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V!1).141 The limiting current density is the current density that
is reached when the reaction at the electrode is totally
controlled by mass transport. Under these conditions, the
current is determined by the rate of diffusion of the reactant to
the electrode and becomes independent of the applied potential
(i.e. a plateau is reached and J ¼ JD). The kinetic current density
is the current in the absence of mass-transfer limitations. JK can
be calculated using the Koutecky–Levich equation (eqn (4)):

1

J
¼ 1

JK
þ 1

JD
¼ 1

JK
þ 1

Bðu1=2Þ
(4)

JK ¼ nFkf(E)C0 (5)

B ¼ 0.62nFC0D0
2/3n!1/6 (6)

whereu is the angular velocity of the rotating disk electrode, n is
the number of electrons that is exchanged during the reaction, F
is the Faraday constant (96 485 C mol!1 e!), kf is the electron
transfer rate constant (at a certain potential E), C0 is the bulk
concentration of O2, n is the kinematic viscosity of the electro-
lyte and D0 is the diffusion coefficient. JK and n can be deter-
mined from the intercept and the slope of the plot of J!1 versus
u!1/2, respectively.61 The value of n provides information about
the selectivity of the electrocatalyst. For the ORR, n ¼ 2 corre-
sponds to the reduction of O2 toH2O2, while n¼ 4 corresponds to
the reduction of O2 to H2O. Higher ORR activity of electro-
catalysts can be paired with higher (less negative) onset poten-
tials and with higher limiting current densities. However, it has
to be taken into account that the limiting current densities
depend on the number of exchanged electrons (eqn (6)). Thus, a
lower limiting current density does not necessarily mean that the
catalyst is less active as it might be observed with a catalyst that is
very active and selective in promoting a reaction where a lower
number of electrons is exchanged (e.g. the two-electron reduction
of O2 to hydrogen peroxide). The activity of different electro-
catalysts can also be compared on the basis of their kinetic
current density, under the condition that this is measured at the
same potential for all electrocatalysts and with the same rotation
speed of the electrode. This potential is typically chosen in the
region where the reaction is completely determined by its
kinetics or in the mixed kinetic-diffusion region.61

Linear sweep voltammetry (LSV) is the most widely used
technique to investigate the performance of electrocatalytic
materials. This technique can be complemented by cyclic vol-
tammetry (CV), which can provide information on the redox
behaviour of the electrocatalysts in the presence of O2 or other
molecules, including potential poisoning species (see also
Section 4.2). Typical LSV curves for Pt/C and N-doped graphene
or graphene oxide are given in Fig. 22. N-doped carbon mate-
rials may show slower ORR kinetics when compared to the
much more expensive and better optimized Pt/C
(Fig. 22A),35,61,71,76,77,95 but there are also doped carbon materials
that reach higher current densities than Pt/C, though their
onset potential is still lower (Fig. 22B).28,29,42,54,78,93,122 The
performance of Pt/C in the two cases differs because a different
rotation speed and a different commercial Pt/C catalyst was

used. Most published N-doped carbon materials have inter-
mediate n values (2.3–2.8) leading to high selectivities towards
hydrogen peroxide. A low selectivity towards water results in less
electricity generation and more corrosion problems caused by
the presence of hydrogen peroxide. On the other hand, these
catalysts can nd application in the cogeneration of hydrogen
peroxide and electricity under electrochemical reaction condi-
tions.135 Higher selectivities towards water (n > 3.8) have been
achieved only recently.28

It is important to note that the activities of N-doped carbon
materials differ in acidic and in alkaline environment, as shown
in Fig. 23.71 In general, N-doped carbons are more or equally
active compared to Pt/C in alkaline environment, but less active
in acidic media (though still better than undoped carbon mate-
rials).71 Two possible hypotheses are proposed here for this
phenomenon: (1) the carbon materials are less stable under
acidic conditions as oxidation might occur and their surface area
could decrease through a structure deterioration; and (2) since
the N atoms in the carbon matrix are basic sites, they might
coordinate with protons, affecting the electron-donor capacities
of the carbon material and thus its ORR activity.32 More studies
are necessary to further investigate these hypotheses.

It was experimentally observed that several parameters
determine the ORR activity of N-doped carbon materials, the
most important being the surface area, the degree of graphiti-
zation, the number of edge sites and the position of N within
the carbon material.

Fig. 22 (A) LSV curves of graphene oxide, N-graphene oxide, Fe–N
graphene oxide and Pt/C (HiSPEC 3000) in 0.1 M KOH with a scan rate
of 0.01 V s!1 and a rotation rate of 1600 rpm. Reproduced from ref. 61;
and (B) LSV curves of graphene (red), Pt/C (E-TEK) (green) and N-
graphene (blue) in 0.1 M KOH with a scan rate of 0.01 V s!1 at 1250
rpm. Reprinted with permission from ref. 42. Copyright© [2010]
American Chemical Society.
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fundamental mechanism of O2 reduction in the presence of Li+ and
the formation of Li2O2, as well as the mechanism of Li2O2 oxidation
on charging. Recent detailed electrochemical investigations have
probed the influence of salt and solvent on the O2 reduction reac-
tion (ORR) [4,9,27]. In situ Raman microscopy and mass spectrom-
etry have also been applied [3,28], which offer the important
benefit of identifying directly the species involved in the reactions
(intermediates and products) on discharge and charge.

The current consensus from the various studies is that the
mechanism of O2 reduction on discharge is:

O2 þ e" ! O"2 ð1aÞ
O"2 þ Liþ ! LiO2 ð1bÞ
2LiO2 ! Li2O2 þ O2 ð1cÞ

However, other studies suggest the occurrence of direct reduc-
tions [4,9]:

LiO2 þ Liþ þ e" ! Li2O2 ð1dÞ
Li2O2 þ Liþ þ e" ! 2Li2O ð1eÞ

Reaction (1d) occurs at lower voltages than 1(a) [28] and there
has to date been incomplete evidence for the formation of Li2O.

For the oxygen evolution reaction (OER) gas analysis from
charging of Li2O2 shows that the oxidation of Li2O2 follows:

Li2O2 ! 2Liþ þ 2e" þ O2 ð2Þ

The reaction course on charging is not the reverse of discharge;
the latter involves O"2 as an intermediate, whereas from the evi-
dence provided from the experiments so far performed, the former

does not. The strongest confirmation is from the utilisation of
propylene carbonate (PC) as the electrolyte [3,28]. As discussed
in further detail later, PC is unstable in the presence of O"2 leading
to by-products including CO2 [29]. Because of the absence CO2 de-
tected during the charging of Li2O2 in PC, it can be inferred that no
O"2 is generated during the charging process. Furthermore in situ
Raman (Fig. 2), shows no signal pertaining to O"2 or LiO2 during
the charging of Li2O2 on Au [28].

4. Challenges for the O2-cathode

The challenges for the O2 cathode are shown in Fig. 3. A typical
O2-cathode is comprised of a carbon black mixed with a polymeric
binder. The porous carbon O2-cathode is required to ensure a large
electrolyte/electrode surface area and accommodate the insoluble
discharge product (Li2O2), as well as to facilitate oxygen diffusion
to the reaction site through the cathode film. In addition, the por-
ous carbon network must provide enough conductivity to deliver
electrons to the reaction site efficiently with low overall imped-
ance. A homogenous distribution of a nano-sized catalyst may also
be required to maximise the performance by increasing the round-
trip efficiency by lowering the voltage gap between charge and dis-
charge processes; however this has been challenged recently as
discussed below. For practical Li–O2 cells an exterior O2 permeable
membrane is required to prevent the ingress of water and carbon
dioxide, whilst still allowing the free passage of oxygen. Progress
on membrane development is reported in recent reviews [1,17].
Alternatively the Li–O2 cell could be used without a membrane if
O2 gas is obtained from an air stream scrubbed of H2O and CO2.
Such engineering solutions would lead to the lowering of possible
energy storage of the final system.

5. The electrolyte

The electrolyte is currently the biggest obstacle to progress in
Li–O2 cells. Understanding, controlling and hence eliminating side
reactions is a significant undertaking. The electrolyte must be sta-
ble to O2 and its reduced species, as well as the LixOy compounds
that form on discharge; it must exhibit sufficient Li+ conductivity,
O2 solubility and diffusion to ensure satisfactory rate capability,
as well as wet the electrode surface and possess low volatility to
avoid evaporation at the cathode.

Table 1
Data for several electrochemical reactions that form the basis of energy storage
devices.

Battery Cell
voltage
(V)

Theoretical
specific energy
(W h kg"1)

Theoretical
energy density
(W h L"1)

Today’s Li-ion 3.8 387 1015
½C6Li + Li0.5CoO2 = 3C + LiCoO2

Li metal/LiCoO2 3.9 534 2755a

½Li + Li0.5CoO2 = LiCoO2

Li–O2 (non-aqueous)
2Li + O2 = Li2O2 3.0 3505 3436b

(Li + Li2O2)
4Li + O2 = Li2O 2.91 5220 3819c

(Li + Li2O)

a Density of LiCoO2 = 5.16 kg L"1 [18].
b Based on the sum of the volumes of Li at the beginning and Li2O2 at the end of

discharge.
c Based on the sum of the volumes of Li at the beginning and Li2O at the end of

discharge.

Fig. 1. The non-aqueous lithium–oxygen cell.

Fig. 2. In situ SERS during O2 reduction and re-oxidation on Au in O2-saturated
0.1 M LiClO4–CH3CN. Spectra collected at a series of times and at the reducing
potential of 2.2 V vs. Li/Li+ followed by other spectra at the oxidation potentials
shown. The peaks are assigned as follows: (1) C–C stretch of CH3CN at 918 cm"1, (2)
O–O stretch of LiO2 at 1137 cm"1, (3) O–O stretch of Li2O2 at 808 cm"1, (4) Cl–O
stretch of ClO"4 at 931 cm"1. Figure reproduced with permission from Ref. [28],
! 2011 Wiley.

2 L.J. Hardwick, P.G. Bruce / Current Opinion in Solid State and Materials Science xxx (2012) xxx–xxx

Please cite this article in press as: Hardwick LJ, Bruce PG. The pursuit of rechargeable non-aqueous lithium–oxygen battery cathodes. Curr. Opin. Solid State
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downshifting of the 2D and G bands without using expensive

ARPES. It has been reported that adsorption of free radicals

results in n-type doping of graphene.73

Graphene could also be n-doped by the substrate of SiO2
36,74

or silicon carbide (SiC)21,41 on which epitaxial graphene were

grown. And the doping effect may be dependent on the inter-

action with the substrate.75 So that it is important to choose the

proper substrate for graphene devices.76

4. Substitutional doping

4.1. p-Type doping

It is worth recalling that one route for modifying the electronic

properties of materials is the addition of electron donors or

acceptors, which is a well known procedure in semiconductor

technology. Compared to carbon, nitrogen has one additional

electron and boron lacks one. When nitrogen atoms are incor-

porated into the basal plane of graphene, they denote electrons

into graphene leading to n-type doping of graphene, which will

be discussed later. As expected, graphene doped with boron

would exhibit p-type behavior39 and boron doped GNRs would

be a semiconductor.77 Boron doped graphene has been synthe-

sized by Panchokarla et al.51 using arc discharge of graphite

electrodes in the presence of H2, He, and diborane (B2H6). XPS

demonstrates that B is bonded to the sp2 carbon network and the

doping level is about 1.2–3.1%, slightly different to 1.0–2.4%,

confirmed by electron energy loss spectroscopy (EELS). The

intensity ratio of the Raman D band and G band (ID/IG) is higher

than undoped graphene and the G band shifts to higher

frequency as a result of B doping. The B-doped graphene exhibits

higher conductivity and the Fermi level shifts 0.65 eV below the

Dirac point by calculations indication the p-type doping of

graphene.

Recently, a large-area atomic thick film of h-BNC consisting of

hybridized hexagonal-BN (h-BN) and C (graphene) domains has

been prepared by a CVD method using methane and ammonia

borane (NH3–BH3) as precursors and a copper substrate as

a catalyst.78 Pure h-BN and pure graphene domains randomly

distributes in h-BNC and their compositions can be tuned by

changing the ratio of the gas concentration, therefore, h-BNC

with different band gaps are obtained. Because of its unique

properties, it will have many potential applications in electronics.

4.2. n-Type doping

Single-layer and few-layer nitrogen doped graphene sheets have

been synthesized by a chemical vapor deposition (CVD) method

with NH3 as the nitrogen source and their electrical properties

were investigated.79 The nitrogen atoms are substitutionally

incorporated into the basal plane of graphene in the forms of

‘‘pyridinic’’, ‘‘pyrolic’’ and ‘‘graphitic’’ nitrogen bonding config-

urations revealed by X-ray photoelectron spectroscopy (XPS),

which is illustrated in Fig. 5a. The ‘‘pyridinic’’ and ‘‘pyrolic’’

nitrogen may lie at the edge or the defect sites and the ‘‘graphitic’’

nitrogen refers to the nitrogen replacing carbon in graphene

plane. The ‘‘graphitic’’ nitrogen is dominating and the doping

level is about 8.9%, which can be controlled by the ratio of NH3

and CH4 in the feedstock. As a result of nitrogen doping, there

are many ripples in the graphene sheets and high density of D

bands in Raman spectra in most samples.

Field-effect transistors based on pristine graphene and N-

doped have been fabricated. Compared with pristine graphene,

N-doped graphene behaves like an n-type doped semiconductor

with lower conductivity, lower mobility (about 200–450 cm2

V!1 s!1) and larger on/off current ratio (Fig. 5b to 5d). The

foreign nitrogen atoms may release electrons into graphene and

modify the electronic structure of it, leading to n-type doping of

graphene and opening the band gap.

Nitrogen species can also be incorporated into the graphene

plane through thermal annealing of graphene oxide (GO) in

ammonia (Fig. 6a).10 It is demonstrated that ammonia reacts

with oxygen functional groups in GO, giving rise to pyridinic and

quaternary N-doped graphene during annealing (Fig. 6b), and

GO is reduced simultaneously. The highest doping level is about

Fig. 4 The conductivity (s) versus gate voltage (Vg) curves for the

pristine sample and three different concentrations of potassium doped

graphene taken at 20 K in ultrahigh vacuum (UHV). Reprinted with

permission from ref. 67, copyright 2008, Nature Publishing Group.

Fig. 5 (a) A schematic representation of the N-doped graphene. (b)

Transfer characteristics of the pristine graphene and the N-doped gra-

phene. (c) and (d) Ids/Vds characteristics at various Vg for the pristine

graphene and the N-doped graphene FET device, respectively. The insets

are the presumed band structures. Reprinted with permission from

ref. 79, copyright 2009, American Chemical Society.

This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 3335–3345 | 3339
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V!1 s!1) and larger on/off current ratio (Fig. 5b to 5d). The

foreign nitrogen atoms may release electrons into graphene and

modify the electronic structure of it, leading to n-type doping of

graphene and opening the band gap.
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with oxygen functional groups in GO, giving rise to pyridinic and
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pristine sample and three different concentrations of potassium doped

graphene taken at 20 K in ultrahigh vacuum (UHV). Reprinted with
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different kinds of nitrogen impurities. For graphene and CNTs, it
was found that mainly three types of bonding may occur: (i)
direct substitution (graphitic N), (ii) the pyridinic configuration,
and (iii) the pyrrolic structure. Figure 1 shows a variety of
possible configurations of the nitrogen impurities in graphene.
Each of these configurations affects the electronic and transport
properties of the functionalized material rather differently. In the
graphitic configuration, three nitrogen valence electrons form
three σ-bonds, one electron fills the π-states, and the fifth
electron enters the π*-states of conduction band, providing a
strong n-doping effect.6,25 However, the situation becomes more
complicated for pyridinic and pyrrolic environments, and the
implication of the simple tight-binding model does not predict
any charge transfer effect for such impurities.25 On the other
hand, DFT calculations for CNTs show a lowering of the Fermi
level for pyridinic and adatom configurations (p-doping), and a
rising in the case of graphitic N26,27 (n-doping). Graphitic N also
effectively increases metallicity of CNTs.27 Recent DFT calcula-
tions of N-graphene revealed p-type doping for pyridinic and
pyrrolic nitrogen in graphene,28 although the charge transfer per
N atom is much smaller than in the case of graphitic N.
Theoretical studies of the charge transport in N-graphene show
that graphitic nitrogen induces n-type conductivity, preserving
high mobility of charge carriers due to no defect formation upon
direct substitution,6 which is important for high speed electro-
nics. Thus, graphitic nitrogen may be considered as the most
efficient n-doping impurity among other bonding environments.

A few approaches have been devised recently for the synthesis
of N-graphene. These are graphene electrothermal reaction with
ammonia,14 nitrogen plasma treatment of graphene,9,18,29 chemi-
cal vapor deposition (CVD) of hydrocarbons in the presence of
ammonia,11,15,30 CVD with pyridine and other organic
molecules,17,31 CVD with liquid precursors,10 and other
methods.7,16,32 In the present work, we discuss in detail the
growth and electronic properties of quasi-freestanding N-gra-
phene, prepared in situ by CVD from triazine molecules. This
approach allows us producing single-layer graphene of high
quality, thus enabling the first extensive exploration of the
N-graphene band structure with photoemission (PE) and
X-ray absorption techniques.
Experimental Methods. The studied N-graphene samples

were prepared in situ by CVD of s-triazine (HCN)3molecules on
the Ni(111) surface. For the spectroscopic experiments, we
prepared Ni(111) films with a thickness of ∼10 nm grown
epitaxially on the W(110) substrate in ultrahigh vacuum
conditions.33 The high crystalline quality of the studied samples
was inferred from the sharp low energy electron diffraction
(LEED) patterns observed in all cases. After preparing the
Ni(111) surface, an N-graphene layer can be grown on top by
CVD of (HCN)3molecules. Usually, we performed the synthesis
at a vapor pressure of s-triazine of ∼1 ! 10"6 mbar in the
temperature range of 540"635 !C and exposing it for ∼30 min.
The exception was a time-dependent photoemission study when
the pressure was reduced to∼1.5! 10"8 mbar in order to slow
down the reaction and for safe operation of the spectrometer. In
the incipient reaction of s-triazine molecules with the Ni(111)
surface, a graphene monolayer, containing a variety of nitrogen
atom environments, is formed. Note that at these conditions the
graphene growth is self-limited to one atomic layer.34"36 In order
to explore the electronic properties of this system we performed
angle-resolved and core-level photoemission (ARPES and
XPS) and X-ray absorption (NEXAFS) experiments at various

facilities: (i) Elettra, at the spectromicroscopy instrument with
microspot ARPES (μARPES),37 (ii) BESSY, at the beamline
U49-2 PGM1 (time dependent XPS analysis), (iii) at the Russian-
German beamline (XPS andNEXAFS) andUE52, and (iv) at the
UE112-lowE-PGM beamline with a Scienta R8000 spectrometer
(ARPES). μARPES and ARPES measurements were performed
at room temperature. To estimate the atomic concentration of
nitrogen embedded into the graphenematrix, we analyzed relative
intensities of the C 1s and N 1s peaks (C/N ratio). The base
pressure of the experimental chamber was 2! 10"10 mbar, while
pressure in the s-triazine dosing line was 2 ! 10"7 mbar.
Results and Discussion. We begin with the time-dependent

photoemission experiments where the synthesis procedure is
combined with the data acquisition process. Using this approach,
we can follow the evolution of the N-graphene formation in real
time starting from the appearance and dissociation of the first s-
triazinemolecules at theNi(111) surface to the final construction
of the N-graphene layer. For this experiment, a freshly prepared
Ni(111) surface was stabilized at room temperature first. Then
(HCN)3 molecules were introduced into the chamber. The
partial pressure of s-triazine was adjusted to ∼1.5 ! 10"8 mbar
using a leak valve. Later on, the temperature of the substrate was
gradually increased from 20 to 630 !C . During the whole
synthesis procedure the C 1s and N 1s electron emission signals
were recorded and are depicted in Figure 2a,b, respectively.
A closer look at the evolution of the photoemission signal

reveals the following details: (i) room temperature adsorption of
s-triazine molecules leads to a manifold structure of the C 1s
spectra where mainly two spectral features labeled as c1 and c2 are
distinguished. The first N 1s spectra exhibit a dominant feature n1
that is accompanied by a shoulder at higher binding energy (BE).
This demonstrates that the s-triazine molecules attach in various
ways to the Ni(111) substrate. (ii) Upon increasing the tem-
perature gradually to ∼250 !C, both C 1s and N 1s photoemis-
sion signals exhibit noticeable changes. The intensity of c1 and c2
features is decreased and their energy position is shifted to higher
BE. This is accompanied by the appearance of a distinct peak at
∼283.5 eV. The shoulder n2 at ∼397.3 eV is now turned into a
well-defined peak, while the intensity of the n1 feature is reduced
and subsequently disappears from the N 1s spectra. This clearly
indicates a dissociation of the s-triazine molecules on the hot
Ni(111) substrate and an appearance of atomic C and N and
different molecular fragments. A detailed exploration of this stage
will be the subject of forthcoming studies, similar to that
performed for the graphene on Ir(111) system.38 (iii) Upon

Figure 1. Possible configurations of nitrogen impurities in graphene:
(1) substitutional or graphitic N, (2) pyridine-like N, (3) single N
pyridinic vacancy, (4) triple N pyridinic vacancy, (5) pyrrole-like, (6)
interstitial N or adatom, (7) amine, (8) nitrile.
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• оптимизация сборки ячейки для in situ исследований 
• исследование морфологии продуктов восстановления 
кислорода на графеновом электроде
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Figure 2. Pressure time profile of single shots as a function of the pulsed valve aperture time measured with
a fast and miniaturized EPX pressure gauge at the sample position. Inset graph shows the pressure time
profile inside the electron analyzer, measured with a hot cathode, produced by a single shot (3.2 ms aperture
time). Measurements were performed with a needle-sample distance of 2 mm and a gas pressure behind the
valve of 3.5 bar.

2.3.1 Pressure time profile

Figure 2 shows the single shot pressure time profiles at the sample surface as a function of the
pulsed valve aperture time. The distance between the sample and the needle tip and the valve inlet
gas pressure were fixed to 2 mm and 3.5 bar respectively. The gas used was O2. An aperture time
of few “ms” produces a burst of pressure at the sample surface in the range of few tenths of mbar.
By changing the valve aperture time in fraction of “ms”, significant variations of the outgoing jet
pressure have been observed. As it is shown in the inset in figure 2, a 3.2 ms pulse, corresponding
to a 10 mbar shot at the sample, does not overcome the pressure limit in the electron detector
region of the HEA (⇠ 2⇥10�5 mbar) and can be considered the upper limit for the valve aperture.
The injected amount of gas by each jet corresponds to a dosage of 103–104 mbar*sec. As shown
in the figure 2, after few seconds, the background pressure in the main chamber recovers below
10�6 mbar. Pulses repeated with a frequency of 0.35 Hz with a 3.2 ms aperture time never exceed
the background pressure limit in steady state conditions. The system has demonstrated a high level
of reproducibility of the parameters over long periods (> 7 h) of operation.

No significant changes in the performance of the system have been observed by changing the
valve inlet gas pressure by +/- 0.5 bar.
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Figure 1. (a) Scheme of SPEM and experimental set-up for the DHP experiments. The X-ray beam is
focused by X-ray optics (zone plate and OSA) to a sub-microspot at the sample. Both the electron analyzer
and the DHP system (pulsed valve and needle) are aligned at 30� with respect to the surface of the sample
while the X-ray beam is normal. (b) DHP pressure schematized time profile at the sample. Each shot from
the valve produces a “ms” burst of pressure that rapidly drops at the UHV scale.

Zone Plate (ZP) optics. An Order Sorting Aperture (OSA) positioned between the sample and the
ZP selects the first diffraction order and removes the undesired orders. The focal distance of the
ZP, i.e. the optimal distance between the ZP and the sample is determined by the ZP parameters
(diameter and outermost zone size) and the photon energy [15]. Usual focal distances range from
5 to 15 mm imposing severe geometrical constraints to any additional device that needs to be posi-
tioned close to the sample surface. The hemispherical electron analyzer (HEA), in fact, is oriented
with a take-off angle of 60� with respect to the beam direction, a geometrical setup which strongly
enhances the surface sensitivity of the microscope, and the distance between sample and its first
lens is approximately 25 mm.

The SPEM can operate in two modes: imaging and spectroscopy. In the first mode the dis-
tribution of an element constituent of the sample is mapped by synchronized scanning the sample
with respect to the focused photon beam and collecting photoelectrons within a selected electron
kinetic energy window, corresponding to the electron level of the element of interest. Multichannel
electron detector, where each channel measures electrons with specific kinetic energy, defined by
the selected energy window, allows simultaneous collection of images equal to the number of the
channels (48 in our case). This adds a spectro-imaging option, i.e. the reconstruction of the spec-
trum corresponding to the covered energy window from a selected micro-area and a selective map-
ping of different chemical states [16]. The second mode is the microprobe spectroscopy providing
spectroscopic information from the selected spot onto the sample with high spectral resolution.

Recently, thanks to the improvement in the quality of the focusing optics, nanostructures below
50 nm have been mapped and characterized by microprobe XPS with an overall spectral resolution
better than 200 meV.

2.2 Dynamic High Pressure Set-up for spectroscopy and spectromicroscopy measurements

The DHP system uses a highly collimated gas jet, as a supersonic jet expansion into a vacuum
chamber [17], to confine the gases into a narrow beam pointing to the sample surface. The high
pressure volume is limited within a small region near the sample using a pulsed jet instead of a
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Результаты и выводы
•   Отработана методика переноса графена на твердый электролит без 
потери целостности и метод его очистки; 

•   Оптимизирована конструкция и процесс сборки электрохимической 
ячейки с твердым электролитом; 

•  Исследована морфология продуктов восстановления кислорода на 
графеновых электродах различной слойности, и графена, окисленного 
атомарным кислородом.
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Нерешенные проблемы
•   Разработка метода анализа кинетики образования продуктов 
восстановления; 

•  Влияние давления О2 на химический состав продуктов восстановления.



Публикации
• Участие в научной школе “Углеродные нанотрубки и графен: новые 

горизонты” 1-6 декабря 2015 г. (постерный доклад)

Дальнейшие планы
• Синтез N-легированного графена путем обработки эпитаксиального 

графена N-плазмой; 
• Отработка синтеза S-графена, подбор прекурсора и условий; 
• Исследование реакций восстановления кислорода на 

твердотельных ячейках с легированным графеном при давлениях 
О2 0.1 - 1 мбар. 

• Перенос графена на дисковые электроды, исследование реакций 
восстановления кислорода на вращающемся дисковом электроде; 

• Тестирование установки для DEMS.

• Подготовка публикации по теме магистерской диссертации “The role 
of carbon defects in electrochemical steps of Li-ORR/OER”
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Участие в конференциях
30 ноября - 4 декабря 2015 
Научная школа “Углеродные нанотрубки и графен - 
новые горизонты”
Москва

15 - 17 июня 2016 
6th Baltic Electrochemistry Conference: Electrochemistry 
of functional interfaces and materials
Helsinki

15

Учебная нагрузка
• Прослушивание курсов по философии науки и английскому языку, 

сдача экзаменов кандидатского минимума (весенний семестр);  
• Прослушивание спецкурсов (3 зачетные единицы, весенний семестр); 
• Прослушивание курсов по педагогике (весенний семестр).
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compared to!2.88 eV/Li for Li2O. For LiO2, the predicted ΔG
at ambient conditions is found to be !2.61 eV/Li, and thus is
thermodynamically much less preferable compared to Li2O and
Li2O2 as the temperature is raised (Figure 4).
The relative thermodynamic stability of the bulk oxides of

lithium are found to be modestly dependent on the phonon
contributions to the free energy, as shown in Figure 4. Compared
to peroxide (Li2O2) and superoxide (LiO2), the highly stable
Li2O phase in the antifluorite structure has fewer phonon
contributions to its Gibbs free energy of formation, leading to
its modest thermal stability over the other compounds. From
Figure 4, the thermodynamic instability of the LiO2 is shown to
be driven by the entropy contribution from its crystal lattice
vibrations. A similar trend is also found in Li2O2 (Figure 4), and
this common characteristic might be attributed to the higher
average phonon frequencies coming from theO!O contribution
to their phonon density of states (Figure 3). This suggests that
the existence of O2molecular features in Li2O2 and LiO2 will lead
to thermodynamic instability in these ionic molecular solids at
ambient pressures if the system temperature is increased. This
might be the main reason why the existence of the oxygen-rich
Li2O2 and LiO2 solid phases is not preferred at high temperature,
which is consistent with experimental observation of the thermal
decomposition of Li2O2 into Li2O at∼570 K.52 In the absence of
a catalyst, we suspect that the O2 molecular feature, which has
substantially larger phonon energy (Figure 4) especially in LiO2
phase, will ultimately hinder the reaction rate for the natural
formation of this crystalline phase at ambient conditions.
Free Energies of Formation and Equilibrium Potentials of a

Reversible Li!O2 Cell at Variable Oxygen Pressures.Overall, we

find that the trends in ΔG of these LixOy(s) solids due to the
changes inPO2

(Figure 5a), together with system temperature, can
be described qualitatively by Le Châtelier’s principle. Changes in
the oxygen gas concentration or oxygen gas partial pressure of the
reactants subsequently will alter the thermodynamic equilibrium
of a system, as defined in eq 5. According to Le Châtelier’s
principle, an increase in PO2

(i.e., an increase in applied pressure or
an increase in oxygen concentration) will shift the equilibrium to
the side that would reduce that change in the system, and is thus
thermodynamically preferable toward the formation of these
LixOy(s) solids with higher oxygen content, as defined in eq 5.
Similarly, this also holds for the reverse process (i.e., a decrease in
PO2

). As shown in Figure 5a, the thermally less favorable oxygen-
rich compounds (Li2O2 and LiO2) are particularly more sensitive
to the changes in oxygen chemical potentials (μO2

) through the
variation in O2 partial pressure at any given temperature. In an
O-poor environment (i.e., low oxygen chemical potential), the
Li2O(s) is the most preferable condensed solid phase at room
temperature (Figure 5a). Assuming a negligible change in volume
at a realistic range of oxygen pressures, all the oxides (Li2O(s),
Li2O2(s), and LiO2(s)) are found to be thermodynamically more
favorable to form at high oxygen chemical potential (i.e., O-rich
environment at high PO2

with PO2
> 1.0 atm). Despite the induced

instability of theO!Ophonons (Figure 4), an excess of oxygen in
the stoichiometry for Li2O2(s) and LiO2(s) is stabilized at high
oxygen chemical potentials (O-rich environment). At T = 298 K,
the cross over between Li2O(s) and Li2O2(s) is found to take place
at PO2

∼ 10 atm (Figure 5a). Consequently, the stability of
Li2O2(s) would be enhanced over the Li2O(s) as oxygen pressure is
shifted toward the O-rich region, while for LiO2(s), the cross over

Figure 5. (a) The calculated Gibbs free energy of formation (per unit formula) ΔG (eV/Li) of Li2O (red), Li2O2 (orange), and LiO2 (green) with
(filled circles) and without (hollow circles) oxide compound phonon contributions atT = 298 K as a function of oxygen partial pressure (in atm), within
the range of PO2

= 1.0" 10!15 to 10 atm, where the approximations of eqs 1!3 hold. (b) The predicted electromotive force, e.m.f. (E in V), as a function
of oxygen partial pressure, PO2

(in atm) within a range of PO2
= 1.0" 10!15 to 10 atm, at room temperature (T = 298 K), derived fromΔG with (filled

circles) and without (hollow circles) oxide compound phonon contributions, relative to the values that obtained from the analytical equation
(diamonds), i.e., E = E0 ! (RT/nF) ln(Qa), where E

0 is the DFT values with phonon contributions. The range covered by the dotted blue lines
corresponds to the reported open-circuit voltages, V0 of 2.9!3.0 V measured experimentally in Li!O2 cells.

4,10 The E0 (in V) is the computed
equilibrium potential for Li2O (E0 = 2.88 V), Li2O2 (E

0 = 2.86 V), and Li2O2 (E
0 = 2.61 V) at T = 298 K and PO2

= 1.0 atm based on DFT values with
phonon contributions that follow eqs 1!3.
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between LiO2(s) and Li2O(s) is unlikely at PO2
< 10 atm. We thus

predict that for lithium metal!oxygen (Li(s)!O2(g)) electroche-
mical couples, the dominant chemical reactions are limited to the
formation of Li2O(s) and Li2O2(s) within a realistic T and PO2

range, but not the LiO2(s).
To derive the equilibrium potentials of an ideal Li!O2 cell,

one has to consider the overall reactions of lithiummetal!oxygen
(Li!O2(g)) electrochemical couples as follows:

2LiðsÞ þ 1
2
O2ðgÞ T Li2OðsÞ, ΔGLi2OðT, PO2Þ

2LiðsÞ þ O2ðgÞ T Li2O2ðsÞ, ΔGLi2O2ðT, PO2Þ

LiðsÞ þ O2ðgÞ T LiO2ðsÞ, ΔGLiO2ðT, PO2Þ ð5Þ

where the Gibbs free energy of formation,ΔG, of these oxides can
be a function of temperature (T) and oxygen partial pressure
(PO2

) when interacting with two bulk reservoirs, Li-metal and an
ideal gas-like O2 environment. In thermodynamic equilibrium,
the electromotive force (e.m.f., E), or the open-circuit voltage of
the cell reactions in Li!O2 batteries, can be correlated with the
equilibrium cell potentials (E0) of Li(s)!O2(g) electrochemical
couples at standard conditions according to the Nernst equation,
E0 = !(ΔG0/ne), where n is the number of electrons (e)
transferred in the process. At ambient conditions (i.e., T = 298 K,
1.0 atm), the overall formation of Li2O(s), Li2O2(s), and LiO2(s)
are found to be strongly exothermic (i.e.,ΔG< 0) (Figure 4) with
corresponding E0 values of 2.88, 2.86, and 2.61 V, respectively.
For E0 of Li2O2(s) (i.e., 2.86 V), our value is larger than the values
reported by Hummerlshøj et al.13 and Xu et al.,36 i.e., 2.47 and
2.70 V, respectively. Our theoretical values are in reasonable
agreement with known standard thermodynamic data,12 2.91 V
(Li2O(s)) and 2.96 V (Li2O2(s)), and with the experimental open-
circuit voltage (V0) of∼2.9!3.0 V that is typically measured in a
Li!O2 battery operated at 1.0 atm O2 pressure.

4,10 With this
agreement, it is fairly reasonable to assert that the equilibrium
potentials (or the open-circuit potential) measured in the
experiment4,6,10 are very likely due to the formation of Li2O(s)
and Li2O2(s), rather than the formation of LiO2(s).
To predict the oxygen pressure dependence of the e.m.f. or

open-circuit voltage of a reversible Li!O2 cell at thermodynamic
equilibrium, eqs 1!3, combined with the reaction stoichiome-
tries given in eqs 5, are consistent with the following simple
analytical relation:53 E = E0! (RT/nF) ln(Qa).Qa, which defines
the reaction quotient in terms of activities from the above
reactions (eqs 5), can be simplified to Qa ∼ 1/PO2

(1/2) (Li2O)
andQa∼ 1/PO2

(Li2O2 and LiO2). Here, the Li is assumed to be
present in the solid state, so the activities are unity, and the
activities of the O2 gas can be represented by the partial pressure
if the gas pressure is low in the ideal Li!O2 cell. Thus, by
knowing the E0 of a system at a given temperature and pressure
(see the DFT + phonon predictions above), the e.m.f. of a
reversible Li!O2 cell accompanying the changes in oxygen
pressure can be predicted.
Overall, the e.m.f of a reversible Li!O2 cell is predicted to be

increased (Figure 5b) as PO2
is increased, due to the enhanced

stability of Li2O(s), Li2O2(s), and LiO2(s) in oxygen-rich environ-
ments. Relative to Li2O2(s) and LiO2(s), the e.m.f of Li2O(s) is less
sensitive to the variation of oxygen pressure. For the DFT results,
which include the oxide compounds’ phonon contributions, the
e.m.f values are overall smaller than the values without phonon

contributions. In addition, as shown in Figure 5b, one can safely
disregard LiO2 as the discharge product due to its substantially
lower in e.m.f values. On the other hand, this suggests that both
Li2O and Li2O2 are the most probable chemical reaction
products in the Li!O2 cell at thermodynamic equilibrium, since
both predicted e.m.f values are within the range of reported V0 at
T = 298 K and PO2

= 1.0 atm. However, since this is only a simple
thermodynamic model, the ultimate determination of the actual
discharge products of operating Li!O2 cell remains a subject for
further studies, as the influence of catalyst, electrolyte, and
heterogeneous triple boundary interfaces of electrolyte, electro-
des, and gas have yet to be addressed.

4. SUMMARY

In conclusion, DFT is used together with classical statistical
mechanical analyses to investigate the thermodynamic stability of
bulk crystalline LiO2, Li2O, and Li2O2 as a function of the oxygen
environment. This is relevant to the basic bulk lithiummetal!oxy-
gen gas electrochemical couples found in the lithium!air (Li!O2)
battery. The following important conclusions can be drawn:
1. The results indicate that lithium peroxide (Li2O2(s)) and

superoxide (LiO2(s)) are likely to be stable only under O2-
rich conditions with high oxygen partial pressures (PO2

),
whereas Li2O is the most stable at ambient conditions. The
trends in the density functional calculated equilibrium
potential for of an ideal reversible Li!O2 couple can be
described by an analytical equation as a function of pressure
and temperature.

2. As part of this work, we have calculated the structure and
thermodynamics for lithium superoxide. It is found be
stable with respect to lattice vibrations with an O!O
stretching vibrationmode very similar to that of the isolated
LiO2molecule and theO2

! ion radical, suggesting that bulk
LiO2 is an ionic molecular solid.

3. On the basis of comparison of our calculated open-circuit
voltage with the experimental open-circuit voltages found
in Li!air cells, we find the most probable chemical reaction
products of an operating Li!O2 cell are Li2O and Li2O2,
but not LiO2.
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Механизмы электрокатализа
1. Ускорение лимитирующей стадии  
(O2(адс) + e- ⟹ О2-)

Электронная структура электрода:
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Scheme S2.  The transfer of eg electron during O2
2-/OH- 

displacement drives the reaction forward.  The rate-limiting 

step of the ORR is the surface hydroxide displacement.  The 

kinetics of this step is determined by the driving force from the 

transfer of a σ* electron to an O-O orbital. 

	
  
molecule overlaps the O-2ps orbital more strongly than the overlap
between the t2g and O-2pp orbitals, suggesting that the filling of
eg rather than t2g of the B-ion should more accurately determine
both the energy gained by adsorption/desorption of oxygen on B
ions and the ORR activity if such an adsorption/desorption
process was involved in the rate-limiting step of the ORR. This
conjecture is supported by the correlation between increasing eg
filling and decreasing onset temperature for oxygen release
(measured by O2 temperature-programmed desorption), in the
order LaCrO3 (eg¼ 0) . LaMnO3 (eg¼ 1) ≈ LaCoO3 (eg ≈ 1) ≈
LaNiO3 (eg ≈ 1) . LaFeO3 (eg¼ 2)29, which is indicative of the
strength of bonding between B-site cations and oxygen. We have
taken into account whether partial substitution on the A or B
sites features charge compensation via oxygen vacancy or changing
of the B-ion valency in the eg calculation of surface B ions, deter-
mined from a combination of literature data, thermogravimetry
and XAS (Supplementary Figs S3,S4 and Table S1). Plotting
ORR activity as a function of eg-filling produces a definitive
volcano plot (Fig. 2a) with a voltage span of 0.25 V, which corre-
sponds to a change of "4 orders of magnitude in intrinsic ORR
activity (using an "60 mV/decade Tafel slope.)

Proposed ORR mechanism
We explain the volcano trend in the oxide ORR activity as follows.
Too little eg-filling in La1–xCaxCrO3 (t 2g

3 eg
0 for x¼ 0, t 2g

2.5eg
0 for x¼

0.5) can result in B–O2 bonding that is too strong, whereas too

much eg-filling in La1–xCaxFeO3 (t2g
3 e2

g for x¼ 0, t2g
3 eg

1.75 for x¼
0.25, t2g

3 eg
1.5 for x¼ 0.5) and La1þxNiO3þx [(LaNiO3)1–x(La2NiO4)x,

with (1–x) t2g
6 eg

1þ x t2g
6 eg

2] can lead to an O2 interaction that is too
weak; neither situation is optimum for ORR activity. On the
other hand, a moderate amount of eg-filling ("1) in La1–xCaxMnO3
(t2g

3 e1
g for x¼ 0, t2g

3 eg
0.5 for x¼ 0.5), LaCoO3 (t2g

5 eg
1) and LaNiO3 (t2g

6 eg
1)

yields the highest activity. The striking correlation between eg-filling
and four orders of magnitude of ORR activity suggests that the
eg-filling represents a unifying and primary descriptor for the
ORR activity of these oxides. The importance of eg-filling also
explains the origin of the peaks at high-spin d4 and low-spin d7 in
the M plot of ORR activity versus the number of d electrons
(Fig. 1d): both have eg-filling ≈ 1. The M shape thus arises from
the spin-state transition on the B ions from high spin (d , 6) to
low spin (d . 6).

The importance of a single eg electron for ORR catalysis can be
molecularly explained by the previous proposal that competition
between the O2

2–/OH2 displacement (Step 1) and OH2 regener-
ation (Step 4) on the surface of transition-metal ions is rate-limiting
for ORR in an alkaline solution30 (Fig. 3). In this scheme, B is a tran-
sition-metal cation with an eg electron ordered into an orbital
directed towards the surface OH2 ion. As a first order of approxi-
mation, the kinetics of the O2

2–/OH2 exchange can be rationalized
in terms of the energy gained by breaking the B–OH2 bond to form
B–O2

2–. The presence of a single eg (Supplementary Scheme S2) rep-
resents a s* electron that can serve to destabilize the B–OH2 bond
and promote the O2

2–/OH2 exchange reaction. The displacement
of the OH2 ion that encounters a s* electron in the B–OH2

bond by the O2þ e2 (or O2,ads
2) species removes the highly ener-

getic s* electron from the B–OH2 bond to give a more stable
B–O2

2 configuration. If the eg electron filling is more than 1 (the
right branch in Fig. 2a), the O2

2–/OH2 exchange does not gain
sufficient energy during the displacement and the ORR kinetics
can be limited by the rate of the O2

2/OH exchange (Step 1).
In contrast, if there is less than one eg electron on the B cation
(the left branch in Fig. 2a), the B–O2 is not sufficiently destabilized
and the ORR kinetics can instead be limited by the rate of surface
OH2 regeneration (Step 4).

Although our observation of the importance of s*-electron
transfer to O2 in ORR activity is in qualitative agreement with the
previous hypothesis of Matsumoto et al.18–20, our work offers a
quantitative correlation between the eg-filling of surface transition-
metal ions and intrinsic ORR activity of up to four orders of mag-
nitude, and predicts eg ≈ 1 to be key for developing the highest
activity. In addition, an important distinction of our analysis is
the assumption of a localized eg electron in an orbital directed
towards an O2 molecule from the surface B cations instead of
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Figure 2 | Role of eg electron on ORR activity of perovskite oxides.
a, Potentials at 25mA cm22

ox as a function of eg orbital in perovskite-based
oxides. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, grey;
Co, green; Ni, blue; mixed compounds, purple), where x¼0 and 0.5 for Cr,
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22/OH2 exchange. O, B and H atoms are
coloured red, blue and green, respectively.
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As DEO is a good descriptor of the ORR activity of a given
surface, the question arises as to which property of the
catalyst determines it. It is well-established in the literature of
surface science and heterogeneous catalysis that surface bond
energies correlate with the average energy of the d states on
the surface atoms to which the adsorbate binds (the d-band
center).[18–25] This conclusion also holds for bonding of oxygen
to the Pt3M alloys, as illustrated in Figure 3. Similar effects

have been observed for PtACHTUNGTRENNUNG(111) with a 3d transition metal in
the second layer, or for Pt ACHTUNGTRENNUNG(111) overlayers on 3d metals.[26,27]

The origin of this relationship is as follows: The variation
in the oxygen–metal bond from one transition-metal surface
to the next depends to a large extent on the strength of the
coupling between the oxygen 2p states and the metal d states.
This coupling forms bonding and antibonding states as
illustrated in Figure 3b–d. The bonding states are filled, and
the filling of the antibonding states, and thus the strength of
the interaction, varies from surface to surface. In a metallic
environment the filling depends on the position of the states
relative to the Fermi level. An upward shift of the d states
relative to the Fermi level must therefore result in an upward
shift of the antibonding states, leading to less filling and thus
to a stronger bond. For Pt overlayers or other structures
involving bonding of oxygen to Pt, in which other factors that
determine the coupling strength are approximately the same,
this effect leads to the relationship shown in Figure 3.

Unlike the oxygen bond energy, which is hard to measure,
the d-band center is accessible experimentally. We measured
it for all of the alloys by using synchrotron-based high-
resolution photoemission spectroscopy, a methodology pre-
viously described.[28] Measurement of the d-band centers

allows us to directly correlate the variations in the catalytic
activity for the ORR with the variations in the surface
electronic structure. As summarized in Figure 4, the activity

(A) versus d-band center position at 0.9 V exhibits a classical
volcano-shaped dependence, which agrees very well with the
activity predicted from DFT calculations. For catalysts that
bind oxygen too strongly, the rate is limited by the removal of
surface oxide, while for catalysts that bind oxygen too weakly,
the rate is limited by the transfer of electrons and protons to
adsorbed O2.

Note that a shift in the d states can also often be measured
as a core-level shift, as the d states and the core levels shift
together.[20] This effect can explain the correlations between
ORR activity and the surface core-level shifts observed by
Watanabe and co-workers.[29]

In summary, we have established how alloying Pt with
3d transition metals tunes the electronic structure to change
the performance of an alloy for the ORR, and we have thus
developed a model for the electrocatalytic activity of a metal
surface for this process. The activity is given by the strength of
the oxygen–metal bond interaction, which in turn depends on
the position of the metal d states relative to the Fermi level. In
this way we have established a new approach for the screening
of new catalysts for the ORR, by looking for surfaces that
bind oxygen a little weaker than Pt or, specifically for Pt skins,
by looking for surfaces with an upward shift of the Pt d states
relative to the Fermi level.

Experimental Section
DACAPO, the total energy calculation code,[30] was used in this study.
For all calculations, a four-layer slab, periodically repeated in a
supercell geometry with six equivalent layers of vacuum between any
two successive metal slabs, was used. A 2 ! 2-unit cell was employed,
and the top two layers of the slab were allowed to relax. Adsorption
was allowed on only one of the two surfaces exposed, and the
associated dipole was corrected for electrostatically.[31] Ionic cores
were described by ultrasoft pseudopotentials,[32] and the Kohn–Sham
one-electron valence states were expanded in a basis of plane waves
with kinetic energy below 340 eV; a density cutoff of 500 eV was used.
The surface Brillouin zone of close-packed metal surfaces was

Figure 3. a) The correlation between the d-band center and the oxygen
adsorption energy. The d-band center was calculated (DFT) as the
average for the Pt atoms in the two top layers. b) sp-broadened
2p orbital for O(g), c) projected p density of states of oxygen atoms on
Pt ACHTUNGTRENNUNG(111), and d) projected d density of states of Pt ACHTUNGTRENNUNG(111).

Figure 4. Activity versus the experimentally measured d-band center
relative to platinum. The activity predicted from DFT simulations is
shown in black, and the measured activity is shown in red.
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One prediction of the model is that Pt binds oxygen a little
too strongly, and finding a better electrocatalyst for the ORR
thus amounts to finding a surface that binds oxygen more
weakly than Pt does by about 0.2 eV. To test this prediction,
we calculated DEO for the (111) surfaces of a series of Pt3M
alloys with pure Pt in the first layer and only 50% Pt in the
second layer to model the enrichment of Pt in the surface
layer and the depletion of Pt in the next layer (the slabs thus
retain bulk Pt3M stoichiometry). The composition of the
second layer can vary modestly from one alloy to the next for
the different metals (see Reference [16] for a discussion of Pt–
Fe, Pt–Co, and Pt–Ni alloy segregation). However, the
calculated binding energies are not highly sensitive to such
changes; changing the composition of M in the second layer
from 50% to 25%, for example, changes binding energies by
only approximately 0.05 eV for M=Fe, Co, and Ni. Thus, our
simple stoichiometric model should be accurate for determin-
ing the trends in activities. These data, plus the corresponding
activity predictions of the model, are shown in Figure 2.
Clearly, the alloy surfaces form weaker bonds to oxygen than
pure Pt, and the predicted activities (relative to pure Pt) are
compatible with the experimental measurements that are also
included in the figure. Experiment and theory agree almost
quantitatively, but this excellent agreement in the relative
rates is not the most significant point. Rather, we stress that
we have a model of the ORR that accurately predicts trends

in the catalytic activity; when appropriate models are
employed, DFT calculations are known to be capable of
reproducing such trends quite well.[17]

AsDEO is a good descriptor of the ORR activity of a given
surface, the question arises as to which property of the
catalyst determines it. It is well-established in the literature of
surface science and heterogeneous catalysis that surface bond
energies correlate with the average energy of the d states on
the surface atoms to which the adsorbate binds (the d-band
center).[18–25] This conclusion also holds for bonding of oxygen
to the Pt3M alloys, as illustrated in Figure 3. Similar effects

have been observed for Pt(111) with a 3d transition metal in
the second layer, or for Pt(111) overlayers on 3d metals.[26,27]

The origin of this relationship is as follows: The variation
in the oxygen–metal bond from one transition-metal surface
to the next depends to a large extent on the strength of the
coupling between the oxygen 2p states and the metal d states.
This coupling forms bonding and antibonding states as
illustrated in Figure 3b–d. The bonding states are filled, and
the filling of the antibonding states, and thus the strength of
the interaction, varies from surface to surface. In a metallic
environment the filling depends on the position of the states
relative to the Fermi level. An upward shift of the d states
relative to the Fermi level must therefore result in an upward
shift of the antibonding states, leading to less filling and thus
to a stronger bond. For Pt overlayers or other structures
involving bonding of oxygen to Pt, in which other factors that
determine the coupling strength are approximately the same,
this effect leads to the relationship shown in Figure 3.

Unlike the oxygen bond energy, which is hard to measure,
the d-band center is accessible experimentally. We measured
it for all of the alloys by using synchrotron-based high-
resolution photoemission spectroscopy, a methodology pre-

Figure 2. Model of the activity (A=kBT ln(r), where r is the rate per
surface atom per second) at a cell potential of 0.9 V shown (g, *)
as a function of the adsorption energy of oxygen, DEO. On the left side
of the plot, the rate is limited by removal of adsorbed O and OH
species; immediately to the right of the maximum, the rate is limited
by O2 dissociation; and on the extreme right, the limiting step is
protonation of adsorbed O2. Also shown in red are the measured
activities relative to that of Pt. The activity of the experiment is
A=kBT ln(i/iPt)+APt, where i/iPt is the current density relative to Pt,
and APt is the theoretical value for the activity of Pt. It is assumed that
the number of active sites per surface area is the same for Pt and all
the alloys. A factor of two in the preexponential factor would give rise
to a difference of only !0.02 eV (kBT ln2) in the activity. Changes in
coverage for the different alloys are not considered. See text for details.
The predictions of the model for Pt3M (M=Ni, Co, Fe, Ti) alloys are
shown relative to the predictions for Pt at the DFT-calculated values of
DEO.

Figure 3. a) The correlation between the d-band center and the oxygen
adsorption energy. The d-band center was calculated (DFT) as the
average for the Pt atoms in the two top layers. b) sp-broadened
2p orbital for O(g), c) projected p density of states of oxygen atoms on
Pt(111), and d) projected d density of states of Pt(111).
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fundamental mechanism of O2 reduction in the presence of Li+ and
the formation of Li2O2, as well as the mechanism of Li2O2 oxidation
on charging. Recent detailed electrochemical investigations have
probed the influence of salt and solvent on the O2 reduction reac-
tion (ORR) [4,9,27]. In situ Raman microscopy and mass spectrom-
etry have also been applied [3,28], which offer the important
benefit of identifying directly the species involved in the reactions
(intermediates and products) on discharge and charge.

The current consensus from the various studies is that the
mechanism of O2 reduction on discharge is:

O2 þ e" ! O"2 ð1aÞ
O"2 þ Liþ ! LiO2 ð1bÞ
2LiO2 ! Li2O2 þ O2 ð1cÞ

However, other studies suggest the occurrence of direct reduc-
tions [4,9]:

LiO2 þ Liþ þ e" ! Li2O2 ð1dÞ
Li2O2 þ Liþ þ e" ! 2Li2O ð1eÞ

Reaction (1d) occurs at lower voltages than 1(a) [28] and there
has to date been incomplete evidence for the formation of Li2O.

For the oxygen evolution reaction (OER) gas analysis from
charging of Li2O2 shows that the oxidation of Li2O2 follows:

Li2O2 ! 2Liþ þ 2e" þ O2 ð2Þ

The reaction course on charging is not the reverse of discharge;
the latter involves O"2 as an intermediate, whereas from the evi-
dence provided from the experiments so far performed, the former

does not. The strongest confirmation is from the utilisation of
propylene carbonate (PC) as the electrolyte [3,28]. As discussed
in further detail later, PC is unstable in the presence of O"2 leading
to by-products including CO2 [29]. Because of the absence CO2 de-
tected during the charging of Li2O2 in PC, it can be inferred that no
O"2 is generated during the charging process. Furthermore in situ
Raman (Fig. 2), shows no signal pertaining to O"2 or LiO2 during
the charging of Li2O2 on Au [28].

4. Challenges for the O2-cathode

The challenges for the O2 cathode are shown in Fig. 3. A typical
O2-cathode is comprised of a carbon black mixed with a polymeric
binder. The porous carbon O2-cathode is required to ensure a large
electrolyte/electrode surface area and accommodate the insoluble
discharge product (Li2O2), as well as to facilitate oxygen diffusion
to the reaction site through the cathode film. In addition, the por-
ous carbon network must provide enough conductivity to deliver
electrons to the reaction site efficiently with low overall imped-
ance. A homogenous distribution of a nano-sized catalyst may also
be required to maximise the performance by increasing the round-
trip efficiency by lowering the voltage gap between charge and dis-
charge processes; however this has been challenged recently as
discussed below. For practical Li–O2 cells an exterior O2 permeable
membrane is required to prevent the ingress of water and carbon
dioxide, whilst still allowing the free passage of oxygen. Progress
on membrane development is reported in recent reviews [1,17].
Alternatively the Li–O2 cell could be used without a membrane if
O2 gas is obtained from an air stream scrubbed of H2O and CO2.
Such engineering solutions would lead to the lowering of possible
energy storage of the final system.

5. The electrolyte

The electrolyte is currently the biggest obstacle to progress in
Li–O2 cells. Understanding, controlling and hence eliminating side
reactions is a significant undertaking. The electrolyte must be sta-
ble to O2 and its reduced species, as well as the LixOy compounds
that form on discharge; it must exhibit sufficient Li+ conductivity,
O2 solubility and diffusion to ensure satisfactory rate capability,
as well as wet the electrode surface and possess low volatility to
avoid evaporation at the cathode.

Table 1
Data for several electrochemical reactions that form the basis of energy storage
devices.

Battery Cell
voltage
(V)

Theoretical
specific energy
(W h kg"1)

Theoretical
energy density
(W h L"1)

Today’s Li-ion 3.8 387 1015
½C6Li + Li0.5CoO2 = 3C + LiCoO2

Li metal/LiCoO2 3.9 534 2755a

½Li + Li0.5CoO2 = LiCoO2

Li–O2 (non-aqueous)
2Li + O2 = Li2O2 3.0 3505 3436b

(Li + Li2O2)
4Li + O2 = Li2O 2.91 5220 3819c

(Li + Li2O)

a Density of LiCoO2 = 5.16 kg L"1 [18].
b Based on the sum of the volumes of Li at the beginning and Li2O2 at the end of

discharge.
c Based on the sum of the volumes of Li at the beginning and Li2O at the end of

discharge.

Fig. 1. The non-aqueous lithium–oxygen cell.

Fig. 2. In situ SERS during O2 reduction and re-oxidation on Au in O2-saturated
0.1 M LiClO4–CH3CN. Spectra collected at a series of times and at the reducing
potential of 2.2 V vs. Li/Li+ followed by other spectra at the oxidation potentials
shown. The peaks are assigned as follows: (1) C–C stretch of CH3CN at 918 cm"1, (2)
O–O stretch of LiO2 at 1137 cm"1, (3) O–O stretch of Li2O2 at 808 cm"1, (4) Cl–O
stretch of ClO"4 at 931 cm"1. Figure reproduced with permission from Ref. [28],
! 2011 Wiley.
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with an equilibrium cell DU0 voltage for standard conditions
at 25 oC of:

�U0 à
��G
nF

à 1:23 V ÖEqn:3Ü

The equilibrium cell voltage is the difference of the equilib-
rium electrode potentials of cathode and anode which are de-
termined by the electrochemical reaction taking place at the
respective electrode:

DU0 = U0,c -U0,a (Eqn. 4)

The important anodic and cathodic reactions with their
equilibrium potentials are described in more detail in the next
sections. The basic structure of all fuel cells is similar: the cell
consists of two electrodes which are separated by the electro-
lyte and which are connected in an external circuit. The elec-
trodes are exposed to gas or liquid flows to supply the elec-
trodes with fuel or oxidant (e.g. hydrogen or oxygen). The
electrodes have to be gas or liquid permeable and therefore
possess a porous structure. The structure and content of the
gas diffusion electrodes is quite complex and requires consid-
erable optimization for the practical application. The electro-
lyte should possess a gas permeability as low as possible. For
fuel cells with a proton conducting electrolyte (PEMFC, pro-
ton exchange membrane fuel cell), hydrogen is oxidized at
the anode (according to the following equation) and protons
enter the electrolyte and are transported to the cathode:

H2Æ 2H+ + 2e± (Eqn. 5)

At the cathode the supplied oxygen reacts according to:

O2 + 4e±Æ 2O2± (Eqn. 6)

Electrons flow in the external circuit during these reac-
tions. The oxygen ions recombine with protons to form water:

O2±+ 2H+ÆH2O (Eqn. 7)

The reaction product of this reaction is water, which is
formed at the cathode in fuel cells with proton conducting
membranes. It can be formed at the anode, if an oxygen ion
(or carbonate) conducting electrolyte is used instead, as is the
case for high temperature fuel cells.

1.3 Operation of a fuel cell

1.3.1 Basics

A fuel cell is an electrochemical cell whereby each electro-
chemical reaction is characterized by the thermodynamic
equilibrium potential described by the Nernst equation. Even
under no-current conditions the voltage of a fuel cell can be
lower than the thermodynamic value due to mixed potential
formation and other parasitic processes. Thus the open circuit
voltage can be lower than the Nernstian value. When current
flows, a deviation from the open circuit voltage occurs corre-
sponding to the electrical work performed by the cell. The de-
viation from the equilibrium value is called the overpotential
and has been given the symbol g. One of the reasons for the
deviation of the potential from the equilibrium value is the fi-
nite rate of the reaction at the electrodes. For a redox reaction
at one electrode the current density (j) is given by the Butler-
Volmer equation:

j=j0 {exp(aAFg/RT)-exp(-aCFg/RT)} (Eqn. 8)

with j0 the exchange current density, aA and aC the transfer
coefficients for the anodic and cathodic reaction, respectively,
and g the overpotential to drive the reaction. This equation
holds when the charge transfer dominates the reaction at
small values of j and g.

Other limiting factors such as mass transport hindrance
are present in real systems and are described in terms of po-
tential losses. A current density versus overpotential plot for
measured half-cell reactions is shown in Figure 2. As can be
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Fig. 1 Schematic drawing of a hydrogen/oxygen fuel cell and its reac-
tions based on the proton exchange membrane fuel cell (PEMFC).

Fig. 2 The dependence of the current density versus potential for anode
and cathode reaction. Measured potential dependence regarding hydro-
gen oxidation and oxygen reduction from air in a membrane electrode as-
semblie (MEA). Electrolyte: Nafion 117, Pt/C-catalysts.

R
EV
IE
W
/
O
V
ER
V
IE
W

6 FUEL CELLS 2001, 1, No. 1

Carette et al. // Fuel cells 1 2001

водные 
среды

апротонные 
среды



C
N, B, S…
H

Катоды: Pt vs C

O2 ⟹ 2Oадс

2Oадс + 2Н2О + 4е- ⟹ 4ОН⁻Pt
O2 + e- ⟹ O2⁻

O2⁻ + Н2О + e- ⟹ HO2⁻ + OH⁻C

0.1 M LiClO4 в ДМЭ, 100 об/мин, 20 мВ/с
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ABSTRACT: We report the intrinsic oxygen reduction
reaction (ORR) activity of polycrystalline palladium, plati-
num, ruthenium, gold, and glassy carbon surfaces in 0.1 M
LiClO4 1,2-dimethoxyethane via rotating disk electrode
measurements. The nonaqueous Li+-ORR activity of these
surfaces primarily correlates to oxygen adsorption energy,
forming a “volcano-type” trend. The activity trend found on
the polycrystalline surfaces was in good agreement with the
trend in the discharge voltage of Li-O2 cells catalyzed by
nanoparticle catalysts. Our findings provide insights into
Li+-ORR mechanisms in nonaqueous media and design of
efficient air electrodes for Li-air battery applications.

Rechargeable Li-air batteries have the potential to provide
3!5 times the gravimetric energy density of conventional

Li-ion batteries.1!3 To make Li-air batteries practical for com-
mercial applications, many issues4,5 still need to be addressed,
including low electrolyte stability, poor round-trip efficiency, rate
capability, and cycle life.

Research efforts toward better understanding of the oxygen
reduction reaction (ORR) mechanism and the design principles
of highly active ORR catalysts are critical to improve the dis-
charge performance, which directly affects the deliverable gravi-
metric energy and power of Li-air batteries.4,6 Nanometer-scale
catalysts based on precious metals (Au, 2.8 VLi at 100 mA
g!1

carbon or 0.04mA cm!2
geo;

7 Pd, 2.87 VLi at 0.12mA cm!2
geo

8)
are reported to have higher discharge voltages than metal oxides
(e.g., α-MnO2, 2.75 VLi at 70 mA g!1

carbon;
2 Fe2O3, 2.6 VLi at 70

mA g!1
carbon

9). However, it is difficult to correlate reported
geometric and carbon-mass-normalized currents of these cata-
lysts to the intrinsic ORR activity such as true-surface-area-
normalized ORR currents and ORR catalyst-mass-normalized
currents of these catalysts. This is because the catalyst particle
sizes and catalyst loadings can be significantly different among
these studies. Further complication arises from the fact that
carbonate-based electrolytes used in these studies2,7!9 are un-
stable against ORR reaction intermediates such as superoxide
(O2

!) and form species such as lithium carbonate instead of
lithium peroxide or oxides expected for Li+-ORR.10!16 The
parasitic reactions between the ORR intermediates and the
carbonate-based solvents can greatly influence the discharge
voltages and hamper the development of highly active catalysts
for Li+-ORR in stable electrolytes necessary for rechargeable
Li-air batteries.

In this study, we have performed systematic ORR studies on
four different polycrystalline metal catalysts, palladium (Pd),
platinum (Pt), ruthenium (Ru), and gold (Au), as well as glassy
carbon (GC) via rotating-disk electrode (RDE) in 0.1 M LiClO4
in 1,2-dimethoxyethane (DME). Previous studies on ORR
electrocatalysis in aqueous electrolytes have shown that the
activity can be governed by the oxygen binding to the catalyst
surface.17!20 In this report, the activity trend for Li+-ORR on
these surfaces is correlated with oxygen adsorption energy, which
can serve as a predictive tool for the design and screening of
highly active catalysts. In addition, the activity trend obtained on
these polycrystalline surfaces translates well to that of high-
surface-area thin-film catalysts supported on GC electrode via
RDE and early discharge voltages of the Li-O2 cells.

DME was used as the solvent to study the ORR activity, as it
is reasonably stable during ORR, unlike carbonate-based sol-
vents.6,10,21,22 The stability of DME in the operation window in
this study (3.1 to 2.0 VLi) is within the stable window of DME
reported by Aurbach et al. (4.5 to 1.0 VLi on Pt).23 In addition,
Figure S1 in the Supporting Information (SI) shows that there is
no significant reaction current associated with Pt, oxygen, and
DME in the potential range of 3.1 to 2.0 VLi, and the O2/O2

!•

redox couple is stable and reversible on Pt electrode in
DME. Furthermore, it does not poison Pt for ORR, and DME
has minimal interactions with the Pt surfaces (Figure S2), unlike
PC shown in our previous work.24 All the RDE measurements
reported herein were collected from a three-electrode cell
with O2-saturated 0.1 M LiClO4 ion DME (Novelyte USA, H2O
<20 ppm) in a water-free glovebox (H2O < 0.1 ppm, O2 < 1%).

Figure 1. Background- and IR-corrected specific ORR polarization
curves of polycrystalline Pd, Pt, Ru, Au, and GC surfaces in O2-saturated
0.1 M LiClO4 in DME at 100 rpm and 20 mV s!1.
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curves on the pristine graphene (CVD-G) and the Pt disk elec-

trode (Eco Chemie, Netherlands) are also shown. All the gra-

phene samples, with or without N incorporation, show a poor

ORR activity with high onset potential (!0.3 V) as compared to

Pt disk. Nevertheless the CNx graphene exhibits somehow

enhanced ORR activity with faster increase of current density (j)

above the potential of !0.6 V, in the order of GN12 > GN9 >

GN6 > CVD-G. As shown in the inset of Fig. 6a, a steeper slope

demonstrates better ORR activity. Note that the ORR activity of

CNx-graphene is not proportional to the total amount of the

incorporated N. Despite having lower N content, GN12 elec-

trode (2.2 at.%) shows better ORR activity than that of GN6

electrode (16 at.%). Recent DFT calculation shows that the

incorporated N itself is not the active site for ORR, but the C

atom adjoining a N atom has a reduced energy barrier to ORR.41

Doping of electronegative N atoms reduces the electron density

of C atoms that bond with N atoms and polarizes the C atoms

into C(d+), making it easy for adsorption of the O2 (O–O)

molecule, which is the first step in the ORR process.41,42 Subse-

quent electron transfer between C(d+) and O–O will result in

formation of radical anions.41,42 However, since O2 molecule has

high density of O lone pair electrons, the polarized pyridinic

N(d!), with high density of N lone pair electrons, may have

a higher energy barrier for the O2 activation caused by the high

repulsion interaction with the O2 approaching the adjoining

C(d+) atoms.42 Therefore, the balance between the C(d+)–O2 and

N(d!)–O2 interactions would cause an optimized N concentra-

tion for the desired O2 activation.

Fig. 6b shows the RDE voltammograms of oxygen reduction

on GN12 electrode with various rotation speeds (w). Using the

Koutechy–Levich equation,43 the electron transfer numbers were

calculated with the plotting of j!1 vs. w!1/2 (see supporting

information), as shown in the inset of Fig. 6b. At the potential

ranging from !0.4 to !0.6 V, the electron transfer numbers

calculated are close to 2, suggesting the 2 electron (2e) reduction

pathway in the incomplete O2 reduction to hydrogen peroxide

(H2O2). At more negative potentials (<!0.6 V), the H2O2 was

further reduced to H2O.43 Different from the excellent ORR

activity with the 4 electron (4e) reduction pathway from O2

directly to H2O on the N doped carbon nanotubes and graphene

layers reported by other research groups,34,36 the ORR activity of

our CNx graphene with 2e reduction mechanism is much lower.

In their samples, both the pyridinic N and the pyrrolic N were

incorporated, with binding energies located at 398.3 eV and

400.5 eV, respectively.34 According to intensive X-ray absorption

analysis of various N incorporated in carbon nanostructures,

Niwa et al. found that the samples with a relatively larger amount

of graphitic N (X-ray absorption peak at 401.5 eV) exhibit

a higher ORR activity than those with a relatively larger amount

of pyridinic N (X-ray absorption peak at 399.1 eV).39 Recently,

Nagaiah et al. also reported that in carbon nanotubes doped by

various N, graphitic N played a more important role in the

enhanced ORR activity in alkaline solution than the pyridinic

N.40 It seems that our result is a more direct support for the

observation that C–N bonding in pyridinic configuration

may not be an effective promoter for ORR activity. The

above-mentioned repulsion interaction between dense lone pair

electrons in both pyridinic N(d!) and O2 may be partially

responsible for the observed ORR performance of pyridinic N.

There are no such dense lone pair electrons in the graphitic N.7 It

also should be pointed out that different ORR performance in

the literature may partially result from different binding energies

of pyridinic N in different samples, because the reported binding

energies of pyridinic N varied in a wide range of

398.3–399.3 eV.25,28,34,35 Further work in comparing the ORR

activity of the graphene samples with pure pyridinic/pyrrolic/

graphitic N configurations is needed to clarify the origin of novel

ORR activity in N-doped carbon materials.10

Conclusions

Nitrogen-doped single layer graphene (CNx graphene) incorpo-

rated with N percentage up to16% was synthesized by thermal

chemical vapour deposition of hydrogen and ethylene on Cu foils

in the presence of ammonia. The Raman spectroscopy and TOF-

SIMS images show that the incorporated N in graphene is in

Fig. 6 (a) RDE voltammetry curves for the ORR in O2 saturated 0.1 M

KOH at the CVD graphene electrode, CNx graphene electrodes and Pt

disk electrode; the inset shows the enlargement of the curves in the range

of !0.15 to !0.65 V. Electrode rotating rate: 2000 rpm. Scan rate:

0.01 V s!1. (b) RDE voltammetry curves for the ORR at the CNx gra-

phene (GN12) electrode with various rotation speeds; the inset shows the

Koutecky–Levich plots for ORR on CNx graphene (GN12) electrode.
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V!1).141 The limiting current density is the current density that
is reached when the reaction at the electrode is totally
controlled by mass transport. Under these conditions, the
current is determined by the rate of diffusion of the reactant to
the electrode and becomes independent of the applied potential
(i.e. a plateau is reached and J ¼ JD). The kinetic current density
is the current in the absence of mass-transfer limitations. JK can
be calculated using the Koutecky–Levich equation (eqn (4)):

1

J
¼ 1

JK
þ 1

JD
¼ 1

JK
þ 1

Bðu1=2Þ
(4)

JK ¼ nFkf(E)C0 (5)

B ¼ 0.62nFC0D0
2/3n!1/6 (6)

whereu is the angular velocity of the rotating disk electrode, n is
the number of electrons that is exchanged during the reaction, F
is the Faraday constant (96 485 C mol!1 e!), kf is the electron
transfer rate constant (at a certain potential E), C0 is the bulk
concentration of O2, n is the kinematic viscosity of the electro-
lyte and D0 is the diffusion coefficient. JK and n can be deter-
mined from the intercept and the slope of the plot of J!1 versus
u!1/2, respectively.61 The value of n provides information about
the selectivity of the electrocatalyst. For the ORR, n ¼ 2 corre-
sponds to the reduction of O2 toH2O2, while n¼ 4 corresponds to
the reduction of O2 to H2O. Higher ORR activity of electro-
catalysts can be paired with higher (less negative) onset poten-
tials and with higher limiting current densities. However, it has
to be taken into account that the limiting current densities
depend on the number of exchanged electrons (eqn (6)). Thus, a
lower limiting current density does not necessarily mean that the
catalyst is less active as it might be observed with a catalyst that is
very active and selective in promoting a reaction where a lower
number of electrons is exchanged (e.g. the two-electron reduction
of O2 to hydrogen peroxide). The activity of different electro-
catalysts can also be compared on the basis of their kinetic
current density, under the condition that this is measured at the
same potential for all electrocatalysts and with the same rotation
speed of the electrode. This potential is typically chosen in the
region where the reaction is completely determined by its
kinetics or in the mixed kinetic-diffusion region.61

Linear sweep voltammetry (LSV) is the most widely used
technique to investigate the performance of electrocatalytic
materials. This technique can be complemented by cyclic vol-
tammetry (CV), which can provide information on the redox
behaviour of the electrocatalysts in the presence of O2 or other
molecules, including potential poisoning species (see also
Section 4.2). Typical LSV curves for Pt/C and N-doped graphene
or graphene oxide are given in Fig. 22. N-doped carbon mate-
rials may show slower ORR kinetics when compared to the
much more expensive and better optimized Pt/C
(Fig. 22A),35,61,71,76,77,95 but there are also doped carbon materials
that reach higher current densities than Pt/C, though their
onset potential is still lower (Fig. 22B).28,29,42,54,78,93,122 The
performance of Pt/C in the two cases differs because a different
rotation speed and a different commercial Pt/C catalyst was

used. Most published N-doped carbon materials have inter-
mediate n values (2.3–2.8) leading to high selectivities towards
hydrogen peroxide. A low selectivity towards water results in less
electricity generation and more corrosion problems caused by
the presence of hydrogen peroxide. On the other hand, these
catalysts can nd application in the cogeneration of hydrogen
peroxide and electricity under electrochemical reaction condi-
tions.135 Higher selectivities towards water (n > 3.8) have been
achieved only recently.28

It is important to note that the activities of N-doped carbon
materials differ in acidic and in alkaline environment, as shown
in Fig. 23.71 In general, N-doped carbons are more or equally
active compared to Pt/C in alkaline environment, but less active
in acidic media (though still better than undoped carbon mate-
rials).71 Two possible hypotheses are proposed here for this
phenomenon: (1) the carbon materials are less stable under
acidic conditions as oxidation might occur and their surface area
could decrease through a structure deterioration; and (2) since
the N atoms in the carbon matrix are basic sites, they might
coordinate with protons, affecting the electron-donor capacities
of the carbon material and thus its ORR activity.32 More studies
are necessary to further investigate these hypotheses.

It was experimentally observed that several parameters
determine the ORR activity of N-doped carbon materials, the
most important being the surface area, the degree of graphiti-
zation, the number of edge sites and the position of N within
the carbon material.

Fig. 22 (A) LSV curves of graphene oxide, N-graphene oxide, Fe–N
graphene oxide and Pt/C (HiSPEC 3000) in 0.1 M KOH with a scan rate
of 0.01 V s!1 and a rotation rate of 1600 rpm. Reproduced from ref. 61;
and (B) LSV curves of graphene (red), Pt/C (E-TEK) (green) and N-
graphene (blue) in 0.1 M KOH with a scan rate of 0.01 V s!1 at 1250
rpm. Reprinted with permission from ref. 42. Copyright© [2010]
American Chemical Society.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 4085–4110 | 4101
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3.2.2. Rotating disk electrode measurements of
high-surface-area catalysts

An alternative methodology for determining both
i!mð0:9VÞ and i!sð0:9VÞ of high-surface-area catalysts is the
thin-film rotating disk method (TF-RDE) [12,13,25,35].
We will show in the following that the TF-RDE method not
only produces the same activity ranking for different Pt/C
catalysts as was observed for H2/O2 MEA testing (Table 2),
but also results in a quantitative agreement within a factor
of 2 if measurements are taken at comparable temperatures
(60 8C) in non-adsorbing 0.1 M HClO4 electrolyte.
This agreement is quite reasonable, considering the
different nature of the electrolytes (i.e., PFSA ionomers
versus aqueous HClO4). In order to conduct quantitative
measurements, however, the amount of catalyst dispersed
onto the glassy-carbon disk electrode must be known
precisely, while at the same time very low loadings (on the
order of$100 mgcatalyst/cm

2) need to be applied in order to
avoid excessive mass-transport losses in overly thick (i.e.,
>1 mm) catalyst agglomerates deposited on the disk
electrode [13]. If thicker catalyst agglomerates (typically
catalyst with PFSA ionomers as binders) are used [36–38].
the mass-transport characteristics of a rotating disk
electrode are not satisfied anymore, and mathematical
models with many unknown parameters [37,38] (e.g.,
agglomerate structure, diffusivities in ionomer films, etc.)
must be used to quantify catalyst activity, introducing a
large uncertainty in the measured activities (for a more
detailed discussion, see Ref. [13]). Therefore, in the
following described TF-RDE experiments, loadings of
$100 mgcatalyst/cm

2 at ionomer/carbon ratios of<1/1 were
used, resulting in catalyst agglomerate thicknesses of
<1 mm (assuming 50% void volume of the deposited
agglomerates and an ionomer and carbon density of ca.
2 g/cm3), i.e., approximately one order of magnitude
thinner than the mass-transport boundary layer of an RDE

in the O2 reduction activity measurements at 1600 rpm
conducted in this study [39].

Fig. 5 shows an example of the O2-reduction current
densities obtained in 0.1 M HClO4 at 60 8C and 1600 rpm,
using a 20 wt.% Pt/Vulcan (ETEK) catalyst at a loading
of 14.3 mgPt/cm

2. The diffusion-limited current density of
ca. 6 mA/cm2 is in excellent agreement with data obtained
on a smooth polycrystalline Pt-disk electrode under
the same experimental conditions (see Fig. 6b in Ref.
[40]), demonstrating the negligible mass-transport effects
imposed by the ionomer-binder used to ‘‘glue’’ the
catalysts to the glassy-carbon disk [13,35]. While the
lower sweep rate of 5 mV/s offers less interference
from capacitive currents (<4% at 0.9 V), lower activities
corresponding to a 10–15 mV negative potential shift
compared to the activities obtained at 20 mV/s are
observed. Part of this lower activity at 5 mV/s is most
likely due to the hysteresis in the adsorption of oxygen-
containing species on Pt (often referred to as OHads) and
their negative impact on the O2-reduction activity [41–43],
thereby leading to lower activities at lower sweep rates (a
similar phenomenon is observed in PEMFCs, where
activities at 0.9 V show a significant initial time decay,
presumably due to slow Pt-oxide formation [44]). Part of it,
however, may also be due to electrode contamination in
RDE experiments at low sweep rates, produced by trace
impurities in the large excess of electrolyte compared to
the Pt surface area, a problem which becomes more
pronounced when electrodes with very low roughness
factors (rf = ratio of Pt surface area to geometric disk
surface area) are used (e.g., smooth polycrystalline disk
electrodes with rf % 1). The latter trace impurity-related
effects become apparent when subsequent sweeps at 5 mV/
s do not superimpose and/or when diffusion-limited
currents begin to depend on the sweep rate, both of which
is not the case for the measurements in Fig. 5.

H.A. Gasteiger et al. / Applied Catalysis B: Environmental 56 (2005) 9–35 19

Fig. 5. Oxygen reduction current densities on 20% Pt/Vulcan (14.3 mgPt/
cm2) supported on a glassy-carbon disk electrode at 1600 rpm in 0.1 M

HClO4 at 60 8C: sweeps at 5 mV/s (solid line) and 20 mV/s (dashed line;

positive-going sweep only). All potentials are referred to the reversible

hydrogen electrode under the same conditions.

Fig. 6. Specific activities, is, for the ORR at 60 8C on Pt/C catalysts (two

repeats each) supported on glassy-carbon disk electrodes (Pt-loadings
ranging from 12.7 to 14.3 mgPt/cm

2). Data are shown for the positive-going

sweep at 5 mV/s going from 0 to 1.0 V (RHE) in O2-saturated 0.1 M HClO4

at 1600 rpm. Potentials are referred to the reversible hydrogen electrode

under the same conditions.

Fig. 6 shows the specific activities of three different
catalysts (two repeats each) at 5 mV/s in 0.1 M HClO4

at 60 8C, calculated from the experimental data using the
well-known mass-transport correction for rotating disk
electrodes [13]:

ik ¼
idi

id " i
(5)

where i is the experimentally obtained current, id refers to
the measured diffusion-limited current, and ik the mass-
transport free kinetic current. Specific activities can be
determined via calculation of ik using Eq. (5) and normal-
ization with the Pt surface area, APt,cat, and the Pt loading
(both listed in Table 2) [10]. Quite clearly, the specific
activity at 0.9 V of all three catalysts is centered about
200 mA/cm2

Pt, in excellent agreement with the H2/O2

MEA data for the same catalysts listed in Table 2 (last three
columns from the right). While close to theoretical Tafel-
slopes (i.e., 65 mV/dec at 60 8C) are obtained at potentials
between 0.95 and 0.875 V, higher Tafel-slopes are observed
at lower potentials (not shown). This change in slope
indicates the growing inaccuracy of the RDE mass-transport
corrections as the current density approaches the diffusion-
limited current density (this occurs somewhat earlier in the
less ideal case of a TF-RDE configuration compared to a
smooth Pt-disk RDE), and activities are best extracted at
current density values below id/2, where mass-transport
corrections according to Eq. (5) are less than a factor of
2. This requirement is met at 0.9 V for all the catalysts tested
in this study. This is the reason why the choice of 0.9 Vas a
benchmark for catalyst activity should be considered good
practice for both TF-RDE measurements as well as for
H2/O2 MEA measurements, as in either case interferences
from mass-transport-induced losses cannot be unambigu-
ously excluded at the higher current densities observed
below 0.9 V.

From the same experimental data, one can also determine
the mass activities of the catalysts via calculation of ik (Eq.
(5)) and normalization to the Pt-loading. At 0.9 V, the mass
activities of the 46% Pt/C (TKK) and the 20% Pt/Vulcan
(ETEK) catalyst are essentially identical (Fig. 7), while the
mass activity for the 40% Pt/Vulcan (ETEK) catalyst is
clearly a factor of 2 lower. This is not only consistent with
the H2/O2 MEA data (Table 2), but also is in practically
quantitative agreement as can be seen by comparing the
bold-faced entrees in Table 4 (second to last column) with
those in Table 2. While few data in the literature are
published under the same conditions, the last row in Table 4
lists recent literature data under the same conditions on the
20% Pt/Vulcan (ETEK) catalyst [12], showing excellent
agreement with the same catalyst used in our study.

In summary, the benchmark activities for carbon-
supported Pt catalysts determined by either H2/O2 MEA
testing at 80 8C or TF-RDE measurements at 60 8C is in
rather good quantitative agreement. For the state-of-the-art
46% Pt/C catalyst, either method yields a specific activity of

#200 mA/cm2
Pt and a mass activity of 0.16 A/mgPt. In light

of the slightly different temperatures this may be somewhat
counter-intuitive, but can probably be ascribed to the
different time-scales of the experiments (15 min/point for
MEA testing versus 5 mV/s for TF-RDE measurements),
compensating the effect of a higher temperature in MEA
measurements with the effect of slightly reduced activities at
the extended measurement time at a given potential [44]. To
investigate the influence of temperature and the time-scale
effect further, H2/O2 MEA testing is underway [23].
Nevertheless, excellent quantitative comparison between
different catalysts can be obtained by both methods.

3.2.3. Pt-particle size effect observed in RDE
measurements

In order to comprehend the possibility of enhancing
the mass activity of the state-of-the-art 46% Pt/C catalysts
by increasing its Pt surface area beyond 87 m2/gPt, it is
important to determine whether so-called Pt-particle size
effects on the O2-reduction activity play a role in non-
adsorbing electrolytes (i.e., PFSA ionomers and HClO4).
The Pt-particle size effect is well understood in the context
of phosphoric acid fuel cells (PAFCs) and describes the
observation that the specific activity of Pt in phosphoric
acid decreases by a factor of #3 as the Pt-particle size
decreases from 12 to 2.5 nm, while the mass activity shows a
maximum at#3 nm [45], consistent with other reports in the
PAFC literature [14,46]. This effect is generally ascribed to
the impeding effect of specific anion adsorption on different
crystal faces, the distribution of which changes with Pt-
particle size [46]. It is less clear, whether a Pt-particle size
effect also exits in non-adsorbing electrolytes (i.e., in the
PEMFC environment), even though recent data in 0.1 M
HClO4 [14] suggest that a similar variation in specific
activity as well as a mass activity maximum at ca. 3–4 nm

H.A. Gasteiger et al. / Applied Catalysis B: Environmental 56 (2005) 9–3520

Fig. 7. Mass activities, im, for the ORR at 60 8C on Pt/C catalysts (two

repeats each) supported on glassy-carbon disk electrodes (Pt-loadings

ranging from 12.7 to 14.3 mgPt/cm
2). Data are shown for the positive-going

sweep at 5 mV/s going from 0 to 1.0 V (RHE) in O2-saturated 0.1 M HClO4

at 1600 rpm. Potentials are referred to the reversible hydrogen electrode

under the same conditions.

Gasteiger et al // Applied Catalysis B: Environmental 56 2005

RDE: каталитическая активность

E vs log ik

RRDE: промежуточные стадии

Using Rotating Ring Disc Electrode Voltammetry to Quantify the
Superoxide Radical Stability of Aprotic Li−Air Battery Electrolytes
Juan Herranz,*,† Arnd Garsuch,‡ and Hubert A. Gasteiger†

†Institute of Technical Electrochemistry, Technische Universitaẗ München, D-85748 Garching, Germany
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ABSTRACT: Despite the promising high specific energy density of lithium−air
batteries, their commercialization remains hindered by numerous issues, including
the poor stability of the electrolyte due to its reaction with the superoxide radical
(O2

•−) produced upon discharge at the battery’s cathode. In this work, we have
used rotating ring disc electrode (RRDE) voltammetry to study this reaction and
to quantify the stability of the electrolyte against O2

•− by its pseudo-first-order
reaction constant, k. Our results confirm the recently reported reactivity of
propylene carbonate (PC, which was used in many of the initial works on Li−air
batteries), while unveiling the enhanced stability of 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (Pyr14TFSI), with a k value at least 3 orders of
magnitude lower than that estimated in PC. Moreover, our RRDE-transient measurements indicate that the diffusion of O2

•− in
this ionic liquid is ≈70 times slower than that in PC, which could partially explain the poor discharge capacities observed in Li−
air battery tests using Pyr14TFSI.

1. INTRODUCTION
In recent years, concerns about our excessive energy depend-
ence on oil resources and the negative impact of their
combustion products on the environment have boosted the
interest in novel energy production, conversion, and storage
systems. For transportation applications, which account for
≈50% of the overall oil demand,1 electricity storage in lithium-
ion batteries appears as the alternative of choice for a first fleet
of hybrid or even fully electric vehicles. Unfortunately, the
specific energy of fully packaged battery systems based on
lithium-ion batteries (currently at ≈120 Wh/kg with a potential
to reach ≈200 Wh/kg)2 is insufficient for the desired driving
range of at least 300 miles, typical of today’s automotive
systems based on internal combustion engines.2 Alternatively, a
roughly 3-fold greater specific energy (fully packaged battery
system) could be attained by replacing the lithium-intercalation
compounds at the cathode of the Li-ion battery with an air
(O2) electrode,

3 where, upon discharge in aprotic electrolytes,
Li+ ions would react with oxygen to yield Li2O2 and Li2O.

4−6

These discharge products should then get electrooxidized back
into Li+ and O2 upon battery recharge.7

Although doubtlessly rewarding if finally accomplished, the
development of rechargeable Li−air batteries remains hindered
by multiple issues, including their low round-trip efficiency and
rate capability, and a poor cycle life. The latter appears to be
related to the electrolyte instability in lithium−air cathodes
(positive electrodes), which also renders the understanding and
eventual solving of the remaining problems more difficult. As
an example of these difficulties, a number of recent
publications8−10 have dealt with the inadequacy of the
carbonate-based electrolytes used in many of the initial works
on Li−air batteries. These carbonates are now believed to react

with the superoxide radical (O2
•−) produced in the first step of

the cathodic reduction of O2 upon battery discharge,11,12

yielding Li-carbonate, propylene dicarbonate, acetate, and
formate as well as CO2 and H2O

9 instead of the desired
Li2O2 and Li2O products. Moreover, even if the presence of this
superoxide radical in Li+-containing electrolytes remains
hypothetical, the reactivity of tetrabutylammonium-containing
electrolytes (where O2 reduction reportedly results in O2

•−) in
cyclic voltammetry (CV) measurements shows strong analogies
with the nature of the discharge products in the actual Li−O2
battery. Indeed, while in CV tests, dimethoxyethane
(DME)13,14 and propylene carbonate (PC)13 are, respectively,
stable and unstable against O2

•−, upon discharge of Li−O2 cells,
the same electrolytes yield primarily Li2O2

10 or Li-carbonate9

(i.e., using Li+-containing DME of PC). These results suggest
that the reaction of superoxide with the electrolyte does play a
crucial role on the nature of the discharge products, which,
when derived from the chemical decomposition of the
electrolyte, will likely have a negative effect on the recharge
potential, cyclability, and round-trip efficiency of the Li−air
battery.
In addition to the potential reaction between O2

•− and the
electrolyte, the possible degradation of other battery
components, such as the Li anode15 and certain binders used
in typically carbon-based cathodes,16 can negatively affect Li−
air battery cyclability. Furthermore, the presence of atmos-
pheric contaminants, such as H2O

17 and CO2,
18 in the cathode

feed has also been shown to affect the nature of the discharge
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Исследование химических процессов
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• разработаны методики изучения реакционной 
способности графена к О2, Li2O2 и КО2линия RGBL
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Спектроэлектрохимические исследования: 
системы с жидким электролитом
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полиэфирэфиркетона (ПЭЭК) толщиной 1 мм с отверстием, с одном стороны которого 

с помощью эпоксидного клея была вклеена графеновая мембрана (рабочий электрод), 

а в другой стороны помещалась капля ионной жидкости ([EMim]+BF4-), в которую 

окунали платиновую проволоку (противоэлектрод) (Рис. 54). 
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Рис. 52. РФЭ-спектр С 1s ионной жидкости [EMim]+BF4- на подложке из ВОПГ.

Рис. 53. Изображение использованной графеновой мембраны в 
оптическом микроскопе.

Рис. 54. Схема ячейки для изучения интерфейса графен/ионная 
жидкость.
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линия ISISS линия CIRCE

the integral intensity of C 1s line increases (Figure 4d) that is
accompanied by Li 1s intensity fade (see Supporting Information
Figure S6). Further charge occurs at higher potentials and leads
to elimination of the carbonate component in C 1s (Figure 4d)
and continuous fall in Li and O intensities. After the cell
recharge, the total integral intensity of C 1s line that corresponds
to surface concentration of carbon atoms is restored up to its
initial state, indicating full elimination of the discharge products
allowing further charge/discharge cycles (Figure 4d).
The peak of carbonates was found to grow and reach

saturation over one hour during OCP (Figure 5a). Moreover,
the peak intensity ratio of carbonates normalized to sp2 carbon
was not dependent on oxygen concentration, which suggests
that neither oxygen adsorption nor its primary binding with
olefin bonds is rate-limiting and the rearrangement of functional
groups to form Li2CO3 and/or organic carbonate in the

Figure 2. The growth of ORR product layer on the surface of RGO. (a)
The amount of charge Q passed during the cell discharge. (b) The
corresponding voltage profile and discharge current pulses. The colored
circles denote the points when the photoemission spectra were acquired.
(c) The dependence of Li and O surface concentration increments
(circles) and O/Li ratio (dashed line) on the charge passed. (d) O 1s core
level differential spectra obtained by subtraction of the O 1s spectrum of
pristine electrode. Colors of the experimental points designate the time
when the corresponding spectrum was acquired (see panel b). The
contributions at binding energies of 534.9, 531.5, and 532.5 eV are marked
as Li+Ȯ2

− (superoxide), Li2O2/epoxy and carbonate, respectively. (e) The
evolution of the high-resolution C 1s spectrum of a pristine cathode (the
top spectrum) upon the cell discharge. Experimental data are shown as
colored open circles and fitted curves are shown as solid black lines.
Colors of the experimental points denote the discharge capacity shown in
panel b. Spectrum deconvolution is demonstrated for a discharged RGO
cathode; components that essentially increased (carbonate and epoxy) are
filled with pink.

Figure 3. Chemical transformations of superoxide species. The scheme
illustrates chemical processes that are being initiated right after ORR.

Figure 4. Electrochemical and chemical processes occurring during
Li−O2 cell discharge, open circuit, and recharge cycles. (a) The voltage
profile during the experiment. Large overvoltages are observed due to
high impedance of all-solid cathode, solid electrolyte decomposition
was found to be negligible (see Supporting Information Figure S7 for
details). Colored circles denote the points when C 1s spectra were
collected. An inset demonstrates a close-up of open-circuit voltage
profile. (b−d) The evolution of C 1s core level spectra during constant
current discharge, open circuit and recharge, respectively. The colors of
experimental curves correspond to those of the circles in voltage profile.
Arrows show the changes in spectra occurring when time passes. (e,f)
The surface composition during discharge (e) and OCP (f) cycles.
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Спектроэлектрохимические исследования: 
системы с твердым электролитом

Твердый электролит: LAGP, Nafion,… 
Анод: Li, Pt,…

• отработаны методики спектроэлектрохимических 
измерений в литий-кислородной системе и 
водной системе с полимерным электролитом 



Модельная система: графен
• плоская 2D поверхность 
• возможность контроля хим. состава и 

электронной конфигурации примесных 
атомов (РФЭС), электронной 
структуры (ФЭС, NEXAFS, в т.ч. с 
угловым разрешением).

ments of the graphite band structure.26,27 The degraded ap-
pearance of the angle-resolved monolayer spectrum is due,
primarily, to the undulations of the graphene layer, which
produce broader photoemission features than the atomically
flat graphite flakes. Additionally, the monolayer graphene
film is nearly transparent to UV photons and SiO2-emitted
photoelectrons at these energies.28 Thus, our measured
graphene photoemission spectrum contains a nondispersive
SiO2 peak at −7 eV; this feature is in accord with previous
measurements of the amorphous SiO2 band structure.29 De-
spite the relatively large width of the photoemission features
and the presence of SiO2 photoelectrons, we are able to map
out accurately the monolayer dispersion within 5 eV of the
Fermi level due to the large band gap of the SiO2 substrate.
For each of the three principal Brillouin-zone directions
noted above we obtained momentum distribution curves
!MDCs" at 100-meV intervals. These were each fit with a
single Gaussian peak with a maximum uncertainty in posi-
tion of 0.015 Å−1. The peak positions are indicated by blue
circles in Fig. 3!c".

In addition, MDCs taken along principal Brillouin-zone
directions passing through the K point for both graphite and
graphene are shown in Fig. 4. For the case of graphite, we
display the negative second derivative !to enhance the inten-
sity of the peaks" of a spectrum taken vertically through the
K point. In this case the photon energy was adjusted to 84
eV, which results in a perpendicular momentum of kz
#0.05 c! within the graphite bulk, where c! is the graphite
reciprocal-lattice vector associated with the perpendicular di-
rection !kz was calculated using the standard free-electron
approximation of the !ARPES final state30". At this kz, we
access the K point of the three-dimensional !3D" graphite
Brillouin zone, which allows us to resolve the parallel dis-
persing branches representing the split " band associated
with the two inequivalent graphite sublattices. In contrast,
the graphene MDCs did not display any dependence on pho-
ton energy and were always well fit by a single peak, as
expected, since a monolayer graphitic lattice is expected to
have a degenerate spectrum with only one dispersing peak.
The graphene spectrum shown in Fig. 4!c" was taken in the
horizontal or #K direction through the K point. In this direc-
tion only a single dispersing branch of the Dirac cone is

visible due to a photoemission interference effect.27

Note that the graphene MDCs are significantly wider than
the graphite MDCs. In conventional ARPES as well as
!ARPES experiments, the MDC width can normally be re-
lated to the imaginary part of the complex self-energy,
Im$$!k"%, of charge carriers in the crystal.31–33 However, in
our experiment there are contributions to MDC width that
are unrelated to Im$$!k"%. The first is interaction with
charged impurities in the SiO2 substrate, which results in a
local shift in the chemical potential of the graphene
sheet—an excess of electrons or holes often called a “charge
puddle.” 34,35 Since the lateral scale of these puddles is
&100 nm,35 our photoemission results !collected over
&2 !m" average over many such fluctuations, causing a
broadening in energy space of our photoemission features.
The corresponding broadening in k space is then given by
%k' =%E /&vF. %E is estimated to be &100 meV !Refs. 34
and 35"; from this we obtain %k' =0.015 Å−1, which is a
small contribution to the total MDC width of 0.47 Å−1.

However, undulations on the graphene surface are respon-
sible for the majority of MDC broadening. As with our
!LEED results, our !ARPES measurements sample many
tilted domains since the characteristic length scale for the
ripples is two orders of magnitude smaller !&10 nm" !Ref.
22" than our photoemission region !&2 !m". Although the
electron phase coherence length in graphene is expected to
be longer than the length scale for surface undulations, we
will again model our !ARPES results as an incoherent sum
over multiple domains and use Eq. !1" to estimate %'norm
from the spread in k'. For electrons photoemitted from the
Fermi level Ekin#86 eV and the fits in Fig. 4!e" provide

FIG. 3. !Color online" !a" Angle-integrated photoemission inten-
sity for graphite !red" and graphene !blue". !b",!c" !ARPES inten-
sity along principal Brillouin-zone directions for graphite and
graphene, respectively. h(=90 eV. Blue circles in !b" represent
peak positions obtained from Gaussian fits to MDCs. !Brillouin-
zone symmetry-point labels are valid for a 2D approximation of the
graphite Brillouin zone."

FIG. 4. !Color online" !a" 2D graphite/graphene Brillouin zone,
red dotted arrows, and blue solid arrows indicate vertical and hori-
zontal directions through K point, respectively. !b" Negative second
derivative of graphite !ARPES intensity through K point along
vertical direction. h(=84 eV. Inset shows intensity along dotted
white line. !c" Graphene !ARPES intensity through K point along
horizontal direction. h(=90 eV. All MDCs have been normalized
to the same height. Blue circles represent peak positions from MDC
fits. Dotted green line represents theoretical Fermi velocity. !d" The-
oretical valence-band dispersion of graphene using Eq. !2". Red
lines indicate first Brillouin-zone boundary. !e" Red lines represent
MDCs taken from above graph. Blue lines represent best fit Gauss-
ian peaks. !Note: All parallel momenta are referenced to K point."
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to address discharge product.5,6,8,11,12,15 The benefit and
novelty to use in situ XRD for Li−O2 battery, especially with
comparison to DEMS that is the only real-time measurement
tool to investigate Li−O2 battery mechanism, is that it is
capable of being a simple, easy, and more importantly accurate
evaluation by direct measurement of solid-state Li2O2, working
for deep depth of discharge/recharge and cycles, and providing
easy access and calculation without delicate and high-cost
instrument and professional technique. In this study, we
present the acquiring of a dominant presence of Li2O2 with
different formation/decomposition rate by the monitoring of
real-time Li2O2 peak-area change for the first time using in situ
XRD. We explored Super P/binder cathode with ether-based
electrolyte (triethylene glycol dimethyl ether (triglyme) and
dimethoxyethane (DME)) as the first demonstration.
In situ XRD measurements were performed using a

homemade Li−O2 XRD cell. Li−O2 XRD cell structure was
designed as the general Li−O2 battery cell (Scheme 1 and

Figure S1 in the Supporting Information), which allowed the
cathode to expose both a sufficient amount of O2 gas and X-ray
beam path, thus removing the worries for the reliability of
electrochemical tests during in situ XRD measurement. Super
P/nafion (mass ratio of 6/4) pasted on a trilayer polymer
membrane (Celgard C480, polypropylene (PP)/polyethylene
(PE)/polypropylene (PP)) was assembled with a glassy-fiber
separator, lithium metal, and 0.5 M LiTFSI (LiN(SO2CF3)2) in
triglyme in an Ar-filled glovebox. The Li−O2 XRD cell filled
with O2 gas through an O2 tank was loaded in an XRD
instrument. The discharge/recharge profiles were recorded at
0.1 mA cm−2

geometry (158 mA g−1carbon) of current rate at room
temperature. (See more details in the Experimental Methods.)
Figure 1a,b shows discharge/recharge profiles and a snapshot

of XRD patterns corresponding to as-prepared and after full
discharged/recharged cathode, respectively. The first discharge
delivers ∼2934 mAh g−1electrode of capacity (green curve in
Figure 1a), and a fully discharged cathode reveals a sharp XRD
pattern of Li2O2 (green line in Figure 1b, 2θ ≈ 33.0° for (100),
35.1° for (101), and 40.7° for (102) plane). These Li2O2 peaks
completely disappear after recharge (orange line in Figure 1b).
The specific capacity of the following discharge is dramatically
decreased to ∼1100 mAh g−1electrode (blue curve in Figure 1a).
The Li2O2 pattern regenerated has much lower peak intensities
and slightly wider widths (blue line in Figure 1b). No XRD
peak of Li2O, LiOH, and Li2CO3 could be detected in cathode
during Li−O2 battery cell tests. Note that PE peaks are
observed in the XRD pattern from the as-prepared cathode

(black line in Figure 1b), which is originated from the polymer
membrane.
The real-time XRD patterns upon the first discharge/

recharge are shown in Figure 2. Each XRD pattern was

recorded in the 2θ region of 30−45° for every 30 min at 0.5
degree min−1 of scan rate with 50 s of retention interval
between the measurements. The intensity changes of the peaks
corresponding to Li2O2 (100), (101), and (102) planes exhibit
distinctly different patterns: The peak intensities increase
linearly upon discharge (Figure 2a) whereas they decrease
nonlinearly upon recharge as they show a gradual decrease at
the beginning of recharge but a rapid decrease after a certain
point of the middle of recharge process (Figure 2b). We also
calculated the area of Li2O2 (101) peak that shows the highest
signal-to-noise ratio among the Li2O2 peaks by fitting with a
Lorentzian function, then correlated with the discharge/
recharge time (Figure 3a; See more details in the Supporting
Information). It is clearly seen that the Li2O2 peak area

Scheme 1. Schematic Views of (a) Li−O2 XRD Cell
Structure for a Real-Time Collection of XRD Pattern and
(b) the Cell Components Assembled and Posed on the
Sample Stage (The Yellow Dashed Box in Panel a)

Figure 1. Battery performance and XRD patterns of Super P/nafion
cathode in 0.5 M Li salt of triglyme. (a) Discharge/recharge profiles in
2 to 4.75 V versus Li/Li+ at 0.1 mA cm−2

geometry (158 mA g−1carbon) of
current rate. (b) XRD patterns of i) as-prepared, ii) 1st discharged, iii)
1st recharged, and iv) 2nd discharged cathode, corresponding to the
profile curves indicated by the colored circles in panel a.

Figure 2. In situ XRD patterns on the first discharge/recharge. (a,b)
Collections of XRD patterns in 30−45° of 2θ on (a) discharge and (b)
recharge processes.
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of MnO2. There are large fluctuations in cell voltages, the origins
of which are unknown; however, the variations in voltages are
somewhat reproducible over multiple samples. These fluctua-
tions could be due to changes in the Li anode, aspects of the
cathode reaction, or the formation of an extended solid-electro-
lyte-interphase (SEI), but these reasons do not seem important
as the reaction products measured for short times are the same as
those that are measured for longer reaction times.

The discharge products after 800!1200 h discharge are
shown in the lower images of Figure 1. The coatings appear

quite thick and dense. To characterize the discharge products,
XPS studies were performed and compared to several lithium-
containing reference compounds (Table 2). Figure 6 shows the
C 1s and O 1s XPS data collected for the discharge products on
graphite foam- and carbon veil-based cathodes, respectively, after
long discharges (750!1200 h). Figure 7 shows the F 1s, P 2p,
and Li 1s XPS data collected for the discharge products on these
same cathodes. Largely, the reaction products are very similar. To
investigate changes in the discharge products as a function of
time, sputtering experiments were performed on the same
graphite foam sample used in the XPS experiments described
above. After sputtering the discharge products for 30 min, there
was no change in the Li, O, or P XPS data (Figure 7). There were
minor changes in the fractions of C 1s and F 1s species
(Figure 6), but there were no changes in the binding energy or
type of species present in the samples. XPS results on discharge
products formed during shorter reaction times (48 h) were
similar to results shown above.

For the graphite foam-based cathodes, the C 1s data reveal a
new C 1s peak at ∼288.5 eV that accounts for 80!90% of the
insoluble carbon species. Analysis of the MnO2/graphite foam
sample showed similar oxygen-containing species with nearly
identical binding energies. The O 1s data for all the graphite
foam-based cathodes show the formation of a single oxygen
species centered at 535.9 eV. These oxygenated species cannot

Figure 1. SEM images of graphite foam (top left), the carbon veil (top right), discharge products on graphite foam (lower left), and discharge products
on the carbon veil (lower right).

Figure 2. C 1s and O 1s XPS data for graphite foam and carbon veil
cathodes.

Table 1. XPS Composition of the Raw Cathodes and Dis-
charge Products Insoluble in DMC

sample at. % Li at. % P or N at. % C at. % O at. % F

raw graphite 98.0 2.0

graphite 30.3 (P) 3.0 11.5 9.4 45.8

graphite, sputtered 32.4 (P) 3.3 16.6 10.8 36.8

MnO2 on graphite 45.8 (P) 0.7 11.8 6.0 35.7

raw carbon veil (N) 9.4 67.7 20.7 2.2

carbon veil 46.2 (P) 1.3 20.7 6.7 25.0

3.2. ORR in LiPF6 Solutions in DMSO, DME, MeCN, and
TEGDME. The ORR results obtained in these electrolytes will
show clearly that the O2 reduction mechanism in Li+-containing
electrolytes is different from that seen in presence of TBA+. In
addition, these results will demonstrate the subtle influence of the
solvent on the mechanistic details of the O2 reduction reactions in
Li+-containing electrolyte solutions as well as the rechargeability
of the reduction products. We have found that the voltammetric
data in DMSO is especially instructive to unambiguously map the
O2 reduction mechanism in Li+-containing organic electrolytes
relevant to the rechargeable Li-air battery.

Figure 5 illustrates O2 reduction in 0.1 M LiPF6/DMSO. This
figure comprises four separate CVs overlaid. Each CV corre-
sponds to a defined electrochemical window over which the
voltammogram was scanned. The shortest window is shown in
dark yellow (2.57-4.5 V) in which the scan was reversed at
the half-peak potential Epc1/2 (2.57 V) of the first cathodic peak
to examine the associated anodic features. Reversing the sweep
at Epc1/2 resulted in two clear anodic peaks, Epa1 at 2.75 V
followed by a broad peak (Epa2) at 3 V. Expanding the cathodic
scan to the peak potential Epc1 (2.45 V) produces an increase of
the current in the following anodic Epa1 and Epa2 peaks becoming
similar in magnitude. Two anodic peaks resulting from a single
cathodic peak suggests a dual step reduction mechanism from
the very beginning. A one-electron reversible process is
characterized by the 56 mV difference between the cathodic
peak and half-peak potential. For this system the potentials
(|Epc1 - Epc1/2|) are separated by 100 mV, demonstrating the
complexity of this process. Upon scanning cathodically further,
the current slope changes at 2.12 V, Epc2 (blue), signifying
another electrochemical event. Reversing the scan subsequently
in the positive direction results in the disappearance of Epa1 and
increase in Epa2 peak current. This suggests that the first
reduction product is consumed and converted to the second
reduction product, which is oxidized at Epa2. Finally, the cathodic
sweep was allowed to continue toward 1.35 V (red line) where
it was reversed. The corresponding anodic scan consists of two
broad overlapping peaks. Similar to the blue scan Epa1 is absent
and the magnitude of Epa2 decreased. The new anodic peak Epa3

that emerged is believed to be due to the oxidation of the product
formed from the reduction at Epc2.

As these reactions are irreversible, Randles-Sevcik and Levich
treatments cannot be applied to these CV data. We have decon-
voluted the data using the Nicholson and Shain relatioship20 (eq
11) developed for irreversible electrochemical reactions,

The symbols in eq 11 have their usual meaning. Figure 6a
clearly shows that the number (n) of electrons transferred in
the first reduction reaction is one since the theoretical n ) 1,
plot follows the experimental data. The best theoretical fit was
obtained using a transfer coefficient R ) 0.5, which is a typical
value for reversible reactions. This suggests that the first one-
electron reduction of O2 in DMSO/LiPF6 is substantially
reversible. Tafel analysis can also be used to obtain further

insight. Tafel plots for ORR in 0.1 M LiPF6/DMSO (from the
CV data from figure 5) are depicted in Figure 6b. At low
overpotentials between about 50 and 150 mV from OCP, the
Tafel slope is close to 120 mV/dec. On the other hand, at high
overpotentials, the value is approximately 220 mV/dec. A 120
mV/dec Tafel slope is typical of a one-electron process. The
subsequent 220 mV/dec Tafel slope is due to a second reduction
step. The observations in DMSO/LiPF6 can be summarized by
the reactions in Scheme 2 involving the formation of superoxide,
O2

- first (eq 12) which decomposes (eq 13), or is reduced further
(eq 14), to form O2

2-. Finally, O2- is formed (eq 15) as the
final reduction product O2.

SCHEME 1
Cathodic (Epc): O2 + TBA+ + e- ) TBAO2 (9)

Anodic (Epa): TBAO2 - e- ) TBA+ + O2
(10)

Ip ) (2.99 × 105)n(nR)1/2ACD1/2V1/2 (11)

Figure 5. Cyclic voltammograms (iR corrected) for the reduction of
oxygen in 0.1 M LiPF6/DMSO at various potential windows. All scans
used a glassy carbon working electrode. Scan rate of 100 mV/s.

Figure 6. (A) Peak current vs square root of the scan rate in 0.1 M
LiPF6/DMSO. (B) Cathodic Tafel plot obtained in 0.1 M LiPF6/DMSO
during ORR. Scan rate ) 10 mV/s.
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Raman spectra were reproducible. A typical Raman spectrum is
shown in Figure 3. The discharged AC cathode shows a

prominent band (red trace) at 1123 cm−1 at 100 K consistent
with a LiO2-like species from both previous experimental
results2 and theory.26 In our previous work,26 a higher
resolution ambient temperature Raman spectra shows the
presence of broad weak peaks at 790 and 254 cm−1 consistent
with the presence of Li2O2 (see also Figure S1 in Supporting
Information). Others have also found the Raman peaks for
Li2O2 to be broad.4,20 This may be due to poor crystallinity or
many thermodynamically closely related Li2O2 structures that
statistically broaden the Raman peaks. Thus, the discharge
products contain Li2O2 (XRD evidence) together with a LiO2-
like species (Raman evidence). The superoxide-like species is
consistent with the magnetism that we previously reported for
the discharge product on an AC cathode.26 Finally, when the
AC cathode is discharged (1200 mAh g−1) and charged back to
3.5 V, it does not show a LiO2-like band (blue trace). This is
evidence that the LiO2-like component decomposes below 3.5
V, although there may be some decomposition of Li2O2 below
3.5 V also.
Subsequently, we investigated the nature of the product

being charged during the high voltage plateau. When the
content of material to be tested is relatively low (generally less
than 5%), the characteristic peaks of the material may not be
detected by XRD. As the electrode contains carbon paper, AC,
PVDF, and some products, the amount of products

Figure 1. First galvanostatic discharge/charge curves of AC at 0.1 mA
cm−2 with different capacities of (a) 250 mA h g−1, (b) 500 mA h g−1,
(c) 700 mA h g−1, and (d) 1000 mA h g−1.

Figure 2. XRD spectra of pristine and discharged AC electrodes
(capacity = 1200 mAh g−1, I = 0.1 mA cm−1) with a standard Li2O2
XRD histogram in the middle.

Figure 3. Raman spectrum of the discharged AC cathode surface
showing graphite D (1330 cm−1) and LiO2-like bands (1123 cm

−1 red
trace). Raman spectrum of a similar AC cathode that was discharged
and charged back to 3.5 V does not show the LiO2-like band (blue
trace). Both spectra were taken at 100 K.
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Figure 2: SEM images of the porous gold electrode discharged at 50 μA/cm2 (a) and 200 μA/cm2 (b). (c) Raman spectra of the pristine and
discharged electrodes. (d) TEM image of the porous gold electrode after discharge. Li2O2 plate edges are deformed by the electron beam.

Figure 3: (a) SEM image of the Li2O2 precipitate obtained by the chemical reaction of KO2 with a solution of LiTFSI. (b) Raman spectra of the
precipitate.

To find out the most probable way for the generation of such
building blocks, we performed a simple experiment purely
based on the chemical generation of lithium peroxide in the ion
exchange reaction KO2 + Li+ → K+ + ½ Li2O2 + ½ O2.

Figure 3a demonstrates evidently that the morphology of
lithium peroxide precipitated after the chemical reaction of KO2
with Li+ ions is quite similar to that of lithium peroxide
produced in Li–O2 cells (Figure 2). In the former case the
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value is called the standard rate constant, k0.5 The rate constants at other potentials can
then be expressed simply in terms of k°:

(3.3.9)

(3.3.10)

Insertion of these relations into (3.2.8) yields the complete current-potential characteristic:

(3.3.11)

This relation is very important. It, or a variation derived from it, is used in the treat-
ment of almost every problem requiring an account of heterogeneous kinetics. Section 3.4
will cover some of its ramifications. These results and the inferences derived from them
are known broadly as the Butler-Volmer formulation of electrode kinetics, in honor of the
pioneers in this area (17, 18).

One can derive the Butler-Volmer kinetic expressions by an alternative method
based on electrochemical potentials (8, 10, 12, 19-21). Such an approach can be more
convenient for more complicated cases, such as requiring the inclusion of double-layer
effects or sequences of reactions in a mechanism. The first edition develops it in detail.6

3.3.3 The Standard Rate Constant
The physical interpretation of k° is straightforward. It simply is a measure of the kinetic
facility of a redox couple. A system with a large k° will achieve equilibrium on a short
time scale, but a system with small k° will be sluggish. The largest measured standard rate
constants are in the range of 1 to 10 cm/s and are associated with particularly simple elec-
tron-transfer processes. For example, the standard rate constants for the reductions and
oxidations of many aromatic hydrocarbons (such as substituted anthracenes, pyrene, and
perylene) to the corresponding anion and cation radicals fall in this range (22-24). These
processes involve only electron transfer and resolvation. There are no significant alter-
ations in the molecular forms. Similarly, some electrode processes involving the forma-
tion of amalgams [e.g., the couples Na+/Na(Hg), Cd2+/Cd(Hg), and Hg2

2+/Hg] are rather
facile (25, 26). More complicated reactions involving significant molecular rearrangement
upon electron transfer, such as the reduction of molecular oxygen to hydrogen peroxide or
water, or the reduction of protons to molecular hydrogen, can be very sluggish (25-27).
Many of these systems involve multistep mechanisms and are discussed more fully in
Section 3.5. Values of k° significantly lower than 10~9 cm/s have been reported (28-31);
therefore, electrochemistry deals with a range of more than 10 orders of magnitude in
kinetic reactivity.

Note that kf and kb can be made quite large, even if k® is small, by using a sufficiently
extreme potential relative to E°'. In effect, one drives the reaction by supplying the activa-
tion energy electrically. This idea is explored more fully in Section 3.4.

5The standard rate constant is also designated by £sh or ks in the electrochemical literature. Sometimes it is also
called the intrinsic rate constant.
6First edition, Section 3.4.

E-E0 = -(anF/RT)ln i + ln i0 
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variation of the charge capacity where with longer discharge
time more disproportionation occurs with the oxygen-rich
component being a smaller fraction of the total capacity. This is
also consistent with the observation of Nazar et al.,1,32 who
have reported that higher current densities result in more
growth via LiO2. As the current density is increased, there is

increased LiO2 generation and nucleation due to faster electron
transfer and, thus, larger amounts of “LiO2”-like content.
The conclusions from the kinetics analysis are reinforced by

other evidence. (1) The Raman spectra indicates that the LiO2-
like component disappears when charged to 3.5 V, consistent
with the kinetics analysis. This is shown in Figure 3 (blue trace)
where, when the AC cathode is discharged (to 1200 mAh g−1)
and charged back to 3.5 V, the LiO2-like band disappears. (2)
The Raman and XRD data presented in the previous section
indicate that both superoxide and Li2O2 components are in the
discharge product, again consistent with the kinetics analysis.
(3) In previous work,26 we found that the intensity of the
magnetic phase transition from the superoxide increases with
discharge capacity for the AC cathode, which is in agreement
with the kinetics analysis that the amount of oxygen-rich
superoxide component (see Figure 6a) increases with
increasing capacity (although the fraction of total capacity
that is oxygen-rich component decreases). (4) Finally, an
analysis of the data from different current densities (see Figure
S4 in the Supporting Information) also shows that the lower
plateau is consistent with a one-electron reaction and partial
disproportionation, similar to what was found in the analysis of
the discharge capacity data.

Figure 7. Discharge/charge curves of AC with different discharge
current density and the same charge current density. The red curve is
the discharge current of 0.05 mA cm−2 and charge current of 0.1 mA
cm−2; the black curve is the discharge current of 0.1 mA cm−2 and
charge current of 0.1 mA cm−2; the green curve is the discharge
current of 0.2 mA cm−2 and charge current of 0.1 mA cm−2. See Figure
S9 for SEM images of toroids at current density of 0.2 mA cm−2.

Figure 8. The morphologic growth process of LiO2-like species/Li2O2 composites at different discharge capacities of (a, b) pristine, (c) 150, (d) 200,
(e) 250, (f) 300, (g) 400, (h) 500, (i) 600, (j) 800, (k) 1000, and (l) 1300 mA h g−1.
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Raman spectra were reproducible. A typical Raman spectrum is
shown in Figure 3. The discharged AC cathode shows a

prominent band (red trace) at 1123 cm−1 at 100 K consistent
with a LiO2-like species from both previous experimental
results2 and theory.26 In our previous work,26 a higher
resolution ambient temperature Raman spectra shows the
presence of broad weak peaks at 790 and 254 cm−1 consistent
with the presence of Li2O2 (see also Figure S1 in Supporting
Information). Others have also found the Raman peaks for
Li2O2 to be broad.4,20 This may be due to poor crystallinity or
many thermodynamically closely related Li2O2 structures that
statistically broaden the Raman peaks. Thus, the discharge
products contain Li2O2 (XRD evidence) together with a LiO2-
like species (Raman evidence). The superoxide-like species is
consistent with the magnetism that we previously reported for
the discharge product on an AC cathode.26 Finally, when the
AC cathode is discharged (1200 mAh g−1) and charged back to
3.5 V, it does not show a LiO2-like band (blue trace). This is
evidence that the LiO2-like component decomposes below 3.5
V, although there may be some decomposition of Li2O2 below
3.5 V also.
Subsequently, we investigated the nature of the product

being charged during the high voltage plateau. When the
content of material to be tested is relatively low (generally less
than 5%), the characteristic peaks of the material may not be
detected by XRD. As the electrode contains carbon paper, AC,
PVDF, and some products, the amount of products

Figure 1. First galvanostatic discharge/charge curves of AC at 0.1 mA
cm−2 with different capacities of (a) 250 mA h g−1, (b) 500 mA h g−1,
(c) 700 mA h g−1, and (d) 1000 mA h g−1.

Figure 2. XRD spectra of pristine and discharged AC electrodes
(capacity = 1200 mAh g−1, I = 0.1 mA cm−1) with a standard Li2O2
XRD histogram in the middle.

Figure 3. Raman spectrum of the discharged AC cathode surface
showing graphite D (1330 cm−1) and LiO2-like bands (1123 cm

−1 red
trace). Raman spectrum of a similar AC cathode that was discharged
and charged back to 3.5 V does not show the LiO2-like band (blue
trace). Both spectra were taken at 100 K.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja403199d | J. Am. Chem. Soc. 2013, 135, 15364−1537215366
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Исследование взаимодействия углеродных материалов с КО2 
(линия RGBL) 

Не так давно было показано, что при использовании углеродного материала в качестве 

положительного электрода для литий-кислородного источника тока образование карбоната 

происходит в результате взаимодействие углерода с супероксид-радикалами, образующимися 

в процессе разряда. Есть свидетельства, что супероксид-радикалы атакуют исключительно 

дефекты в структуре углерода, являющиеся активными центрами. Для проверки этого 

предположения для исследования были взяты углеродные материалы, практически не 

содержащие дефектов - ВОПГ и эпитаксиальный графен.  

Эпитаксиальный графен был получен in situ методом CVD на монокристаллической 

никелевой подложке с ориентацией (111). Слой никеля толщиной 10 нм был выращен 

эпитаксиально на монокристалле вольфрама (110), перед этим вольфрам был очищен путем 

нагревания в камере пробоподготовки до 1100 К в течение 2 ч (Рис. 38). Графен был получен 
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Рис. 37. РФЭ-спектры С 1s а) высокоориентированного пиролитического графита 
(ВОПГ); б) стеклоуглерода после разряда в литий-кислородной ячейке.

Рис. 38. Кристалл вольфрама в камере пробоподготовки, нагретый до температуры а) 
400 К; б) 1100 К.
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Operando photoemission study of the oxygen reduction and oxygen evolution reactions at 
the positive electrode of Li-air battery
D.M. Itkis*†, E.Yu. Kataev*†, A.I. Belova†, M. Hävecker§, A. Knop-Gericke§ and 
L.V. Yashina

*Department of Chemistry and †Department of Material science, Moscow State University, 
Leninskie Gory 1/3, 119991 Moscow, Russia
§Fritz-Haber Institute of the Max Planck Society, Berlin, D-14195, Germany

Effective energy storage is highly demanded for 
different applications such as consumer electronics, pure 
electric vehicles, power tools and others. The lithium-air 
batteries that use reaction of Li+ ions with oxygen at the 
cathode are among the most prominent solution due to their 
high specific energy and huge capacity overcoming such of 
lithium-ion batteries by one order of magnitude. Lithium-air 
batteries were reported sometime ago, however, the current 
understanding of the underling mechanisms of their operation 
and elementary processes especially for the positive electrode 
is still limited because of the paucity of suitable in situ 
techniques to probe these issues.

Lithium-air battery operation
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Reaction reversibility studies

Operando studies of the chemical changes occurring at the carbon cathode helped us to reveal individual reaction 
steps and mechanisms of Li-air battery cycling. We have performed comprehensive electrochemical characterization 
of the batteries containing carbon electrode, and the experiments showed rechargebility of the system with the 
formation of Li2CO3 byproduct.

Thus, NAPXPS analysis could provide valuable information on the surface chemistry of the discharge and 
recharge processes and facilitate the understanding of how the electronic properties and structure of the electrode 
materials determine their electrocatalytical properties. This, in turn, will support the search of proper electrode 
materials.
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These authors also showed that electrogenerated reacted 
with cyclohexen-3-one to give the corresponding epoxide i n 30% 
y i e l d (equation 25). Cyclohexene, in contrast, gave no epoxide 
implying that a double bond activated towards a Michael-type of 
addition i s required. 
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C. Electron Transfer Reactions Mimicking Nucleophilic 
Attack. There are several reports i n which 0 2

T nominally 
appears to react as a nucleophile but, i n fact, involve an 
i n i t i a l electron-transfer from 0 2~ followed by reaction of 0 2 

with the ra d i c a l anion generated from the organic substrate. 
These results appear appropriate for this review. There are 
certainly other reactions which occur by such a process instead 
of a simple nucleophilic displacement but isotopic labeling 
studies or c h i r a l reactants must be u t i l i z e d to distinguish 
between the two mechanisms. Because of the r e l a t i v e l y low 
reduction potential for 02, -0.77 V versus SCE (2), any substrate 
with a more negative reduction potential w i l l l i k e l y be reduced 
by 02* v i a an electron transfer process. Depending upon the 
substrate, the ultimate product(s) of such a reaction may or may 
not resemble those expected from a simple nucleophilic reaction. 

Frimer and Rosenthal (25) have demonstrated that the reac-
tion of 02* with n i t r o substituted aromatic halides occurs v i a 
an electron transfer from 02' to the substituted benzene to y i e l d 
the anion radica l which i s subsequently scavenged by molecular 
oxygen (equation 26). They were able to distinguish this reac-
tion pathway from direct addition of 02' to the aromatic ring as 
i n normal nucleophilic aromatic substitution by u t i l i z i n g 
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0 
ill 

R-C-CH=CH-R + 0„ 

Ο" 
•CH=CH-R + O0 

(28) 

Ο-
ι I 

R-C-CH=CH-R + 0o 

o-
R-C-CH-CH-R 

I I 
0-0 

(29) 

0" 

R-C-CH-CH-R 
I ! 
0-0 

    
t i l - - M 

-+> R-C-0 + R-CH-CH 

SH 

0 
• II 

R-CH-CH 

0 
II 

RCH CH 

0 0" 
2 • 
-—»> R-CH-CH 

I I 
0—0 

RCH2C02 

0 η ̂  
Il °2 ^ 

RCH RC0o 

(30) 

(31) 

(32) 

(33) 

In conclusion of this review of the nucleophilic properties 
of 02', the ve r s a t i l e nature of this unique anion radical should 
be emphasized. This chapter attempted to cover only the main 
features of the nucleophilic reactions of 02* with well-defined 
chemical substrates; no attempt was made to treat any of the 
biochemical reactions. Moreover, i n addition to nucleophilic 
properties, i s capable of reacting as a free r a d i c al as well 
as an electron transfer agent or electron acceptor. Thus, the 
understanding of this ubiquitous anion radical i s probably only 
i n i t s l a t e infancy even though a computer search of the 1972-
mid 1977 Chemical Abstracts revealed 850 references to "super-
oxide1 1. 
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Possible side reaction pathways



Another possible reasons for 
carbonate formation

44

Li2O2 + C + 1/2 O2 → Li2CO3       ΔG = −542.4 kJ/mol
2Li2O2 + C → Li2O + Li2CO3      ΔG = −533.6 kJ/mol

B. McCloskey et al. // J Phys Chem Lett 3 (2012)

-16.27 eV per Li atom

+

Li2O2Li2OLithiated graphite 
with adsorbed O2

-0.8 eV 
per Li atom

-7.2 eV 
per Li atom

-8.0 eV 
per Li atom

Li2CO3

E.Kataev et al. // in preparation



45

O2

Li

electrolyte

C2.95V

e-

e-

6C + Li → LiC6

+

–
Li - e- → Li+

O2 + e- → O2
-

LiC6 + ½ O2  → 6C + ½ Li2O2

chemical stage
2Li+O2

- → Li2O2
 + O2

O2
- + e- → O2

2-   →   Li2O2

2nd electrochemical stage1st electrochemical stage

graphene

substrate

O2

Li
1st chemical stage 2nd chemical stage

Lithium-oxygen battery

Model chemical system

+2Li+

carbon

LiC6

Li evaporation
source

carbon

Li2O2
1 - 256 L O2

0.0 1.0 2.0 0.0 1.0 2.0 0.0 1.0 2.0
k||, Å

-1

!

"

"

0

5

10

15

285290
EB, eV

C 1s

pristine

C/Li

C/Li+O2

Γ K

EB, eV

Li2O

Li2CO3

Li2O2

graphene Li@graphene ≈ 50L oxygen

E.Kataev et al. // in preparation



Superoxide attacks  
carbon materials
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Анодный процесс:    H2 - 2e- ⇒ 2H+ 2OH-
O2

O2

O2

Анод Водный  
электролит

Катод

OH-

2OH- ⇒ H2O

2e
- 2e

-
⇒

O2

O2

O2

O2

H2

H2

H2

H2

H2

H2

⇐ H2O

OH-

OH-

OH-
OH-

OH-
OH-

Катодный процесс (восстановление O2):

углерод

Pt, Pd,… O2 + 4e- + 2H2O ⇒ 4OH- 
O2 + 2e- + 2OH- ⇒ 2HO2-

Восстановление кислорода

Yeager et al. // J Mol Cat 1986 3

О2 ⇒ O2 (адс) 

О2 (адс) + НОН + е- ⇒ НO2 (адс) + ОН- 
2HO2 (адс) + ОH- ⇒ О2 + НО2- + НOH

на графите:

O2 (адс) + е- ⇒ O2- (адс) 

О2- (адс) + НОН ⇒ НO2 (адс) + ОН- 
HO2 (адс) + е- ⇒ НО2-(адс)

на стеклоуглероде:

   Активные центры адсорбции? 
   Влияние электрода на реакцию диспропорционирования? 
   ….

в водных средах



Li+ + e- + O2 Li+  O2-

Li2O2 + O2Li2O2

+ e- + Li+

Peng Z. et al. Oxygen Reactions in a Non-Aqueous Li+ Electrolyte. Angew Chem Int Edit 50, 6351–6355 (2011)
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Figure 3 | SEM images of the Na–O2 cell cathodes. a,b, SEM images of a cathode structure after discharge to 2 mAh at 80 µA cm�2 at the oxygen/GDL
and GDL/separator side, respectively. c, For comparison, a pristine cathode structure. d, Solid products formed on the carbon fibres during discharge at
higher magnification. For a discussion on the theoretical capacity achievable, see Supplementary Fig. S5.
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Figure 4 |Analysis of the discharge products in Na–O2 cells. a, The local distribution of elements in a discharged cathode as measured by EDS and SEM.
The inset shows the SEM image (about 75 µm⇥45 µm) and the cross indicates the location of the EDS measurement. b, Raman spectra, taken in a
microscope, of a particle in a discharged cathode and for commercial material of sodium peroxide (Na2O2) and sodium oxide (Na2O). Reference material
of NaO2 was provided by M. Jansen (MPI-FKF, Stuttgart, Germany). c, XRD pattern of a pristine, a discharged, a re-charged and a four-times-cycled Na–O2

cell cathode. The Miller indices on the reflections correspond to NaO2 according to JCPDS reference card No. 01-077-0207. The asterisks denote
reflections from the sample holder. All diffraction patterns were background-corrected and normalized to the reflection at 2✓ = 41.5�.
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Na+ + e- + O2 NaO2

Hartmann P. et al. A rechargeable room-temperature 
sodium superoxide (NaO2) battery. Nature Materials 12, 
228–232 (2012)
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OXYGEN ELECTROCHEMISTRY 303 

Table 1a 
Selected Thermodynamic Data of Oxygen Species s at 25°C 

Il.GO, Il.Ho, So, 
Formula Standard state kJ/mol kJ/mol J/mol/K 

O2 Gas, 1 atm 0 0 205.3 
H2O Pure liquid -237.18 -285.83 69.91 
OW 1M,aq. -157.29 -230.00 -10.75 
H20 2 1 M, aq. undisc. -134.1 -191.2 143.9 
H02 - 1M,aq. -67.36 -160.3 23.8 
O2 - 1M, aq. 27.4b•c n.a.d n.a. d 

H02 1M,aq. 5.09b•c n.a. d n.a.d 

OH Gas, 1 atm 34.23 38.95 183.6 

a Data from D. D. Wagman, N.B.S. Technical Note 270-3, U.S. Government, Printing Office, Washington, 
D.C. (1968). 

b J. Divisek and B. Kastening, J. Electroanal. Chern. 65, 603 (1975). 
, This value is based on that in footnote h, but is open to question (see text). 
d Not available . 
• J. Weinstein and B. H. J. Bielski, J. Am. Chern. Soc. 101, 58 (1979). 

Table 1b 
Standard Electrode Potentials of Selected 

Oxygen Reactions 

Formula 

O2 + 4H+ + 4e- = 2H20 
O2 + 2H20 + 4e- = 40H-

O2 + 2H+ + 2e- = H20 2 

O2 + 2H20 + 2e - = H20 2 + 20H-
O2 + H20 + 2e - = H02 - + OH-

H20 2 + 2H+ + 2e - = 2H20 
H20 2 + 2e- = 20H-
H02 - + H20 + 2e- = 30H-

O2 +e- = O2-

O2 + H+ + e - = H02 

H02 + e - = H02 -

H02 + H+ + e - = H20 2 

O2 - + H20 + e - = H02 - + OH-

O2 - + 2H20 + 3e- = 40H-
H02 + 3H+ + 3e- = 2H20 

Standard potential vs. SHE, 
V 

1.229 
0.401 

0.695 
-0.133 
-0.065 

1.763 
0.935 
0.867 

-0.284 
-0.053 

0.751 
1.443 
0.155 

0.629 
1.656 

1 b and shown in Figures 1 and i 2 ) for alkali and acid aqueous solutions at 
25°C. The thermodynamic data listed in these tables and used in these figures 
are the values listed by Hoare. (1) Under some exceptional conditions, described 
in Section 3 of this chapter, the thermodynamically reversible potential for 

Термодинамические данные
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Работа выхода
Металл/вакуум Металл/электролит

М

е-

In the vacuum where there is no chemical interaction between the electron and the
medium, we have µe

(0)
! 0; hence (since for electrons ze ! "1), µ!e

(0)
! "Q0ψex

(α).
Using this quantity as well as Eq. (9.1), we find that

λ ! µ!e
(0)

" µ!e
(M)

! " Q0ψex " (µe
(M)

" Q0ψin) ! "µe
(M)

# Q0χ(M). (9.2)

Work functions refer traditionally not to one mole of electrons (with the charge
"F ) but to one electron with the charge "Q0, and usually are stated in electrical
units of electron volts (1 eV ! 1.62 $ 10"19 J). In equations of the type of (2.32),
therefore, the value of µe also refers to one electron.

It follows from Eq. (9.2) that the work function has a chemical and an electro-
static component. Its overall value can be measured, whereas an exact determination
of its individual components is not possible. The chemical component depends on
the interaction between the charge and the surrounding medium; moreover, it
includes the work performed in overcoming the image forces.

The work function of charged particles found for a particular conductor
depends not only on its bulk properties (its chemical nature), which govern param-
eter µe

(α), but also on the state of its surface layer, which influences the parameter
χ(α). This has the particular effect that for different single-crystal faces of any given
metal, the electron work functions have different values. This experimental fact is
one of the pieces of evidence for the existence of surface potentials. The work
function also depends on the adsorption of foreign species, since this influences
the value of χ(α).

Several methods exist for measuring the electron work functions of metals. In all
these methods one determines the level of an external stimulus (light, heat, etc.)
required to extract electrons from the metal.

In the method of electron photoemission one determines the lowest frequency of
light (ν0, the “red” limit in the spectrum) at which electrons can be knocked from the
metal. The quantum energy hν0 of this light gives directly the work of extraction of
one electron. When light quanta of higher energies are employed, the electrons
acquire additional kinetic energy.

The saturation current Isat observed in thermionic electron emission is related to
temperature by the famous Richardson–Fowler law,

ln %
I

T
sa

2
t

%! const " %
k
λ
T
%, (9.3)

(k " R/NA is the Boltzmann constant). The work function can be determined from the
slope of straight lines obtained when plotting ln(Isat/T 2) vs. T "1.

9.2.2 Work Function for Metals Contacting Electrolytes

In electrochemical reactions the electron is not extracted into the vacuum. For
cathodic reactions it is extracted from the electrode into the electrolyte, and for
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• адсорбция

М

е-

Е0

anodic reactions it is transferred in the opposite direction. During both of these trans-
fers the electron must overcome the full Galvani potential at the metal–electrolyte
interphase. The work function λE found at such an interface differs from the work
function λ found in vacuum. It depends on the value of the Galvani potential. The
work function is the difference of the electrochemical potentials of the electrons in
the two phases. Therefore, we have, when taking into account the definition of
Galvani potential,

λE
! µ!e

(E)
" µ!e

(M)
! [µe

(E)
" µe

(M)] # Q0ϕG
(M,E), (9.4)

where µe
(E) is the chemical potential of solvated electrons in the electrolyte solution

(for further details concerning solvated electrons, see Section 29.2). In electro-
chemistry, electrode potentials E measured against a certain reference electrode
MR are mostly used rather than the Galvani potentials, which cannot be measured
experimentally. Replacing in Eq. (9.4) the parameter ϕG

(M,E) by E (! ϕG
(M,E) "

ϕG
(MR,E # ϕG

(MR,M) and taking into account that (Q0ϕG
M,E) ! µe

(M) " µe
(E)), we find after

transformation that

λE ! A # Q0E, (9.5)

where A is a constant that depends on the reference electrode and not on the nature
of the metal electrode M. It is readily seen, in fact, that when the transition to elec-
trode potentials E has been made, the term µe

(M) enters Eq. (9.4) both explicitly and
as component part of the term Q0ϕG

(M,MR), and hence cancels.
We thus reach the important conclusion that a metal’s electron work function in

solutions is independent of the nature of the metal when determined at the same
value of electrode potential (i.e., it has identical values for all electrodes).

Electron work functions of metals in solution can be determined by measure-
ments of the current of electron photoemission into the solution. In an electrochem-
ical system involving a given electrode, the photoemission current (Iph) depends not
only on the light’s frequency ν (or quantum energy hν) but also on the potential E.
According to the quantum-mechanical theory of photoemission, this dependence is
given by

Iph ! C(hν " λE)5/2 ! C(hν " A " Q0E)5/2 (9.6)

(the “law of five halves”). Here C is a constant that depends on light intensity and
on the experimental conditions. In the measurements, light of a certain frequency ν
is used and the photoemission currents are determined at different values of poten-
tial. Plots of Iph

0.4 vs. E are straight lines which are readily extrapolated to Iph ! 0.
At this point, hν ! λE ! A # Q0Ethr (the threshold potential is denoted as Ethr).
The value of the constant A in Eq. (9.5) calculated from photoemission data is
3.10 $ 0.005 eV when the standard hydrogen electrode is used as the reference
electrode.
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• не зависит от природы металла 
при постоянном потенциале 
электрода


