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applied in commercial electric and hybrid 
electric vehicles. However, the increasing 
market demand for rechargeable LIBs 
has increased the concerns regarding the 
economic sustainability of the LIB tech-
nology owing to uneven geographical 
distribution and relatively low amount of 
available lithium resources.[1–3] Thus, bat-
tery technologies based on abundant and 
inexpensive resources shall be an impor-
tant option for large-scale energy storage 
devices.

In this context, sodium-ion battery (SIB) 
technologies have emerged as a promising 
and low-cost alternative to LIBs. An inter-
calation-based chemical mechanism, sim-
ilar to that of their LIB counterparts, wide 
sodium resource availability, and excel-
lent electrochemical performance make 
SIBs an attractive candidate technology 
for large-scale storage devices. A variety 
of electrode materials such as layered 
oxides, polyanions, and fluorophosphates 
were successfully studied as cathodes for 
SIBs.[4,5] Although graphite does not offer 

a favorable Na+ intercalation chemistry, several metal sulfides, 
metals, phosphides, alloys, and hard carbon were investigated 
as anodes for SIBs.[6–8] The limited capacity of metal oxides, 
poor cycle life, high cost of hard carbon, and large volume 
expansion of alloy/metal type anodes limit their practical appli-
cation.[9,10] Transferring the experience gained from current 
LIBs to SIBs may lead to the rapid commercialization of the 
SIB technology.

The most studied electrode materials in both LIBs and SIBs 
are based on transition metal-based chemistries using metal ele-
ments that are generally nonrenewable resources. Furthermore, 
the highly toxic nature of transition metals and high energy 
consumption involved in metal mining must be addressed to 
increase the sustainability and environment friendliness of 
energy storage devices.[11–13] Organic materials are promising 
candidates for further advancing the sustainability and eco-
friendliness of energy storage devices. Organic electrode mate-
rials offer many advantages because they mostly consist of light 
elements such as C, H, O, N, and S. First, organic electrode 
materials are directly available from natural resources or can be 
prepared from natural derivatives.[14,15] Organic electrodes have 
good structural flexibility and wide chemical diversity; further, 
they can provide a high specific capacity and high voltage at low 

Sodium-ion batteries (SIBs) have become increasingly important as next-gen-
eration energy storage systems for application in large-scale energy storage. It 
is very crucial to develop an eco-friendly and green SIB technique with superior 
performance for sustainable future use. Replacing the conventional inorganic 
electrode materials with green and safe organic electrodes will be a promising 
approach. However, the poor electrochemical kinetics, unstable electrode–elec-
trolyte interface, high solubility of the electrodes in the electrolyte, and large 
amount of conductive carbon present great challenges for organic SIBs. In 
this study, the issues of organic electrodes are addressed through atomic-level 
manipulation of these organic molecules using a series of ultrathin (Å-level) 
metal oxide coatings (Al2O3, ZnO, and TiO2). Uniform and precise coatings on 
the perylene-3,4,9,10-tetracarboxylicacid dianhydride by gas-phase atomic layer 
deposition technique shows a stable interphase, enhanced electrochemical 
kinetics (71C, 10 A g−1), and excellent stability (89%–500 cycles) compared to 
conventional organic electrode (70%–200 cycles). Further studies reveal that 
the chemical stability of the metal oxide coating layer plays a critical role in 
influencing the redox behavior, and improving kinetics of organic electrodes. 
This study opens a new avenue for developing high-energy organic SIBs with 
performance equivalent to inorganic counterparts.

1. Introduction

The demand for high-performance energy storage devices is 
rapidly increasing to meet the requirements of next-generation 
applications such as large-scale storage grids and electric vehi-
cles. Currently, Li-ion battery (LIB) technologies dominate the 
portable electronics market and have begun to be successfully 
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cost with an appropriate molecular design.[16,17] Recently, it was 
demonstrated that organic electrode materials outperform their 
inorganic counterparts in terms of energy, power, and cycle 
life.[18–20]

Electroactive organic electrodes are primarily classified into 
i) p-type electrodes that donate electrons from their neutral 
state to undergo oxidation, ii) n-type electrodes that accept elec-
trons to undergo reduction, and iii) bipolar type electrodes that 
are capable of undergoing both oxidation and reduction from 
the neutral state. The redox centers that are abundant and 
widely available in organic electrodes are the active sites for 
Na+ storage. The storage reaction mechanisms in all electroac-
tive organic materials are mostly based on carbonyl reactions 
(CO), doping reactions, and CN reactions.[21–23]

While highly advantageous, organic electrodes face several 
critical problems owing to their poor electronic conductivity 
and very low cycle life. Organic electrodes have wide bandgaps, 
and thus, they feature very low electronic conductivity, leading 
to a poor rate performance. A large amount of conductive 
carbon additives (nearly 50  wt%) such as carbon nanotubes, 
ketjen black, and graphene oxide have been used to enhance 
the kinetics of organic electrodes.[24–26] However, the use of 
such strategies inevitably degrades the overall energy density 
of the system due to the presence of a large amount of elec-
trochemically inactive material. While molecular-level tailoring 
and nanostructuring of the organic electrodes have been proven 
to improve the rate characteristics, these techniques cannot be 
adopted for all organic materials.[27–30]

The low cyclability of organic electrodes is attributed to the 
high solubility of small organic molecules in aprotic organic 
electrolytes. The organic electrolytes can easily solvate small 
organic molecules and induce electrode dissolution upon 
continuous cycling, thereby reducing the cycle life of organic 
electrodes.[31,32] Approaches such as the infiltration of organic 
molecules in high-surface-area carbon, use of suitable electro-
lyte and additives, and polymerization of small molecules have 
been pursued in previous studies to improve the cycle life.[33,34] 
However, these approaches can result in a poor rate perfor-
mance and reduce the energy density owing to the increase 
in the electrode material weight. Thus, a simple method 
addressing the aforementioned issues is urgently required to 
achieve high-performing organic electrodes with high rate per-
formance and enhanced durability.

In this study, we address the problematic solubility and 
kinetics of organic electrodes through atomic-level manipula-
tion of the organic electrode particles using an ultrathin metal 
oxide coating. Metal oxide coatings are well known to improve 
the kinetics and cycle life of the inorganic electrodes by pre-
venting the dissolution of the active material into the electrolyte 
and by increasing the ion-diffusion kinetics. Coatings based on 
several metal oxides such as TiO2, ZnO, Al2O3, and ZrO2 were 
successfully employed over several inorganic anodes and cath-
odes for application in Li-ion and Na-ion batteries. However, 
this strategy has not been implemented to improve the perfor-
mance of organic electrodes. Conventional metal oxide coating 
methods (solid-state, sol–gel, and hydrothermal) involve the use 
of high-temperature processes that are not suitable for organic 
electrodes owing to their low thermal stability.[35] Furthermore, 
uniform, precise, and ultrathin coatings cannot be realized 

with conventional techniques. Recently, atomic layer deposition 
(ALD) has emerged as an attractive tool for obtaining ultrathin 
(Å-level) metal oxide coatings via gas phase reactions at a very 
low temperature.[36,37] Highly tunable, highly pure, conformal 
coatings can be easily deposited with ALD. In particular, ALD 
has been recently successfully used for advanced energy storage 
systems such as sulfur batteries, metal batteries, and solid-
state batteries.[37–39] Nevertheless, the application of ALD for 
organic electrodes of SIBs has been limited. Here, we analyze 
the effect of several metal oxides (Al2O3, ZnO, and TiO2) coated 
on the perylene-3,4,9,10-tetracarboxylicacid dianhydride (PTCD) 
organic electrode. Recently, PTCD has emerged as a great 
choice of electrode for organic SIBs because of its multiple 
redox sites, which delivers a high capacity. The sodium ions can 
be stored into the aromatic rings by a simple enolation reac-
tion at carbonyl group (CO) with no structural expansion.[40] 
The commercial availability of PTCD could greatly encourage 
the practical implementation of organic SIBs. The influence 
of metal oxide coatings on the electrochemical performance 
is studied, and it is established that the surface-engineered 
organic electrode features higher stability and superior rate per-
formance, compared to the non-coated organic electrodes. The 
present study will enable the emergence of highly sustainable 
energy storage devices with superior performance.

2. Results and Discussion

Commercial PTCD obtained from the vendor  was used for the 
experiments. X-ray diffraction (XRD) patterns of the pristine 
PTCD presented in Figure 1a indicate the crystalline nature of 
the electrode materials with a monoclinic structure (β-form) 
and the P21/c space group. The XRD patterns of the ZnO-, 
Al2O3-, and TiO2-coated PTCD powders exhibit no additional 
peaks associated with metal oxides, indicating the ultrathin and 
amorphous nature of the coating layer over PTCD particles.[41,42] 
As illustrated in Figure 1b, the chemical structure of PTCD is 
conjugated with a stable aromatic core containing four carbonyl 
groups that can exhibit stable sodium-ion storage behavior.[43,44] 
The electrochemically active carboxylic groups act as the Na-ion 
storage sites through the enolation process.[45]

Scanning electron microscope (SEM) images of PTCD in 
Figure S1 in the Supporting Information revealed the rod-like 
morphology, formed by agglomeration of micrometer-sized 
particles. Figure  1c–e presents the high-resolution transmis-
sion electron microscopy (HR-TEM) images of PTCD coated 
with 50 cycles of metal oxide ALD. Studying the thickness of 
ALD coating obtained using a low number of ALD cycles is 
fairly difficult, and therefore, the PTCD samples coated with 
50 cycles are used here. A uniform amorphous metal oxide 
coating is formed over the particle after the ALD process, with 
coating thicknesses of ≈6.85, 6.35, and 6.38  nm for Ti-PTCD, 
Al-PTCD, and Zn-PTCD, respectively. The growth rates of 
TiO2, Al2O3, and ZnO over PTCD were ≈1.37, 1.27, and 1.28 Å 
per cycle, respectively, and it can be concluded that 2 cycles of 
TiO2, Al2O3, and ZnO ALD coating on PTCD result in coating 
thicknesses of ≈2.74, 2.54, and 2.56 Å, respectively. Conven-
tional metal oxide coating techniques (solid-state, sol–gel, and 
hydrothermal) involve high-temperature processes that are 
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not suitable for organic electrodes owing to their low thermal 
stability.[46] In contrast, the low-temperature gas phase reac-
tions used in the ALD process at a very low temperature enable 
the deposition of highly tunable, highly pure, conformal coat-
ings on organic electrodes without affecting their chemical and 
physical properties.

The surface compositions of the various metal oxide coat-
ings on the PTCD particles were further verified by X-ray photo-
electron spectroscopy (XPS) analysis. The XPS spectrum of 
the metal oxide-coated PTCD exhibits signature peaks of cor-
responding metal oxides (Figure S2, Supporting Information) 
after the coating process. The deconvoluted Ti spectrum of Ti-
PTCD (Figure  1f) exhibits doublet peaks at ≈459 and ≈465 eV, 
corresponding to the Ti 2p2/3 and 2p1/2 peaks, confirming 
the presence of TiO2.[47,48] The XPS spectrum of Al-PTCD 
(Figure 1g) exhibits a peak at ≈74.5 eV that corresponds to the 

Al 2p peak of the Al2O3 coating on PTCD.[41] The Zn 2p XPS 
spectrum of Zn-PTCD (Figure 1h) exhibits Zn 2p3/2 and Zn 2p1/2 
doublet peaks at ≈1022 and 1045 eV, respectively, confirming the 
presence of Zn2+ oxidation state of ZnO in Zn-PTCD.[49]

To explore the benefits of the metal oxide coatings over 
PTCD, the Na-ion storage performance was evaluated in half-
cells within the potential window of 3.0–1 V at (0.1 A g−1). The 
charge–discharge (CD) curves of pristine PTCD in Figure  2a 
(0.1 A g−1) present a series of discharge plateaus between 2.5 
and 2 V, indicating the sequential insertion of sodium into the 
carbonyl groups of PTCD to form sodium enolate. The con-
secutive charging process involves the desodiation of sodium 
enolate to form PTCD.[50] The flat plateaus during the charge 
and discharge process indicate that sodium-ion insertion/
extraction is a two-phase reaction process.[23] The shape pro-
files of the first discharge and the subsequent discharge for 

Figure 1. a) XRD patterns of PTCD and metal oxide-coated PTCD. b) Chemical structure of PTCD. c–e) TEM images of different metal oxide-coated 
PTCD. f–h) Deconvoluted XPS spectra of different metal oxide-coated PTCD samples.
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all samples show a change due to the chemical changes in the 
PTCD structure, and the consecutive charge–discharge profiles 
remains similar thereafter. The first-cycle Coulombic efficiency 
of PTCD without the metal oxide coating is ≈89.3%. A low ini-
tial Coulombic efficiency is associated with irreversible capacity, 
originating from the unwanted electrode–electrolyte reactions 
of ionized sodium atoms, and the formation of a nonuniform 
solid electrolyte interface (SEI) layer.[51,52] A low Coulombic 
efficiency reduces the energy density of SIBs and presents a 
problematic trade-off in battery design.

The charge discharge profile of different metal oxide-
coated PTCD (2 cycles of ALD) is given in Figure  2b–d. The 
metal oxide-coated PTCD also shows a series of flat plateaus 
during the charge and discharge process, indicating that metal 
oxides do not influence the sodium-ion storage mechanism. 
The metal oxide coatings strongly influence the redox poten-
tial during sodium extraction/insertion due their strong elec-
tronegativity. Compared to pristine PTCD, Ti-PTCD exhibited 
stable charge–discharge plateaus with negligible polarization. 
After coating (2 cycles of ALD), the first-cycle Coulombic effi-
ciencies of Al-PTCD, Ti-PTCD, and Zn-PTCD were calculated 
as 81.8%, 95.4%, and 94.3%, respectively. This clearly reveals 
the facile Na+ insertion/removal, reduced electrode–electrolyte 
reaction, and formation of a uniform interphase layer after the 
metal oxide coating. Furthermore, the polarization of the PTCD 
electrodes was significantly reduced after metal oxide coating 
for Ti-PTCD and Zn-PTCD owing to the facile Na+ diffusion 
kinetics. However, the higher overpotential in Al-PTCD com-
pared to that of bare PTCD is attributed to the sodiation pro-
cess of Al2O3 to form a Na–Al–O complex. Although the initial 

sodiation process is thermodynamically unfavorable, the new 
sodiated layer can exhibit high Na+ diffusivity and easily con-
ducts Na+ ions in subsequent cycles.[53] A similar behavior has 
been previously observed for other anode materials.[53] The Na+ 
ion storage mechanism in PTCD organic electrode is given in 
Scheme 1.

The rate capabilities of pristine PTCD and metal oxide coat-
ings were evaluated with the results presented in Figure 3a. The 
charge discharge profiles of pristine PTCD, and metal oxide-
coated PTCD at different current rates are given in Figure S3  
in the Supporting Information, and Figure 3b–d. The discharge 
capacity delivered by both pristine and coated PTCD is almost 
the same at low currents. The discharge capacities of all the 

Figure 2. Charge/discharge profiles of a) pristine PTCD, b) Ti-PTCD, c) Al-PTCD, and d) Zn-PTCD.

Scheme 1. Sodium-ion storage mechanism in PTCD organic molecule.
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samples gradually decrease with an increase in the current 
density due to the low diffusion rate of the Na+ ions into the 
PTCD electrodes. However, all metal oxide-coated PTCD 
materials exhibit discharge capacities higher than that of the 
uncoated PTCD, indicating an enhancement in Na+ diffusion 
into the active material after the deposition of the coating layer. 
The coating layer can significantly reduce the interface resist-
ance and provide more channels for Na+ diffusion, thereby 
elevating the kinetics of PTCD.[54] Among the three metal 
oxides, Ti-PTCD exhibited considerably improved capacity 
retention at high current rates compared to pristine PTCD. The 
rate performance of PTCD increases in the following order: 
pristine < ZnO < Al2O3  < TiO2. A discharge capacity of ≈91, 
82, 77, and 70 mAh g−1 was delivered at 10 A g−1 (71C) by Ti-
PTCD, Al-PTCD, Zn-PTCD, and pristine PTCD, respectively. 
The rate performance of the PTCD is primarily influenced by 
the conductivity of its coating layer. The bandgap energies of 
TiO2, ZnO, and Al2O3 are ≈3.2, 3.37, and 7.2  eV, respectively; 
electrons from the cathode can easily reach the coating mate-
rial with a low bandgap energy. A low bandgap energy in TiO2 
can easily facilitate the electron movement in Ti-PTCD, thereby 
achieving a high rate capability. Although the bandgap of Al2O3 
is higher than ZnO, the sodiated NaxAl2O3 formed during the 
initial cycling could improve the kinetics of Al-PTCD during 
the later cycles.[53] To further investigate the effect of the coat-
ings, electrochemical impedance spectra (EIS) were recorded 
for all PTCD samples, and the corresponding Nyquist plots 
are presented in Figure S4a in the Supporting Information. 
All the metal oxide coatings on PTCD effectively reduced the 

internal resistance compared to that of pristine PTCD. The 
charge-transfer resistance (Rct) values show predominant dif-
ference after metal oxide coatings. Overall, the highly stable 
TiO2 protecting layer on PTCD has effectively decreased the cell 
resistance, consequently improving the kinetics and stability 
of the electrode.[55] A uniform and ultrathin TiO2 coating can 
greatly reduce the interface resistance between PTCD and elec-
trolyte and improves the kinetics of the redox reaction.

The effect of coating thickness on PTCD is further evalu-
ated. Upon coating with thicker metal oxide films (5 cycles of 
ALD), the initial discharge capacities and first-cycle Coulombic 
efficiency of the Ti-PTCD decrease (Figure  4a). It is observed 
that Ti-PTCD (5 cycles) features higher polarization than the 
Ti-PTCD (2 cycles). The increase in the metal oxide coating 
beyond the threshold limit is likely to limit the diffusion of Na+ 
ion, and impedes the facile movement of Na+ through the thick 
metal oxide layer. Thicker coatings hinder the fast movement 
of sodium ions and reduce the active participation of the elec-
trochemically active PTCD during the initial cycles. However, 
the Coulombic efficiency and discharge capacity recovers 
upon consecutive cycles, and reaches ≈99%, and ≈120 mAh g−1 
respectively. As can be inferred from Figure  4b, thicker metal 
oxide coatings (5 cycles) have a detrimental effect on the rate 
performance of PTCD. Although a similar capacity is obtained 
at low current rates, the capacity of Ti-PTCD (5 cycles) at 71C 
reaches ≈76 mAh g−1, much closer to pristine PTCD. Upon 
coating with thicker metal oxide films, the diffusion time for 
sodium ion scales up, and thereby reducing the kinetics of the 
Ti-PTCD at high current rate. The Nyquist plots of Ti-PTCD 

Figure 3. Effect of metal oxide coating: a) Rate performance of PTCD, and metal oxide-coated PTCD (2 cycles). b–d) Charge/discharge profile of 
different metal oxide-coated PTCD at different current rates.
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(5 cycles) in Figure S4b in the Supporting Information shows 
higher charge-transfer resistance (Rct) than Ti-PTCD (2 cycles). 
A thicker metal coating on PTCD can considerably hinder the 
facile Na+ diffusion at a higher current rate, increase the polari-
zation, and lower the active material utilization. A similar effect 
is observed for Al-PTCD, and Zn-PTCD with higher coating 
thickness (Figure S5, Supporting Information). Increasing the 
coating beyond the threshold value highly impacts the Na+ diffu-
sion and reduces the discharge capacity at high current rates.[56]

The cyclic stability of PTCD with and without metal oxides 
was studied at 18C (2.5 A g−1), and the results are presented 
in Figure 4c. All the metal oxide-coated samples deliver a more 
stable discharge capacity than pristine PTCD, effectively pre-
venting the dissolution of the organic electrode. Pristine PTCD 
exhibits a continuous capacity decay upon cycling, and this is 
attributed to the continuous electrode dissolution in the organic 
electrolyte medium. However, the presence of the metal oxide 
interface prevents the direct attack of the electrolyte on the 
PTCD particles, thereby preventing the electrode dissolu-
tion to a great extent. The stability of the metal oxide coating 
increases in the following order: pristine < ZnO < Al2O3 < TiO2. 
The pristine sample drastically and fully loses its capacity with 
cycling, whereas the TiO2-coated samples retain ≈89% of their 
capacity after 500 cycles. The cyclic stabilities of Zn-PTCD and 
Al-PTCD are ≈66% and ≈74%, respectively, lower than that of 
Ti-PTCD. Figure  4d shows the charge discharge profiles of  
Ti-PTCD at different cycles, and it can be observed that Ti-PTCD  
delivered a stable capacity with low polarization after prolonged 

cycling. Figure 4e depicts the role of the protective metal oxide 
coating in maintaining the electrochemical stability of organic 
electrodes. In the absence of a protective layer, PTCD is easily 
exposed to electrolyte attack, and it undergoes gradual dissolu-
tion upon cycling. In contrast, the protective coating prevents 
the direct contact of the electrolyte and PTCD to enhance the 
electrochemical performance.[36] Utilizing a rapid coating tech-
nique with no additional heat treatment step is an eminent 
approach to improve the practical capability of organic elec-
trodes. This can also be confirmed from cycled sodium metal 
anode, where the sodium metal anode using pristine PTCD 
shows a dark PTCD deposition after cycling, whereas the 
sodium metal anode using Ti-PTCD shows a brighter nature 
with no PTCD deposition after cycling (Figure S6, Supporting 
Information). The pristine PTCD without protective layer can 
easily dissolute through porous separator and gets deposited 
over sodium metal, causing severe damage to the cell.[57] How-
ever, the metal oxide protective layer can effectively prevent the 
active material dissolution during cycling process, and prevents 
the PTCD deposition over sodium metal. Figure S7 in the Sup-
porting Information compares the cyclic stabilities of the PTCD 
samples coated with 2 and 5 cycles of TiO2 deposition. Although 
a higher stability is observed in the case of the Ti-PTCD with a 
thicker coating (5 cycles), the obtained capacity is lower than 
that in the case of the Ti-PTCD with thinner coating (2 cycles). 
The PTCD coated with 5 cycles of TiO2 exhibits a capacity reten-
tion of ≈93% after 500 cycles. This is attributed to the encap-
sulation of PTCD by the highly dense and thick coating that 

Figure 4. Effect of metal oxide coating thickness: a) Charge/discharge profile of Ti-PTCD (5 cycles) at 0.1 A g−1; b) effect of the TiO2 coating thickness 
on the rate performance of PTCD. c) Cyclic stability for different metal oxide-coated (2 cycles) PTCD samples at 18C (2.5 A g−1). d) Charge/discharge 
profile of Ti-PTCD (2 cycles) during cyclic stability. e) Scheme for the effect of metal oxide coating layer on PTCD.
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reduces the PTCD exposure to the electrolyte during cycling. 
However, such dense coatings are not favorable for achieving 
high kinetics. Table S1 in the Supporting Information compares 
the electrochemical performance characteristics of PTCD to 
those of several other previously reported organic electrodes. It 
is clearly observed that PTCD electrodes with ultrathin protec-
tive coatings exhibit improved kinetics and stability even with 
low conductive carbon. Thus, this strategy can overcome the 
problem of volumetric energy density arising from the presence 
of a large amount of dead conductive carbon. To further elu-
cidate the effect of TiO2 coating, electrochemical performance 
of pristine PTCD, and Ti-PTCD without conductive carbon 
(PTCD:binder = 8:2, weight ratio) is evaluated (Figure S8, 
Supporting Information). Pristine PTCD without conductive 
carbon undergoes a near 2 Na+ reaction during initial cycles, 
delivering a capacity of ≈90 mAh g−1 at 0.1 A g−1. However, the 
discharge capacity at high rate is too low, and the capacity reten-
tion decreases with cycling due to high resistance between the 
PTCD electrode materials without conductive carbon. Ti-PTCD 
without conductive carbon delivered a similar capacity as pris-
tine PTCD, and TiO2 coating do not influence the kinetics. This 
is mainly due to poor electronic conductivity of PTCD organic 
electrode that impedes the electron flow between PTCD par-
ticles and current collector. However, stability of Ti-PTCD is 
superior to pristine Ti-PTCD as TiO2 coating can efficiently 
prevent the electrolyte dissolution. Conductive carbon network 
between the organic electrode particles also plays a crucial in 
achieving a superior rate performance.

The differences in stability between several metal oxide 
coatings are attributed to the differences in chemical stability 

between the protective layers and the differences in interactions 
between the electrode and the Na+ ions during the electro-
chemical reaction. XPS analysis was conducted on the metal 
oxide-coated PTCD to reveal the chemical changes in the metal 
oxides after cycling. The XPS survey spectra of the coated 
PTCD samples after cycling (Figure S9, Supporting Informa-
tion) exhibit signature peaks from the corresponding metal 
oxides even after the cycling process, indicating the presence 
of a stable interface layer over the PTCD particles even after 
prolonged cycling. However, the deconvoluted XPS spectra of 
metal oxides clearly indicate the change in the chemical nature 
of PTCD after cycling.

Unlike for other metal oxides, the Ti2p spectrum of Ti-PTCD 
(Figure 5a) was essentially unchanged even after cycling, indi-
cating the robust stability of the TiO2 coating layer. While it 
is well known that TiO2 undergoes Li+ intercalation at ≈1.5  V 
versus Li/Li+ to form LiTiO2, Na+ ion intercalation in TiO2 
exhibits a different behavior.[58,59] The electrochemically active 
TiO2 undergoes reversibly pseudocapacitive Na+ storage between 
the working voltage regions (3–1 V vs Na) of PTCD. TiO2 under-
goes a disproportionation reaction with Na+ only at lower sodia-
tion potentials (<0.5 V vs Na).[60] The chemically stable nature of 
TiO2 plays a critical role in preventing the direct electrode–elec-
trolyte interaction that leads to the problematic dissolution of 
PTCD. The pseudocapacitive interaction of TiO2 with Na+ ions is 
also beneficial for improving the kinetics of PTCD and achieving 
a high rate performance. While the use of Al2O3 coatings proved 
to be highly successful in LIBs and SIBs and critically improved 
the stability of several electrode materials,[61,62] Al2O3 coatings 
delivered an inferior performance when employed on organic 

Figure 5. XPS spectra of metal oxide-coated PTCD samples after cycling: a) Ti-PTCD, b) Al-PTCD, and c) Zn-PTCD; CV curves of PTCD after cycling: 
d) Ti-PTCD, e) pristine and Ti-PTCD before cycling, and f) pristine and Ti-PTCD after cycling.
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electrodes for SIBs. The sodiation of Al2O3 is energetically 
unfavorable during initial cycles, and Al2O3 undergoes elastic 
expansion during the sodiation process. Furthermore, the ClO4 
anions from the electrolyte can interact with the Al2O3 coating, 
so that the electrode undergoes a reduction process. This can 
be observed from the deconvoluted Al2p spectrum (Figure  5b), 
where peaks from the organo-aluminum interaction are 
observed at ≈79.2 eV.[63,64] Similarly, the deconvoluted Zn2p peaks 
in Figure  5c show the formation of a new peak at 1021.2  eV, 
corresponding to the Zn(0) metal in Zn-PTCD. A significant 
amount of electrochemically active ZnO can be irreversibly 
converted into the Zn metal during the sodiation process. How-
ever, the traces from Na–Zn alloy formation were not observed 
because the formation of this alloy requires a lower sodiation 
potential.[49] These chemical changes in the metal oxide coating 
can reduce the stiffness of the protection layer and allow the 
electrode–electrolyte contact after repeated cycling.

To obtain more insight into the influence of the TiO2 coating 
layer on PTCD, cyclic voltammetry (CV) measurements were 
recorded for pristine PTCD and Ti-PTCD before and after 
cycling. The CV curves before cycling presented in Figure 5d,e 
detail the reduced polarization of the redox curves, along with 
the more narrow potential difference of the anodic and cathodic 
peaks after TiO2 coating, indicating a facile electrochemical 
reaction after coating. Furthermore, for the sample without a 
protective coating layer, the low-voltage region in CV shows 
a high decomposition current. The decomposition at a low 
voltage was highly reduced after the TiO2 coating layer was 
deposited, indicating the reduced electrolyte decomposition and 
a uniform formation of the SEI layer. The two major cathodic 
peaks present before cycling merge into a single peak in both 
pristine PTCD and Ti-PTCD due to the chemical change in 
PTCD that requires further investigation.[40] However, the 
redox peaks in the anodic scan are clearly visible for Ti-PTCD; 
the polarization is significantly reduced, and it becomes negli-
gible after the coating process. The CV curves of Al-PTCD and  
Zn-PTCD after cycling presented in Figure S10 in the Sup-
porting Information exhibit a similar phenomenon, indicating 
the crucial role of the protective coating in improving the 
stability of organic electrodes.

3. Conclusion

Understanding the interphase behavior and kinetics in organic 
molecules is essential for the design of next-generation eco-
friendly energy storage devices. We successfully demonstrated 
that the use of metal oxide coatings deposited by ALD on the 
perylene-3,4,9,10-tetracarboxylicacid dianhydride organic elec-
trode is a novel approach to realizing organic SIBs with high 
energy density and stability. A simple and ultrathin metal oxide 
coating can considerably increase the interphase stability and 
enhance the Na-ion kinetics of PTCD. Importantly, such high 
kinetics are achieved in the PTCD electrodes without compro-
mising on the volumetric performance, i.e., with a low conduc-
tive carbon content. Moreover, the high capacity and stability 
achieved after ALD coating are comparable to those of conven-
tional inorganic electrode materials. This coating strategy can 
overcome the current limitations of organic electrodes such 

as high electrode dissolution, poor electrochemical kinetics, 
and high electrochemically inactive carbon content. However, 
coatings with high chemical stability and favorable properties 
must be used for the manipulation of organic electrode parti-
cles. Similar strategies can be employed for other organic cath-
odes, paving the way for the realization of high-performance, 
all-organic SIBs.

4. Experimental Section
Various metal oxides (TiO2, Al2O3, and ZnO) were directly coated 
on the electrodes in laminar-flow-type ALD thermal reactor 
(NCD, Lucida D100, Korea). Titanium tetraisopropoxide (TTIP), 
trimethylaluminum (TMA), and diethylzinc (DEZ) were used as 
the precursors for Ti, Al, and Zn, respectively, whereas H2O was 
used as the oxidizer in all the cases. The precursors obtained from 
the vendor (Sigma-Aldrich, and Strem chemicals) were used for 
deposition. The deposition temperature was set as 120, 150, and 
150  °C for TiO2, Al2O3, and ZnO, respectively. The deposition cycle 
of TiO2, Al2O3, and ZnO was carried out using the sequences of  
2 (TTIP)–20 (N2)–1 (H2O)–20 (N2), 0.5 (TMA)–20 (N2)–1 (H2O)–20(N2), 
and 0.5 (DEZ)–20 (N2)–1 (H2O)–20 (N2), respectively. The number of 
ALD cycles was varied—2, 5, and 50 cycles—to vary the thickness of 
the coating layer on the electrodes.

Material Characterization: XRD patterns were recorded using a 
Rigaku Rint 1000 (Japan) diffractometer with Cu Kα radiation. The 
morphology of the PTCD powders was recorded using field emission 
scanning electron microscope (FE-SEM, Hitachi S4700) and HR-TEM 
(TECNAI, Philips, The Netherlands, 200  KeV). XPS was carried out 
using a MultiLab 2000 spectrometer (Thermo Scientific, UK) with a 
monochromatized Al Kα X-ray source (hν = 1486.71 eV).

Electrochemical Characterization: The electrodes used to examine the 
half-cell performance of PTCD had the following composition: 70% active 
material, 15% Super P (conductive carbon), and 15% PVDF binder. The 
electrode slurry was rolled over a copper foil and then dried at 120  °C 
overnight in a vacuum oven. The typical mass loading of the electrode 
was ≈2  mg cm−2. The electrodes were cycled against the sodium foil 
in the half-cell configuration (CR 2032) with a glass fiber separator and  
1 m NaClO4 in polycarbonate as the electrolyte. The coin cells were 
assembled inside an argon-filled glove box. Cyclic voltammetry and 
galvanostatic charge/discharge studies were conducted in a Won-A-Tech 
(WBCS 3000, Korea) battery tester. Electrochemical impedance spectra 
was performed using a using a Bio-Logic (SP-150, France) electrochemical 
workstation in the frequency range of 200 kHz to 100 mHz.
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