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ABSTRACT: Stability of the electrolyte toward reduced oxygen species charge 0

generated at the cathode is a crucial challenge for the rechargeable q L
nonaqueous Li—O, battery. Here, we investigate dimethylformamide as : E:féi""’e P
the basis of an electrolyte. Although reactions at the O, cathode on the U gﬁ . 02 L%
first discharge—charge cycle are dominated by reversible Li,O, O2 > — L12 Hi0

formation/decomposition, there is also electrolyte decomposition, g / *

which increases on cycling. The products of decomposition at the _— discharge =

cathode on discharge are Li,O,, Li,CO;, HCO,Li, CH;CO,Li, NO, H,0O,

and CO,. Li,CO; accumulates in the electrode with cycling. The stability of dimethylformamide toward reduced oxygen species
is insufficient for its use in the rechargeable nonaqueous Li—O, battery.

B INTRODUCTION Scheme 1. Proposed Mechanism for Reactions Occurring
The long-term need for a step change in energy storage during Discharge
coupled with the high theoretical specific energy of the Li—O, e . ; :
0 —= 0y — L0 — 1 1
battery has led to intense interest in such batteries, based on 270 ‘@ = o il

aqueous and nonaqueous electrolytes.' >’ While many prob-

lems face their practical realization, the electrolyte presents a m O'H _

: 28-30 : 0 o, d ©H, HO o
particular challenge. In the case of the nonaqueous Li—O, HE-NCHs  —— bl 2 HE-N-CH2
battery, the reaction at the cathode involves, on discharge, O, “CHg (4) S CHs (8 CHy
being reduced to O,>~, which when combined with Li" leads to
the final discharge product Li,O,. Charging involves oxidation S ,

: o+ 3,10,14,15,18,31=39 : o} o o T 00
of Li,O, back to Li" and O,. A suitable non- SR N CH 02 @ AL O
aqueous electrolyte for a Li—O, cell must support formation of o GH, (@ - CH y ) _N:CHz -~ ®
Li,O, at the cathode in high purity on discharge and its . 3
reversible decomposition on charge, with this process being 00, | (9)

: : oxidative

sgstamed on cycling. Early workion nonaqueous electrolytes for rpciltion
Li—O, cells focused on organic carbonates (e.g., propylene HCO,Li CHyCO,Li | reactions % _CH, DMF
carbonate), but these are susceptible to nucleophilic attack by 0, H3C'C"N~CH3 (10
the reduced O, species at the cathode.**>*~*! Significant at- 0% N0 m (11) o ¥
tention has been given to ethers (e.g, tetraglyme or dimetho- HC-N-CH,
xyethane); although, as expected, they proved more stable than 4
the organic carbonates, they still exhibit decomposition on " "
cycling.*"*** Exploring alternative electrolytes is a timely S0 + 800 i C206% + 0z (12)

L 29,43,44

riority.
priority, C,06 +20; +4Lit — 2Li,C03+20, (13)

Here, we investigate dimethylformamide (DMF) as the basis
of an electrolyte for the Li—O, battery. DMF was chosen
because it has been used as a solvent for O, reduction in the
presence of molecular cations, such as TBA", and the reduced
oxygen species, O, is reported to be stable.’>*>*® In contrast,
here we show that in the presence of Li*, although DMF is more
stable toward reduced oxygen than organic carbonates and is B RESULTS AND DISCUSSION
capable of forming Li, O, at the cathode in relatively high purity on
the first discharge, with its complete removal on subsequent
charge, results reveal that the degree of side reaction increases on
cycling with accumulation of Li,CO; HCO,Li, and CH;CO,Li
in the cathode, Scheme 1. On the basis of their instability at Received: March 5, 2012
the cathode alone, DMF electrolytes are not suitable for Li—O, Published: April 19, 2012

batteries. We also show extension of this work to related amides,
dimethylacetamide (DMA) and N-methyl-2-pyrrolidone (NMP),
which demonstrate that the instability is not confined to DMF.

Cells containing 0.1 M LiClO, in DMEF as the electrolyte and a
composite cathode composed of Super P carbon and PTFE
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were constructed as described in the Supporting Information.
LiClO, was chosen as the salt because it can be obtained in
high purity and may be rigorously dried.

First Discharge—Charge. The load curve for the first
discharge—charge cycle is shown in Figure 1. Discharge occurs

45
—_— st
= — gnd
5 —
5 - 10th
2
=
w
o
2
2
2
0 500 1000 1500 2000

Specific capacity (mAhg™' carbon)

Figure 1. Load curves for a cell containing 0.1 M LiClIO, in DMF and
a composite cathode, Super P carbon—PTFE, rate 70 mAg™" (carbon),
50 gAcm™> (geometric).

at ~2.7 V versus Li'/Li. The charging curve exhibits several
features. A small inflection is observed at 3.1—3.5 V, followed
by a plateau at ~3.6 V and a second plateau at 3.8—3.9 V.
To investigate the stability of the electrolyte, the products
formed at the end of discharge and charge were determined by
a combination of FTIR, powder X-ray diffraction (PXRD), dif-
ferential electrochemical mass spectrometry (DEMS), and
NMR. At the end of the first discharge the cathode was re-
moved and examined by PXRD and FTIR, Figures 2 and 3,
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Figure 2. PXRD patterns (Cu Ka) of Super P carbon—PTFE
composite electrodes cycled in 0.1 M LiClO, in DMF, rate 70 mAg™"
(carbon). Diffraction patterns in red correspond to the pristine
electrode and electrodes at the end of charge after the indicated
number of cycles.

respectively. Li,O, was observed along with some evidence of
residual DMF in the FTIR spectrum. In order to probe the
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Figure 3. FTIR spectra of Super P carbon—PTFE composite
electrodes cycled in 0.1 M LiClO, in DMF, rate 70 mAg™" (carbon).
Spectra in red correspond to the pristine electrode and electrodes at
the end of charge after the indicated number of cycles.

reactions on discharge in more detail, in particular, electrolyte
stability, in situ DEMS was carried out, Figure 4. O, gas was
consumed, as expected. The quantity was compared with the
charge passed and gave an e”/O, ratio of 1.97 (Table 1), close
to the theoretical value of 2 for pure Li,O, formation and in
accord with the PXRD and FTIR data. However, evidence of a
small degree of DMF degradation is seen in the observation of
a very small amount of NO gas (<0.1% of O,) evolution on
discharge, Figure 4a. To identify the products of electrolyte
decomposition, a discharged electrode was washed with D,0
and the resulting solution subjected to '"H NMR. As shown
previously, this method permits identification of compounds
that may not be assigned from FTIR alone.*>*?

'"H NMR (Figure Sla, Supporting Information) shows evi-
dence of HCO,Li and CH;CO,Li. We can conclude that the
products at the end of the first discharge are overwhelmingly
dominated by Li,O, (PXRD and FTIR), but there is also
evidence of the beginning of DMF decomposition (DEMS and
'"H NMR).

On charging, all discharge products were removed; none of
the peaks associated with Li,O, in the PXRD or FTIR spectra
remain, Figures 2 and 3, and '"H NMR shows no evidence of
residual HCO,Li and CH;CO,Li, Figure S1b, Supporting
Information. The DEMS data on the first charge showed only
O, evolution, Figure 4b, and with an e”/O, ratio of 1.96.
The lack of any detectable CO, and H,O evolution expected
from oxidation of HCO,Li and CH,CO,Li**** confirms that
the amount of electrolyte decomposition occurring on the first
discharge is very small. The DEMS data on charging reveal the
presence of three peaks in the current passed and flux of O,
evolved with onsets at ~3.1, 3.5, and 3.8 V. These are in accord
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Figure 4. In situ DEMS of a cell containing 0.1 M LiClO, in DMF and a Super P carbon—PTFE composite electrode: (a) first discharge, (b) first
recharge, (c) fifth discharge, and (d) fifth recharge, scan rate 0.05 mVs™'. Note the NO and H,O fluxes are magnified by 10° to make them visible on
the same plot. Current decrease during discharge is due to increasing filling of the electrode with product.

Table 1. Ratio of Charge Passed to O, Consumed/Evolved
on Discharge/Charge for a Cell Containing 0.1M LiClO, in
DMF

ratio (e7/0,)

first discharge” 1.97
first charge® 1.96
second discharge® 2.00
second charge® 2.00
first dischargelJ 1.98
first charge” 1.96

“With Super P carbon—PTEE composite electrode. “With nanoporous
gold electrode.

with the three features observed in the load curve for the first
charge, Figure 1. Such stepwise oxidation of Li,O, has been
observed previously by others.*"** It has been attributed to
heterogeneity in the electrodes leading to oxidation being more
facile in certain regions of the electrode than others.”’ The
electrolyte at the end of discharge and charge was investigated
by NMR spectroscopy, and no peaks from any impurities were
detected. Together the PXRD, FTIR, NMR, and DEMS data
demonstrate that the first discharge—charge cycle in DMF is
dominated by reversible Li,O, formation with a very small degree
of electrolyte degradation.

Cycling. In order to examine the effect of cycling on the
stability of DMF, a series of discharge—charge cycles was car-
ried out, Figure 1. The charge plateau at ~3.6 V decreases as
capacity fades on cycling until at 10 cycles only the higher
voltage plateau at 3.9 V remains. The cathode at the end of
discharge and charge was examined as a function of cycling by
PXRD, FTIR, NMR, and DEMS, Figures 2, 3, 4S1, and S2,
Supporting Information. These data reveal that the behavior on
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the second cycle is similar to the first, i.e.,, mainly reversible
Li,0, formation/decomposition.

However, on the fifth cycle there is clear evidence in the
FTIR of significant side reactions at the end of discharge. Peaks
in addition to Li,O, can be assigned to Li,CO; and HCO,Li/
CH,CO,Li (due to overlap of the bands from HCO,Li,
CH;CO,Li, and Li,COj it is difficult to distinguish the formate
from the acetate). 'H NMR, after washing the discharged
electrode with D,O, confirmed the presence of HCO,Li and
CH;CO,Li in the electrode at the end of the fifth discharge,
Figure Sle, Supporting Information. Only the most prominent
diffraction peaks of Li,COj can just be observed in the PXRD
data at the end of the fifth discharge, Figure 2. This highlights
the fact the PXRD alone is insufficient to characterize the
products of discharge: Li,O, is observable, but less crystalline
compounds cannot be detected.

Although the PXRD data at the end of the fifth charge
suggest that all the Li,O, and Li,COj; formed on discharge had
been oxidized on charge, Figure 2, FTIR again proves more
revealing. Figure 3 shows that at the end of charge after 5
cycles, although Li,O, and much of the decomposition pro-
ducts have indeed been removed on charging, there is evidence
that some of the latter remain, principally Li,CO;. This is in
accord with our previous studies of the oxidation of various
organolithium compounds and Li,CO; which showed that
compounds such as HCO,Li and CH;CO,Li can be de-
composed below 4 V but that although oxidation of Li,COj is
possible it is less facile and often incomplete, even when
charged above 4 V.3 As a result of the sluggish (and hence
incomplete) oxidation of Li,CO;, it increases in proportion
with cycling, see 10th charge in Figure 3. In short, Li,CO; be-
comes the dominant side product and accumulates in the
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Figure 5. (a) Load curves, (b) FTIR spectra, (c) in situ DEMS on first discharge, and (d) first recharge for a cell containing 0.1 M LiClO, in DMF
and a nanoporous gold cathode: rate = 500 mAg™" (Au), 50 A cm™> (geometric).

electrode on cycling, in accord with the capacity fading, Figure 1.
We anticipate that as the Li,CO; accumulates in the electrode on
cycling it increasingly blocks the electrode surface, resulting in the
observed capacity fading.

The increasing electrolyte decomposition on cycling is also
evident in the in situ DEMS data, Figure 4. Discharge on cycle
S is accompanied by evolution of NO and H,0. On subsequent
charging, the peak in the current and O, flux observed on the
first charge at 3.3 V is barely apparent; however, the peaks at
~3.7 and ~4 V persist, although they are shifted slightly to
higher voltages. In contrast to the first charge, there is evidence
of CO, evolution on the fifth charge, and it occurs at similar
potentials to O, evolution, Figure 4d. There is also some evi-
dence of H,0 gas evolution. Overall, the DEMS data indicate
that on cycling the charging process is still mainly Li,O,
oxidation but accompanied by oxidation of the products of
electrolyte decomposition.

Salt and Electrode. To verify that the side reactions are
due to the DMF solvent and not the salt or electrode the for-
mer was replaced with LiTFSI and in a separate experiment the
Super P cathode was replaced with nanoporous gold. No sig-
nificant difference in the nature or extent of the decomposition
products upon cycling was observed by replacing LiClO, with
LiTFSI, as expected, Figures S3, S4, and S5, Supporting
Information. The load curves using a nanoporous gold elec-
trode are shown in Figure 5, along with the corresponding FTIR
data. Charging again exhibits two plateaus, although the overall
charging voltage is significantly lower than with Super P. There
is currently a debate about the possible role of electrocatalysis
in Li, O, oxidation.'”"® It has been suggested that Au lowers the
oxidation potential.'® There does seem to be an effect of sub-
strate on the charging potential in DMF, but whether this is
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electrocatalysis or arises for other factors is not yet clear. FTIR
data at the end of discharge and charge reveal similar results to
those observed for Super P, with the first cycle being domina-
ted by reversible Li,O, formation and evidence of increasing
decomposition of electrolyte on cycling. This is confirmed by
"H NMR, Figure S6, Supporting Information. In situ DEMS
data also reveals O, is consumed on the first discharge, with an
e” /0, ratio of 1.98, and on subsequent charging, evolved with
an e~ /0O, ratio of 1.96, Table 1. Again, in situ DEMS reveals the
stepwise oxidation of Li,O, in accord with the charging curves
in Figure Sa. Overall, it may be concluded that the increasing
presence of side-reaction products as a function of cycling arises
from the electrolyte and not from the electrode substrate, since
similar results are obtained with two very different substrates,
Super P carbon and nanoporous gold.

DMA and NMP. To demonstrate that the instability is not
confined to DMF, the related amides DMA and NMP were also
investigated. The FTIR data, Figure S7, Supporting Informa-
tion, show that Li,O, is the dominant product in DMA at the
end of the first discharge, and the presence of Li,O, is rein-
forced by the PXRD data, Figure S8, Supporting Information.
The presence of CH;CO,Li and HCO,Li is confirmed by the
D,0 'H NMR data, Figure S9, Supporting Information. Decom-
position is even more severe in the case of NMP, with clear
evidence of Li,CO;, CH;CO,Li, and HCO,Li in the FTIR,
corroborated by D,0 '"H NMR, and no evidence of Li,O, in
the PXRD data.

Mechanism of Electrolyte Decomposition. A mecha-
nism by which the electrolyte decomposes is shown in Scheme 1.
Commencing with O, reduction to O,°7, reaction 1, O,*”
either can react with Li* ions to form LiO, and then Li,O,,
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reactions 2 and 3,'® or may attack the CO group of the amide,
yielding a tetrahedral intermediate, reaction 4, followed by a 6-
membered cyclic transition state to form a carbon radical,
reaction 5.*”* The resulting carbon-centered radical 1 can
react with DMF and O,.* Reaction with an O, molecule,
reaction 6, leads to the peroxo radical 2, which proceeds via a
dimer**° to the alkoxy radical 3 and further to the inter-
mediate 4 and formaldehyde. Subsequent reaction with O,/
0,°7, reaction 9, results in formation of HCO,Li, CO,, H,O,
and NO. Reaction of intermediate 1 with another DMF mole-
cule can form acetamide and intermediate 4, reaction 10. This
can be followed by oxidative decomposition,*”**! reaction 11.
Li,CO; can form by reactions 12 and 13, as described pre-
viously.*”**** The absence of CO, in the DEMS on discharge
is likely due to its rapid consumption upon evolution by
reactions 12 and 13. It should be noted that the initial attack on
the DMF molecule could come from LiO, instead of O,°".
Scheme 1 is in accord with detection of the final products,
Li,0,, Li,CO;, HCO,Li, CH;CO,Li, CO,, H,O, and NO, by
FTIR, PXRD, NMR, and DEMS.

B CONCLUSIONS

Reactions occurring at the O, cathode in a Li—O, cell on
cycling in a dimethylformamide-based electrolyte have been in-
vestigated with a range of techniques including FTIR, powder
X-ray diffraction, 'H solution NMR, and in situ differential
electrochemical mass spectrometry. The first discharge—charge
cycle is dominated by reversible Li,O, formation/decomposi-
tion, associated with a 0.9 V gap between charge and discharge.
However, 'H NMR and differential electrochemical mass spec-
trometry indicate a very minor degree of electrolyte decom-
position, even on the first discharge. Decomposition increases
on cycling, such that after five cycles there is a significant
presence of Li,CO3;, HCO,Li, and CH;CO,Li in the cathode at
the end of discharge. Li,CO; is not completely oxidized on
charging, in accord with previous results,>> and hence, the
residual Li,CO; accumulates on cycling, likely increasingly blocking
the electrode surface, in accord with the observed capacity
fading. A reaction scheme is presented for decomposition of
dimethylformamide due to reaction with reduced O, species.
The stability of dimethylformamide in a Li—O, cell is superior
to organic carbonates and to a range of linear and cyclic ethers,
both of which show a greater degree of electrolyte decom-
position on the first discharge. Nevertheless, it may be concluded
that the stability of dimethylformamide toward reduced oxygen
species is not sufficient for a rechargeable nonaqueous Li—0, cell.
DMEF is also not sufficiently stable toward Li metal for operation in
a Li—0, cell. However, the Li anode could be protected by a Li*
conducting ceramic, like LISICON, to mitigate reaction between it
and the electrolyte, something that may be required in any case
(ie, regardless of the electrolyte stability) to avoid reaction
between the anode and O,. The search for a stable electrolyte for
the Li—O, cell remains an important task.

B ASSOCIATED CONTENT
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Experimental procedure, 'H solution NMR, in situ DEMS of
the second cycle in LiClO, in DMF, FTIR spectra, 'H solution
NMR, and in situ DEMS of carbon electrode cycled in LiTFSI
in DMF; FITR spectra, PXRD patterns, and 'H NMR of
electrodes discharged in DMA and NMP. This material is
available free of charge via the Internet at http://pubs.acs.org.
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