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 Unexpected Improved Performance of ALD Coated LiCoO 2 /
Graphite Li-Ion Batteries  
 The performance of Al 2 O 3  atomic layer deposition (ALD) coatings for LiCoO 2 /
natural graphite (LCO/NG) batteries is investigated, where various permuta-
tions of the electrodes are coated in a full battery. Coating both electrodes 
with  ∼ 1 nm of alumina as well as coating only the LCO (positive electrode) 
enables improved performance when cycling at high voltage, where the LCO 
is known to degrade. However, we found that coating  only  the NG (nega-
tive electrode) also improves the performance of the whole battery when 
cycling at high voltage. Under these conditions, the uncoated LCO (posi-
tive electrode) should degrade quickly, and the NG should be unaffected. A 
variety of characterization techniques show the surface reactions that occur 
on the negative electrode and positive electrode are related, resulting in the 
enhanced performance of the uncoated LCO. 
  1. Introduction 

 In order to curtail CO 2  production and dependency on limited 
fossil fuel supplies, lithium-ion batteries (LIBs) are critical to 
enable electric vehicles e.g. plug-in hybrid electric vehicles 
(PHEVs) and fully electric vehicles (EVs). [  1–3  ]  Although LIBs are 
the battery of choice for portable electronics, signifi cant chal-
lenges must be overcome to enable widespread commerciali-
zation of large-format technologies (including both stationary 
and vehicular applications). [  4  ]  The limited electrochemical 
window of current organic electrolytes, as well as degrada-
tion of electrodes at high potential, limits deployment of LIBs 
in large-scale applications. Specifi cally, the interfacial stability 
between the electrodes and electrolyte must be improved in 
order to achieve long-term stability while also meeting safety 
requirements. [  1  ,  2  ,  5–8  ]  Previously, stabilization of the electrode 
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surfaces has been achieved by using 
electrolyte additives [  9  ]  and surface coat-
ings [  10–12  ]  with metal oxides, phosphates, 
etc. deposited via conventional wet-chem-
ical methods such as sol–gel techniques. 

 Recently, our group demonstrated 
atomic layer deposition (ALD) as an 
advanced coating method for a variety of 
LIB electrodes [  7  ,  8  ,  13–15  ]  and a polymeric 
separator, [  16  ]  which leaded to much atten-
tion and the following researches. [  17  ,  18  ]  
ALD utilizes sequential and self-limiting 
surface reactions that enable tailored con-
formal coatings with Å-level thickness 
control. [  19  ,  20  ]  The ability to achieve Å-level 
control is becoming increasingly impor-
tant as nanoparticles are now employed in 
LIBs to achieve high-rate capability, dictating the need for thin 
coatings. [  13  ,  14  ]  An additional advantage of ALD is that it may be 
employed for both powders and also directly on fully fabricated 
electrodes. [  7  ,  8  ]  Al 2 O 3  ALD coatings have already been demon-
strated to improve the performance of various positive elec-
trode (LiCoO 2  [  7  ,  13  ] ) and negative electrode (graphite, [  8  ]  MoO 3 , [  14  ]  
Fe 3 O 4 , [  15  ]  Si [  17  ] ) materials. Specifi cally, we demonstrated that 
ultrathin ALD coatings enable signifi cantly improved durability 
and safety, which we attribute to improved interfacial [  7  ,  8  ,  13  ]  and 
mechanical [  14  ]  stability. Unfortunately, true fundamental mech-
anistic understanding was not previously obtained. 

 In a signifi cant fraction of Li-ion battery literature, results 
are obtained from half-cells (HCs), where Li metal is used as 
the counter/reference electrode to obtain information about the 
electrode of interest. Although the experiments using the HC 
(positive electrode/Li or negative electrode/Li) provide an easy 
213wileyonlinelibrary.com
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     Figure  1 .     Cycling performance of LiCoO 2 /natural graphite (LCO/NG) full 
cells coated with ALD Al 2 O 3 . Reversible discharge capacity as a function 
of cycle number for four permutations of LCO/NG cells: Uncoated or bare 
electrodes are labeled with  b , and ALD Al 2 O 3  coated electrodes are labeled 
with  c . Cycling tests were carried out between 3.25−4.45 V at 0.1C for the 
fi rst two cycles and 1C for subsequent cycles at room temperature.  
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way to estimate the capacity of negative electrodes and positive 
electrodes separately, in many cases negative results are encoun-
tered when a complete battery or full-cell (FC) is fabricated. For 
example, depletion of lithium from the positive electrode and/
or electrolyte may result in gradual capacity loss during repeated 
cycling, also apparent as  < 100% Coulombic effi ciency. [  21  ]  Also, 
for the well-known spinel LiMn 2 O 4  positive electrode, LiMn 2 O 4  
is known to suffer from Mn 2 +   dissolution. [  22  ]  The Mn 2 +   ions 
from the positive electrode then migrate through the electrolyte 
to the negative electrode surface, and are reduced/deposited at 
a potential of  ∼ 1 V ( vs.  Li/Li  +  ). Then, a fresh solid electrolyte 
interphase (SEI) fi lm is formed further on the reduced Mn 
deposits, resulting in degradation of the negative electrode. [  23  ]  
Surprisingly, by applying an Al 2 O 3  coating only to the negative 
electrode (NG), we found that the positive electrode (LCO) can 
be stabilized at high voltage in a full battery (or LCO/NG FC 
confi guration). We studied this phenomenon using various 
characterization techniques including: a unique cell testing 
confi guration, electrochemical impedance spectroscopy (EIS), 
ex-situ X-ray photoemission spectroscopy (XPS) and time of 
fl ight secondary ion mass spectrometry (TOF-SIMS) to achieve 
mechanistic understanding of this unexpected phenomena.   

 2. Results and Discussion 

 In this work, four permutations of LCO/NG FCs were assem-
bled using bare ( b ) or Al 2 O 3  ALD coated ( c ) LCO and/or NG 
electrodes:  b -LCO/ b -NG,  b -LCO/ c -NG,  c -LCO/ b -NG,  c -LCO/ c -
NG. The well-known ALD process utilizing TMA and H 2 O as 
precursors shown below was employed directly on LCO and 
NG composite electrodes. [  7  ,  8  ,  19  ] 

 AlOH∗+Al(CH3)3 → AlO − Al(CH3)∗2+CH4   (1)   

 AlCH∗
3+H2O → Al − OH∗+CH4   (2)   

  Ultrathin Al 2 O 3  coating layers were deposited on LCO with 
2 cycles of ALD ( ∼ 2-3 Å) and 5 cycles of ALD on NG following 
an NO 2 /TMA pretreatment ( ∼ 5-8 Å). From our previous works 
using the HCs, [  7  ,  8  ,  13  ]  the optimized cycle numbers of ALD were 
chosen in terms of conformality and Li  +   ion transport through 
the Al 2 O 3  coating layers. In case of NG electrode, [  8  ]  the NO 2 /
TMA pretreatment is necessary to ensure a conformal coating 
on the basal planes of graphitic materials. [  24  ]  

   Figure 1   displays the cycling performance of four permu-
tations of LCO/NG FCs cycled between 3.25-4.45 V at 0.1C 
(14 mA g LCO   − 1 ) for the fi rst two cycles and 1C (charge/discharge 
in one hour) for the subsequent cycles at room temperature. 
The aggressive cycling conditions, with the high upper cut-
off potential of 4.45 V, were chosen intentionally to induce 
severe side reactions on the LCO surface. [  7  ,  10  ,  11  ]  (These condi-
tions would have no obvious impact on the NG electrode.) As 
expected, the  c -LCO/ c -NG and the c-LCO/ b -NG showed supe-
rior performance compared to the  b -LCO/ b -NG full cell. Also as 
shown in the Supporting Information (Table S1),  c -LCO/ c -NG 
exhibits negligible capacity fade for 300 cycles with a high initial 
discharge capacity of  ∼ 152 mA h g LCO   − 1  at 0.1C, fi rst two cycles, 
and subsequent cycles at 1C. We note, the initial discharge 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
capacity of a commercially available LCO/NG battery is only 
 ∼ 131 mA h g LCO   − 1  with a voltage cut-off of 4.2 V. [  25  ]  Thus, the 
stable superior capacity of the  c -LCO clearly demonstrates the 
protective role of the Al 2 O 3  ALD coating to minimize undesir-
able side reactions and/or dissolution for the positive electrode 
(with the high voltage cutoff of 4.45 V), as shown previously 
with LCO/Li HCs. [   7   ]  The somewhat inferior performance of 
 c -LCO/ b -NG to that of  c -LCO/ c -NG may be attributed to either 
slightly poorer durability of  b -NG than  c -NG and/or more rapid 
loss of Li  +   due to side reactions on the  b -NG surface rather than 
the  c -NG. Surprisingly, however, the  b -LCO/ c -NG performance 
is only somewhat inferior to that of  c -LCO/ c -NG. This behavior 
is highly unanticipated because uncoated LCO should degrade 
quickly under such aggressive cycling conditions, cycling up 
to 4.45 V. [  7  ,  10  ,  11  ]  Also our previous HC  b -NG work showed that 
 b -NG loses only  ∼ 20% of its initial capacity after 200 room tem-
perature cycles, and the NG is not expected to be affected by 
the increased upper voltage. [  8  ]  Finally, in sharp contrast,  ∼ 80% 
capacity loss is observed for the  b -LCO/ b -NG FC after 200 cycles 
(Figure  1 ), which is consistent with our expectation that the 
dominant contribution to failure comes from  b -LCO. Hence, 
we must unravel why the c-NG improves the performance of 
the whole battery.  

 In order to analyze the situation more fully we measured 
the potentials of the LCO and NG electrodes separately using a 
unique three-electrode LCO/Li/NG cell (Figure S1). The poten-
tials of LCO and NG  vs.  Li/Li  +   for  b -LCO/ b -NG (dashed line) and 
 b -LCO/ c -NG (solid line) for the fi rst charge at 0.1C are shown in 
 Figure    2  a, and the same data are shown for the third charge 
at 1C in Figure  2 b. We note fi rst that the plateau at  ∼ 0.7–0.8 V 
(arrow), indicative of electrolyte decomposition, [  8  ]  is present on 
 b -NG but not on  c -NG (Figure  2 a). We also see that at higher 
C-rate (1C, Figure  2 b), the voltage profi le of  c -NG is negatively 
shifted (polarized) compared with that of  b -NG, which may 
be due to poor Li-ion conductivity of the Al 2 O 3  ALD layer. As 
a result, for the same potential difference between the positive 
and negative electrodes, the upper cut-off potential  vs.  Li/Li  +   
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 213–219
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     Figure  2 .     Comparison of electrochemical characteristics between  b -LCO/ b -NG and  b -LCO/ c -NG full cells. Charge voltage profi les versus Li/Li  +   of 
 b -LCO/Li/ b -NG and  b -LCO/Li/ c -NG three electrode cells (a) at 0.1C for the fi rst cycle and (b) at 1C for the third cycle. Note the plateau at  ∼ 0.75 V 
(arrow) associated with the electrolyte decomposition appears on  b -NG while it does not on  c -NG for the fi rst cycle in (a). Cycling performances of 
 b -LCO/ b -NG and  b -LCO/ c -NG full cells while varying the upper cut-off potential at 0.1C for the fi rst two cycles and (c) 1C for subsequent cycles and 
(d) 0.1C for all cycles.  
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of  b -LCO in the  b -LCO/ c -NG cell is lowered by up to 0.06 V at 
1C. To evaluate the impact of this polarization, we compared 
the performance of  b -LCO/ b -NG cycled using lower upper cut-
off potentials (4.40V and 4.30 V) with  b -LCO/ c -NG using an 
increased upper cut-off potential (4.50 V). The durable capacity 
tests depicted in Figure  2 c show that the  b -LCO/ c -NG couple 
dramatically outperforms the  b -LCO/ b -NG couple irrespec-
tive of the upper cut-off potential. These results confi rm that 
the 0.06 V change in the upper cut-off potential in the FC does 
not explain the unexpected benefi t of coating the NG electrode. 
Similarly, the results at 0.1C in Figure  2 d where the polariza-
tion effect is negligible, also prove that better performance of 
 b -LCO/ c -NG compared with  b -LCO/ b -NG is irrespective of the 
upper cut-off potential.  

 In order to then assess the degradation of LCO and NG 
separately, the LCO and NG electrodes, from the cycled LCO/
NG FCs, were cut in half and reassembled as LCO/LCO and 
NG/NG symmetric cells (SCs). [  26  ]  Ex-situ EIS experiments on 
these SCs then allowed us to evaluate the performance of the 
negative electrode (NG) and positive electrode (LCO) sepa-
rately, while also removing possible irrelevant signals from the 
reference Li metal electrode. [  27  ]   Figure    3  a shows a Voigt-type 
equivalent circuit model [  28  ]  comprised of resistors (R), capaci-
tors (C), and a Warburg term (W). Nyquist plots of LCO/LCO 
and NG/NG SCs, reassembled from the four permutations 
of FCs, are shown in Figures  3 b–e and  3 f–i, respectively. An 
example of the data and the fi tting results from an equiva-
lent circuit shown in Figure  3 a is displayed in the Supporting 
Information (Figure S2). Examining the semicircles for  b -LCO 
© 2013 WILEY-VCH Verlag GmAdv. Energy Mater. 2013, 3, 213–219
cells (Figure  3 b, c), and comparing them to those of  b -NG cells 
(Figure  3 f, h), it is obvious that those of the  b -NG are much 
smaller. Also for the  b -NG the growth after cycling is negligible, 
indicating negligible increase in resistance. Furthermore, the 
semicircles for  c -NG cells (Figure  3 g, i) become smaller after 
cycling (suggesting a few cycles maybe necessary to reduce the 
resistance of the coated electrode). We may therefore easily con-
clude that there is no signifi cant degradation for  b -NG, and that 
the unusual improvement in cycling the FC upon coating the 
NG is not primarily due to enhanced performance of the NG 
electrode. However, it is extremely interesting that the size of 
the semicircle of  b -LCO in the  b -LCO/ c -NG cell (‘^’ in Figure 
 3 c) is dramatically smaller than that of the  b -LCO/ b -NG cell 
(‘#’ in Figure  3 b), still suggesting a correlation between coating 
the NG and decreased degradation of the LCO.  

 In order to shed light on these surprising phenomena indi-
cated above, information about the SEI layer on NG and LCO 
after 15 cycles was obtained with XPS ( Figure    4  ) and TOF-
SIMS ( Figure    5  ). Figure  4 a and  4 b summarize the XPS results 
from NG and LCO electrodes, respectively, before (pristine) and 
after cycling. Two peaks at  ∼ 75.3 eV for Al 2p and  ∼ 532.4 eV 
for O 1s in the pristine  c -NG in Figure  4 a clearly confi rm the 
presence of the Al 2 O 3  ALD layer. Unexpected signals appear at 
 ∼ 286.2 eV for C 1s (‘&’) and  ∼ 686 eV for F 1s (‘$’) in the pris-
tine  c -NG. The former may be indicative of a chemical inter-
action between Al 2 O 3  ALD species and carbon in the NG or 
PVDF binder. Considering that the latter is slightly negatively-
shifted from conventional PVDF, it is most likely attributed to 
PVDF that was altered by reaction with the ALD coating. This 
215wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Electrochemical impedance spectroscopy analyses using cycled symmetric cells 
(SCs). (a) Equivalent circuit model. (b-i) Nyquist plots of LCO/LCO (b-e) and NG/NG (f-i) SCs 
after the 1 st  charge and 50 th  charge. The scale is the same in all plots for each column. Enlarged 
views are provided in the insets.  
is also supported by the disappearance of the PVDF peak at 
290.9 eV, C 1s, and the appearance of a weak broad peak shifted by 
 ∼   − 1 eV. There are also signatures from Li 2 CO 3 , ROCO 2 Li, LiF, 
Li 2 O, and–OH, which are commonly observed components in 
the SEI. [  28–30  ]  Among various differences of the signals between 
the cycled  c -NG and cycled  b -NG, it is noticeable that the cycled 
 c -NG does not show the Li 2 CO 3  peak at  ∼ 290.3 eV, C 1s (‘ ♦ ’ 
in Figure  4 a), which is clearly observed for the cycled  b -NG. 
This indicates that the ALD coating reduces SEI side reactions 
on the negative electrode. Overall, the analyses of XPS signals 
from NG suggest that  c -NG has a different SEI compared to 
that of  b -NG. Surprisingly, however, in analyzing the  b -LCO 
(Figure  4 b) some unexpected results occur for the  b -LCO/ c -NG 
cell. First, the LiF peak at  ∼ 685 eV, F 1s (‘ ◊ ‘), is very intense 
for  b -LCO/ b -NG while it is negligible for  b -LCO/ c -NG. Since LiF 
has very poor Li-ion conductivity, it is believed that the forma-
tion of LiF leads to very rapid degradation of the  b -LCO positive 
electrode. [  28  ,  30  ]  Second, the overall shape of the O 1s spectra for 
 b -LCO/ b -NG is quite different from that for  b -LCO/ c -NG, which 
refl ects a different composition of the O-related SEI compo-
nents. These signifi cant differences in the SEI components on 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
 b -LCO may partially explain the better dura-
bility of  b -LCO paired with  c -NG in contrast 
to  b -LCO paired with  b -NG.   

 To gain even more understanding, depth 
profi les of the cycled NGs and LCOs with 
TOF-SIMS are shown in Figure  5 a and  5 b, 
respectively, and provide information on the 
composition  vs.  thickness of the SEI com-
ponents. For NG electrodes (Figure  5 a), Al  +   
signals and others (Li 2 O  +  , Li 2 F  +  , CH 3   +  ) are 
attributed to the Al 2 O 3  ALD and inorganic 
(Li 2 O  +  , Li 2 F  +  )/organic(CH 3   +  ) components of 
the SEI, respectively. Two dramatic differ-
ences between  b -NG and  c -NG are notice-
able. First, the thickness of Li 2 F  +   on the  b -NG 
( ∼ 24 nm) is almost twice that of the  c -NG. 
Second, CH 3   +   signals are very intense only 
for the  b -NG (arrow). Thus the TOF-SIMS 
results strongly indicate a much thinner SEI 
layer with a smaller organic component on 
 c -NG than on  b -NG, which corroborates the 
signifi cantly mitigated side reactions on NG 
by the coating. The signals for  b -LCO (Li 2 F  +   
and CH 3   +  , Figure  5 b) do not exhibit any pro-
nounced difference between  b -LCO/ b -NG and 
 b -LCO/ c -NG. This observation most likely 
indicates that the SEI thickness is not the 
factor governing degradation of the  b -LCO. 
Overall, the differences in both the organic 
and inorganic NG surface species detected 
by both the XPS (Figure  4 a) and the TOF-
SIMS data (Figure  5 a) likely play a signifi cant 
role in the stability of the opposite electrode, 
 b -LCO. Finally, TOF-SIMS ions maps of the 
 b -LCO electrode from the cycled  b -LCO/ c -NG 
in  Figure    6   show the presence of Al  +   nearby 
Co  +  , indicating Al-species cover the LiCoO 2  
surface. We suggest that partially reduced Li-
Al-O on NG is dissolved by HF, forming soluble Al-containing 
species that reach the  b -LCO. This data directly indicates that 
surface reactions that occur on the negative electrode and posi-
tive electrode are related.  

 It should be noted that side reactions include formation of 
not only the insoluble SEI components but also soluble byprod-
ucts [  5  ,  28  ]  such as ROLi, radicals, etc. and even gaseous species. 
From all the results, which strongly suggest interactions of side 
reactions between the positive electrode and negative electrode, 
we propose that soluble byproducts formed by a reductive 
decomposition reaction on the NG (negative electrode) diffuse 
to the  b -LCO (positive electrode), where they again participate 
in side reactions as depicted by the schematic in  Figure    7  . 
The movement of the Al species (Figure  6 ) corroborates this 
mechanism. Thus, we believe that thicker SEI fi lms with more 
organic species on  b -NG imply that more soluble byproducts are 
formed as well. Coating the NG appears to reduce the forma-
tion of soluble byproducts, mitigating the coupled side reaction 
that accelerates the degradation of the positive electrode ( b -
LCO, Figure  1 ). Also the Al-species that migrate from the nega-
tive electrode to the positive electrode may also contribute to 
inheim Adv. Energy Mater. 2013, 3, 213–219
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     Figure  4 .     Ex-situ XPS analyses of NG (bare and coated) and bare LCO electrodes before and after charge and discharge cycling: (a) bare and coated 
NG for the pristine electrodes and after 15 cycles as well as (b) bare LCO for the pristine electrodes and after 15 cycles. Note the signifi cantly reduced 
intensities of the Li 2 CO 3  signal of the cycled  c -NG as compared to that of the cycled  b -NG (‘ ♦ ’) and the LiF signal of the cycled  b -LCO from  b -LCO/ c -
NG compared to that from  b -LCO/ b -NG (‘ ◊ ’).  

♦

reducing some of the undesirable side reactions on  b -LCO by 
possibly providing a protective layer.    

 3. Conclusion 

 The abnormal behavior of signifi cantly superior performance 
of  b -LCO/ c -NG batteries to that of  b -LCO/ b -NG was observed 
even though it is the  b -LCO that is cycled under harsh condi-
tions. The surface reactions that occur on the negative electrode 
and positive electrode appear to be related, and this interaction 
has a very interesting impact on the FC performance. We thus 
believe our fi nding may provide a new approach for controlling 
and designing interfaces in next-generation LIBs. Importantly, 
the work suggests the possibility of employing coatings to actu-
ally tailor surface side reactions that will be the subject of future 
work.   
© 2013 WILEY-VCH Verlag G

     Figure  5 .      Ex-situ  TOF-SIMS depth profi ling of bare and coated NG (a) and
cycled  c -NG compared to the cycled  b -NG and much stronger signal of C
cycled between 3.25-4.45 V at 0.1C at room temperature prior to the  ex-situ
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 4. Experimental Section 
  Al 2 O 3  ALD on LCO and NG electrodes : Al 2 O 3  ALD fi lms were grown 

directly on fully fabricated LCO and NG electrodes. For the Al 2 O 3  ALD, 
trimethylaluminum (TMA) (97%) and HPLC (high performance liquid 
chromatography) grade H 2 O were obtained from Sigma-Aldrich. For the 
TMA/NO 2  nucleation treatment, commercial purity grade NO 2  (99.5%) 
was acquired from Airgas. The typical growth rate for the chemistry 
is 1.1 Å per cycle. Also detailed ALD reaction sequences have been 
described in previous reports. [  7  ,  8  ]  

  Electrochemical characterization : The LCO composite electrode 
was prepared by spreading LiCoO 2  powder (7-10  μ m, L106, LICO 
Technology), carbon black (CB, super C65, TIMCAL Ltd.), and PVDF 
(poly(vinylidene fl uoride), binder, Kynar) (83.0:7.5:9.5 weight ratio) on a 
piece of Al foil. The NG composite electrodes were composed of NG 
( ∼ 5  μ m, HPM850, Asbury Graphite Mills Inc.) and PVDF (88.9:11.1 
weight ratio) on Cu foil. Cells were assembled in an Ar-dry box and tested 
at room temperature. Based on the mass ratio of LCO/NG in the LCO/
NG full cells ( ∼ 1.60–1.70) and the reversible capacities from the half 
cell results (LCO/Li:  ∼ 185 mA h g  − 1  at 0.1C between 3.3-4.5 V, NG/Li: 
217wileyonlinelibrary.commbH & Co. KGaA, Weinheim

 bare LCO (b) after the 15 th  charge. Note the thinner layers of Li 2 F  +   on the 
H 3   +   on the cycled  b -NG than that of the cycled  c -NG. LCO/NG cells were 
  XPS and TOF-SIMS measurements.  
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     Figure  6 .     Ex-situ TOF-SIMS ion maps of bare LCO electrodes from the b-LCO/c-NG cell after 15 cycles. Scale bars with the maximum ion counts are 
displayed in the right of each signal. Note the clear presence of Al-species. LCO/NG cells were cycled between 3.25–4.45 V at 0.1C at room temperature 
prior to the ex-situ XPS and TOF-SIMS measurements.  
 ∼ 370 mA h g  − 1  at 0.1C between 0.005-1.500 V), np ratio (capacity ratio of 
NG/LCO) was  ∼ 1.2-1.3. The galvanostatic charge-discharge cycling was 
performed in 2032-type coin cells. 1.0 M LiPF 6  dissolved in a mixture of 
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v) (Novolyte 
Technologies Inc.) was employed as the electrolyte. As the separator, a 
porous 20  μ m thick polypropyl ene (PP)/polyethylene/PP trilayer fi lm 
(2325, Celgard) was used. Beaker-type cells were assembled for the LCO/
Li/NG three electrode assemblies. As depicted in Figure S1, a tiny piece 
of Li metal ( ∼ 2 mm in diameter) was connected to a Mo wire (current 
collector) and placed in between the LCO and NG electrodes separated 
by the polymer separator. The galvanostatic charge-discharge cycling of 
the LCO/Li/NG cells was performed by applying current between the 
LCO and NG electrodes and recording the potential difference between 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  7 .     Proposed mechanism of the “coupled side reaction” impor-
tantly unraveling the improvement of an LCO/NG battery when only the 
NG is coated. The soluble byproducts formed by a reductive decomposi-
tion reaction on the NG (negative electrode) diffuse to the  b -LCO (posi-
tive electrode) electrode, where they again participate in side reactions. 
The coating on the NG, thus, likely reduces the formation of soluble 
byproducts, mitigating the coupled side reaction that accelerates the 
degradation of  b -LCO.  
LCO and Li. The potential of NG  vs.  Li/Li  +   was obtained by subtracting 
the potential of the LCO/NG from that of LCO/Li. The electrochemical 
impedance spectroscopy (EIS) study was performed using a 1280 C 
Solartron instrument. The AC impedance measurements were recorded 
using the SCs with OCP (open circuit potential) of 0 V using a signal 
with an amplitude of 5 mV and a frequency range from 500 kHz to 
5 mHz. The data of the LCO/NG cells at the 1 st  charge was acquired 
by charging up to 4.45 V at 0.1C. Another set was obtained by cycling 
at 0.1C between 3.25–4.45 V for the fi rst two cycles and at 1C for the 
next 47 cycles, then charging up to 4.45 V at 0.1C for the 50 th  charge. 
After resting for  > 6 h, the cycled LCO/NG cells were disassembled, the 
collected LCO and NG electrodes were separated and reassembled as 
LCO/LCO and NG/NG symmetric cells with the same electrolyte (1 M 
LiPF 6  in a mixture of EC and DEC) as the case of LCO/NG FCs inside a 
glove box. 

  Ex-situ surface analyses : Characterization with XPS was performed using 
a PHI 5600 X-ray photoelectron spectrometer with a monochromatic Al 
K  α  asource (1486.6 eV). The base pressure in the XPS analysis chamber 
was 5  ×  10  − 8  Pa. XPS spectra were collected using a constant analyzer 
energy mode with a pass energy between 58.7-93.9 eV. The step size 
was varied between 0.25-0.4 eV. TOF-SIMS analyses were conducted 
on a PHI TRIFT V nanoTOF (Physical Electronics, Chanhassen, MN). A 
30 kV Au  +   source was employed for analysis and sputtering. The TOF-
SIMS imaging areas were 50  ×  50  μ m 2 . The depth profi les were collected 
from a 50  ×  50  μ m 2  area inside a 200  ×  200  μ m 2  sputtering area. The 
base pressure of the analysis chamber was maintained at  < 2.5  ×  10  − 7  
Pa during all analyses. For the ex-situ XPS and TOF-SIMS analyses, 
the LCO/NG cells were charged-discharged between 3.25–4.45 V at 
0.1C for 15 cycles at room temperature. After the LCO/NG cells were 
disassembled, the electrodes were collected, soaked in DEC for  ∼ 1 h, 
and dried inside a glove box. For the XPS measurements, the electrode 
samples were transported using hermetically sealed glass jars and 
exposed to atmosphere for  < 1 min before mounting in the XPS. For the 
TOF-SIMS measurement, after the hermetically sealed samples were 
transported, the samples were directly transferred from an Ar fi lled glove 
box to the TOF-SIMS for analysis. During the transfer process, samples 
were kept under Ar atmosphere in an air-tight transfer vessel to avoid all 
contact with air.   
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 213–219
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