design) for temperature-dependent conductivities 
in a temperature range of 2–300 K. For this experiment, the MO 
NP-based multilayer films with and without Pt sputtering were deposited 
on an insulating Si/SiO2 wafer of 1 × 0.5 cm2 in size, then silver wires 
(a diameter ≈ 50 µm, Nilaco Corp.) were contacted and fixed at four 
different positions on the surface of the multilayer films. After drying 
the formed samples to remove any residual solvent, these samples 
were placed in a sealed chamber and the electrical conductivities were 
measured by in situ monitoring while gradually changing or decreasing 
the temperature.

Electrochemical Measurements: All the electrochemical tests (including 
CV, GCD measurement, and EIS) were carried out in two- and three-
electrode cells using an Ivium-n-Stat (Ivium Technologies, Netherlands) 
and ZIVE mp2 (Won A Tech. Republic of Korea) with (OA-Fe3O4 NP/
TREN)n and Pt@(OA-Fe3O4 NP/TREN)n multilayer film electrodes as 
the working electrodes at room temperature. In the three-electrode 
cell measurements, a platinum wire and 3 m NaCl saturated Ag/AgCl  
electrode were used as the counter and reference electrodes, 
respectively. The electrochemical properties of the multilayer-coated FTO 
electrodes were recorded in the potential range between −0.9 and +0.1 V  
in a 0.1 m Na2SO3 aqueous solution electrolyte. For the LIB test using 
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the two-electrode working system, a piece of lithium foil (99.9%, Aldrich) 
was used as both the counter and reference electrodes in Swagelok-
type electrochemical cells (El-cell GmbH, Germany). Furthermore, 1 m 
LiPF6 in a mixture of ethylene carbonate/dimethyl carbonate (EC/DMC, 
3:7, v/v, Panax Etec Co., Ltd.) was used as the electrolyte. Positive and 
negative electrodes deposited on copper foil were separated by a Celgard 
2325 separator. All battery cells were assembled in an argon-filled glove 
box (MBraun, O2 < 0.1 ppm, H2O < 0.1 ppm). The electrochemical 
storage performance of the LIBs was monitored over a potential range 
of 0.01–3.0 V in the CV and GCD measurements. EIS was performed 
over a frequency range of 105–0.1 Hz under a perturbation amplitude  
of 0.01 mV.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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