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1. Introduction

To face the challenges of the climate change and the rapidly
growing world population, efficient and environmentally friendly
energy storages are needed to provide power for electric devices,
vehicles, and grid-scale energy sources.[1] In the past years, metal-
air batteries have gained revived interest to offer an alternative to
the almost impossible to improve lithium-ion technology.[2]

Among these devices, zinc-air batteries
consisting of an air-breathing cathode
and a zinc anode stand out for their high
theoretical energy density as well as their
low-cost fabrication and operation.[1b,3]

Despite these advantages, the widespread
application of zinc-air batteries has been
hampered by several problems associated
with metal anodes, bifunctional air cata-
lysts, and electrolytes.[4] One of the main
challenges remains the development of a
highly active and durable bifunctional oxy-
gen electrocatalyst for air cathodes.[5] Such
catalysts have to catalyze both the
oxygen reduction reaction (ORR, during
discharging) and the oxygen evolution reac-
tion (OER, during charging) but they also
have to stay stable under both reaction
conditions. To reduce the use of expensive
state-of-the art noble metals, various mate-
rials like perovskites,[6] transition metal
oxides,[7] sulfides,[8] nitrides,[9] and carbo-
naceous materials[10] have been investi-

gated as noble metal-free catalysts. Among carbonaceous
materials, heteroatom-doped carbon has drawn a lot of interest
because of its high electrical conductivity, high surface area, and
good stability.[11]

Transition metal-containing nitrogen-doped carbon (MNC)
catalysts, especially of the FeNC type, have been reported to show
excellent ORR activity in both acidic and alkaline conditions.[12]

Typically, the preparation of FeNC involves an acid leaching step
to remove side phases,[13] as the ORR is attributed to FeN4-cen-
ters (or MN4).

[14] Side phases can be, e.g., oxides, nitrides or car-
bides,[15] hence species which are of interest for Me-air batteries.
Varying the incorporation of transition metals in N-doped carbon
structures has shown to be a promising approach for synthesiz-
ing bifunctional catalysts.[16]

The aim of this work is to contribute to the development of
efficient and durable bifunctional MNC catalysts for zinc-air
batteries. To find the optimum in terms of overpotentials, poly-
pyrrole nanotubes are doped with various transition metals via a
simple impregnation method followed by microwave pyrolysis,
and the influence of the metal on the bifunctional OER/ORR
activity is investigated. This is followed by the optimization of
Co loading that turned out best in performance and was thus
tested in a single cell. It is shown that the simple preparation
leads to promising bifunctional catalysts that exhibit excellent
cycling stability.
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Zinc-air batteries have several advantages in comparison with the lithium-ion
technology as they enable the use of earth-abundant elements, work at low cost,
are lightweight, and are also much safer in application. In addition to the
chemistry related to the zinc electrode, efficient and stable bifunctional catalysts
are required for oxygen reduction reaction (ORR, for discharging) and oxygen
evolution reaction (OER, for charging) on the air-electrode side. Herein, a family
of non-precious metal catalysts is investigated as possible bifunctional com-
posite: metal–nitrogen–carbon (MNC) catalysts for ORR, and metal oxyhydr-
oxides as OER catalysts (Ox). The effect of transition metal and metal loading in
these composite MNCþOx catalysts on ORR and OER activities in half-cell
measurements is discussed. The catalysts were characterized using X-ray dif-
fraction and Raman spectroscopy to identify their phase composition. For the
most active material, a potential gap of 0.79 V between OER and ORR was
obtained, respectively. In a zinc-air cell, this catalyst moreover showed a peak
power density of 62 mW cm�2 and a charge–discharge gap of 0.94 V after 26 h of
charge–discharge cycling.
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2. Results and Discussion

Two variation series were explored related to their capabilities of
application in Zn-air batteries. At first, the variation of metal spe-
cies should be discussed.

Figure 1a shows the X-ray diffractograms of the catalysts pre-
pared with different transition metals. For Fe- and Mo-based sam-
ples, no obvious reflections could be tracked by X-ray diffraction
(XRD), they appear X-ray amorphous under the given conditions.
For all other samples the reflections can be assigned to one single
crystalline phase. For Co0.20/PPy, the reflections are located at 2θ
values of 44.0�, 51.3�, and 75.3� and can be assigned to α-
cobalt.[17] The diffractograms of V0.20/PPy and W0.20/PPy,
respectively, shows the characteristic reflection pattern of vana-
dium nitride (VN)[18] and tungsten carbide (WC).[19] This assign-
ment is supported by the identified bands in the Raman spectra of
the samples in Figure 1b. In case of Co0.20/PPy, Fe0.20/PPy, and
V0.20/PPy, oxidic species can be identified. For Co0.20/PPy
bands at 465, 515, and 655 cm�1 can be assigned to spinel-type
Co3O4.

[20] The bands at 220, 280, 387, and 595 cm�1 as identified
in Fe0.20/PPy can be related to Fe3O4.

[21] In the spectrum of
V0.20/PPy, the band at 820 cm�1 can be assigned to VO2 and
the bands at 884 and 918 cm�1 are assigned to mixed vanadium
oxides, VOx.

[22] It is assumed that a laser-induced oxidation might
have led to the formation of oxidized surfaces of metallic particles
as these oxides were not identified by XRD. Indeed, a similar pro-
cess is described in the literature for a pulsed laser-induced oxi-
dation of iron samples.[23] All samples exhibit a pronounced
presence of G and D bands of carbon associated to graphitic
and defect-rich graphene, respectively.[24] The IG/ID ratio might

thus be used as a measure of graphitization. All catalysts give sim-
ilar ratios of 0.5, except for V0.20/PPy, where the value is close to
1.0. It remains unclear, if this observation is indeed indicative of a
stronger degree of graphitization, as a strong baseline distortion
from the intense VN bands in the spectrummight have hindered
an accurate background subtraction. In case of Mo- and W-based
catalysts, a shoulder appears at 1660 cm�1 that might be related to
oxidized carbon.[25] It is known for transition metals, e.g., Co, Fe,
Ni, that they can act as graphitization catalyst during oven pyroly-
sis.[26] Based on this, a similar behavior might be assumed for
such metals during microwave heating. However, the Fe- and
Co-based catalysts do not provide any evidence of stronger graph-
itization compared to the other metals. As stated earlier, it is the
vanadium-based catalyst that seem to have the largest graphene
layer extension. A possible origin of this might be found in the
different heating mechanism in a microwave compared with con-
ventional pyrolysis, which results in fast heating of polarizable
materials like carbon supports.[27] Under microwave irradiation,
metals can cause structural conversions of the surrounding car-
bon material, while this might be overlaid by a heat transfer from
supporting carbon.[28] In general, the effect of the metal on the
graphitization of carbon in a microwave is still not fully under-
stood but goes beyond the scope of this article.[29]

Prior to testing OER and ORR activities, the cyclic voltammo-
grams (CVs) of the catalysts were recorded in N2-saturated elec-
trolyte (Figure 2a). The corresponding CVs in O2-saturated
electrolyte are shown in Figure S1, Supporting Information.
The added metals strongly influence the obtained behavior.
For Co0.20/PPy, an increase in current density is observed in
the anodic sweep above 0.9 V. This might be attributed to the
transition from Co(II) to Co(III), corresponding to the oxidation
from either Co3O4, CoO, or passivated cobalt (Co(OH)2) to
CoOOH.[30] The catalysts were then subjected to testing of
OER activity and ORR activity. For the OER activity (Figure 2b),
Co0.20/PPy exhibited the lowest onset potential of 1.54 V and the
lowest Tafel slope of 70mV dec�1 (Figure S2a, Supporting
Information). The OER activity of cobalt oxides has been investi-
gated by various researchers.[30a,30b,31] They uniformly suggested
that during anodic polarization of cobalt oxides, Co(IV) species
are formed which mediate the initial OER step of OH- ion
adsorption. This Co0.20/PPy shows similar performance com-
pared with other Co-oxide based catalysts, when the required
overpotential to reach 10mA cm�2 is considered.[32] The OER
activity of all other catalysts is much lower with at least 50mV
higher onset potentials. The overall observed activities follow
the order: Co0.20/PPy>W0.20/PPy> PPy> V0.20/PPy>
Fe0.20/PPy� PPy-uw>Mo0.20/PPy.

The trend during rotating disc electrode (RDE) experiments to
obtain the ORR activity changes slightly, as shown in Figure 2c. It
is worth noticing that the pyrolyzed PPy and PPy-uw already
show high intrinsic ORR activity with an onset potential of
0.91 V even without addition of a transition metal after the poly-
merization step but prior to microwave heating. This might be
explained as following: as the oxidative polymerization of pyrrole
is initiated by iron(III) chloride specifically the unwashed
PPy-NT will contain iron residuals from the polymerization step.
But even after several washing steps, iron might be present to
some extent in the washed PPy-NT. Based on the fact, that
the ORR performance data of these two reference samples are

Figure 1. Transition metal variation series: a) X-ray diffractograms with
enlarged section of the diffractogram of Co0.20/PPy, b) Raman spectra
with IG/ID ratios and bands assigned to various metal containing species
as discussed in the main text.
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comparable with Fe0.20/PPy, we assume that indeed such iron
residuals cause the formation of ORR-active FeN4 sites during
microwave pyrolysis. Similarly, iron-based oxides might contrib-
ute to the OER activity. The variation in activities of Fe0.20/PPy,
PPy-w, and PPy-uw might be attributed to changing contribu-
tions of FeN4 versus oxidized species as function of the variation
of iron content in these samples. This assumption is further sup-
ported by the trends observed for the cobalt variation series dis-
cussed in the second part of this article (see in the following
sections). Nonetheless, the type of added transition metal
still influences the ORR performance. Co0.20/PPy shows a
slightly later onset potential of 0.87 V compared with
Fe0.20/PPy (0.90 V). Considering half-wave potentials, the activ-
ity decreases in the order: PPy>PPy-uw� Fe0.20/
PPy> Co0.20/PPy > V0.20/PPy>Mo0.20/PPy>W0.20/PPy.
The Tafel slopes (Figure S2b, Supporting Information) are in the
expected range typically observed for MNC catalysts[33] while it is
much lower for Co0.20/PPy.

Figure 2d shows the relative hydrogen peroxide yield as well as
the corresponding electron transfer numbers napp. The ratio of
formed peroxide and the corresponding apparent electron trans-
fer number napp was determined from disc and ring currents
during rotating ring-disc electrode (RRDE) measurements. In
the range between 0.6 and 0.2 V, Fe0.20/PPy provides the lowest
amount of formed hydrogen peroxide, that was also expected
based on the already excellent selectivity of these catalysts in
acidic electrolyte.[34]

Co0.20/PPy shows the highest peroxide formation with
�20%, which corresponds to an electron transfer number of

3.5–3.6. The relatively high peroxide yield might be caused by a
dual-site ORRmechanism, which was proposed by Olson et al.[35]

for cobalt-based catalysts in alkaline conditions. In addition,
determination from ring and disc current (napp), the electron
transfer numbers nKL can be determined by Koutecký–Levich
(KL) analysis. The corresponding RDE data and KL plots can be
found in Figure S3 and S4, Supporting Information.While in prin-
ciple nKL and napp should give similar values, often RRDE experi-
ments overestimate the direct reduction of oxygen to water.[36] To
compare both values, Figure 3a shows both values napp and nKL.
For Co0.20/PPy, the data point is closest to nKL/napp¼ 1. All other
samples exhibit higher napp values compared with nKL. This might
be explained by diffusion limitation of the formed peroxide inter-
mediates. Depending on the porosity of the catalyst, the peroxide
might be trapped in the pores and readsorb on an additional active
site followed by a second two-electron reduction step.

For metal-air application, a catalyst should ideally combine
small overpotentials for both reactions, ORR and OER.
Therefore, in Figure 3b, the different catalysts are compared with
respect to the potentials at half-wave potential E1/2 (ORR) and at
OER current densities of 5 and 10mA cm�2. While the last
named current density equals the state-of-the art for benchmark-
ing of OER catalysts,[37] it is unfortunately not reached by all
catalysts. Based on this, the metal variation series is specifically
compared for the difference in half-wave potential E1/2
(ORR) and E5mA⋅cm�2 (OER). ΔE increases in the order:
Co0.20/PPy� PPy<W0.20/PPy<Fe0.20/PPy<PPy–uw�V0.20/
PPy<Mo0.20/PPy. Thus, the comparison clearly shows that the
use of cobalt out of the group of investigated metals seems most

Figure 2. Transition metal variation series: a) CVs in N2-saturated 0.1 M KOH, b) OER curves in N2-saturated 0.1 M KOH, c) RDE curves in O2-saturated
0.1 M KOH at 1500 rpm, and d) peroxide yields and apparent electron transfer numbers determined from ring and disc currents during ORR.
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promising for bifunctional use. Therefore, it was further explored,
if the performance can be further optimized by variation of the
cobalt loading.

To investigate the influence of cobalt loading on the catalytic
activity, different mole equivalents (0.05, 0.10, 0.24, and
0.40mmol) were used in the preparation. Figure 4 shows the
diffraction patterns and the Raman spectra of the cobalt content
variation series.

The sharp XRD reflections of Co0.20/PPy, Co0.24/PPy, and
Co0.40/PPy indicate the presence of highly crystalline cobalt par-
ticles, and the intensities increase with increasing Co loading in
the precursor. For Co0.05/PPy and Co0.10/PPy, it is suggested
that these samples contain cobalt loadings below the detection

limit of the diffractometer and thus α-cobalt peaks are not
observed in their diffractograms. Moreover, the cobalt oxide-
related Raman bands get more pronounced, specifically at
660 cm�1. Such behavior was expected, as with increasing cobalt
loading, at constant amount of nitrogen, above a certain limit a
proper formation of CoN4 sites should not be possible. Similar
observations were made before for cobalt- or iron-based MNC
catalysts.[14a,38] Instead, it is expected that the increasing size
of crystalline cobalt domains leads to higher amounts of OER
active[39] cobalt oxides and/or hydroxides, when exposed to air
as well as under OER conditions. In addition to crystalline cobalt,
additional phases might form, like Co-rich nitride-like CoxNy

species, which might also undergo surface oxidation when
exposed to air.

Unfortunately, it is impossible to infer to which degree the
sample with lowest cobalt content contains additional cobalt
phases in addition to CoN4. Such small amounts or domains
would be below the detection limit of XRD and Raman spectros-
copy. Thus, for further verification, additional spectroscopic
analysis or high-resolution imaging will be required in the
future. Nevertheless, it should be pointed out that the other
phases might be relevant contributors especially to the OER
activity.

In the following, the impact of cobalt loading on the electro-
catalytic activities for the ORR and OER will be discussed.
Figure 5 shows the comparison of the CVs, the RDE curves at
1500 rpm, the OER linear sweep voltammograms, and the
hydrogen peroxide formation and apparent number of trans-
ferred electrons. The CVs in O2-saturated versus N2-saturated
electrolyte are shown in Figure S5, Supporting Information.

With increasing cobalt content, the current density above 0.9 V
and associated with the anodic Co(II) to Co(III) transition
becomes more intense. For Co0.40/PPy, two cathodic peaks at
1.07 and 0.92 V might be assigned to the stepwise reduction
of dispersed Co(III) to Co(II) oxide layers.[30b]

The ORR performance does not significantly change with
increasing cobalt loading (Figure 5b). The catalysts show very
similar onset potentials of about 0.80–0.81 V, as well as almost
identic Tafel slopes (Figure S6b, Supporting Information) and
half-wave potentials. This would be in agreement with the
assumption that CoN4 sites might be the main contributors to

Figure 3. a) Correlation between napp and nKL. The dashed line indicates a slope of 1. b) Comparison of the bifunctional activities of the transition metal
variation catalysts between E1/2 (ORR) and E5mA cm�2 (OER). For Co0.20/PPy and W0.20/PPy, the nonhatched segments also indicate E10 mA/cm2 (OER)
that is the common benchmarking potential but that was not reached for the other catalysts in the investigated potential range.

Figure 4. Characterization of the catalysts prepared with different
cobalt loadings: a) X-ray diffractograms and b) Raman spectra with
IG/ID ratios.
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the ORR activity. A major difference can however be found in the
diffusion limiting current density and hydrogen peroxide forma-
tion. The peroxide formation increases from �10% to 20% for
Co0.20/PPy and Co0.24/PPy. Also Co0.40/PPy remains on a
high level, but gives slightly less values.

As shown in Figure 5c, the OER improves, indicated by a
decrease in the onset potential from 1.60 V for Co0.05/PPy to
1.53 V obtained for Co0.24/PPy. The sample with highest cobalt
content, however, performs again worse. This is also reflected by
the Tafel slopes which is lowest for Co0.24/PPy (52mV dec�1,
Figure S6a, Supporting Information) and indicates that there
is an optimal cobalt amount for OER catalysis equal to 0.24mole
equivalents in this work.

We would like to highlight that the most active OER catalyst is
the same that leads to the highest peroxide yield.

In contrast to napp (from RRDE), the values nKL (from Koutecký–
Levich plots, see Figure S7, Supporting Information, for the related
RDE curves and Figure S8, Supporting Information, for the KL
plots) suggest that the four-electron path is more likely for higher
cobalt loadings (Figure 6a). Remarkably, the determined napp values
of the two catalysts with highest cobalt loadings, Co0.24/PPy and
Co0.40/PPy are higher than nKL. Here, a varying degree of different
cobalt species could be at the origin of the differing selectivity
trends. The observed trends and assignment to different cobalt envi-
ronments for ORR activity and selectivity as well as OER activity are
further supported from the comparison of an as-prepared Co0.24/
PPy and after acid leaching. It is known that metallic and oxidic
species will be drastically lowered in their content by such a

treatment, whereas MN4 centers will remain intact.[40] In line with
our interpretation, the OER activity as well as the peroxide yields are
significantly lowered, while no change in ORR kinetics is observed.
The related electrochemical data can be found in Figure S9,
Supporting Information. This leads to the suggestion that the addi-
tional inorganic phases contribute to OER as well as to peroxide
formation, whereas the ORR activity is more related to acid-resistant
sites within the carbonaceous structure like FeN4 (with Fe residuals
from oxidative polymerisation of pyrrole) or CoN4 sites.

The obtained parameters of OER and ORR activity of the
most active catalyst obtained in this work is shown in Table 1
and compared with literature data. It has a potential difference
of only 0.79 V for achieving an OER current of 10mA cm�2 and
the E1/2 value related to ORR. This compares well with other
bifunctional nonprecious metal MNC catalysts reported in
literature.

In order to study the effect of cobalt loading on real device
applications, Co0.10/PPy and Co0.24/PPy were tested for their
activity and stability in a zinc-air battery.

Figure 7a shows a picture of the cell. The measured open-
circuit voltages (OCVs) of the cells were 1.420 V for Co0.10/PPy
and 1.433 V for Co0.24/PPy in comparison with a theoretical
value of 1.6 V. Both catalysts exhibited nearly identical performance
prior to cycling, with a peak power density of 61.5mW cm�2

at 99.5mA cm�2 for Co0.10/PPy and 62.4mWm�2 at
102.5mA cm�2 for Co0.24/PPy (Figure 7b, curves i). As the
polarization curve displays the behavior during discharging,

Figure 5. Cobalt loading variation series: a) CVs in N2-saturated electrolyte, b) ORR curves in O2-saturated electrolyte at 1500 rpm, c) OER curves in
N2-saturated electrolyte, d) peroxide yields and apparent electron transfer numbers during ORR.
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i.e., during ORR, the similar performance of the catalysts might be
attributed to their nearly identic ORR performance.

When the stability behavior during charging and discharging
is considered, again, both catalysts reveal a good cycling stability
over the investigated timeframe of 26 h. The charging–
discharging curves are shown in Figure 7c. During the first
six cycles, the behavior is different for the two catalysts.
Co0.10/PPy gives a fast increase in required overpotentials,
whereas this increase is less sharp for Co0.24/PPy.

Stable cycling behavior was reached after �10 cycles for both
cells. In this stabilized region, Co0.24/PPy shows a slightly lower
charging overpotential, whereas Co0.10/PPy exhibits a slightly
lower discharging overpotential. After 40 cycles, the round-trip
overpotential (Echarge–Edischarge) is 0.94 V for Co0.10/PPy and
0.95 V for Co0.24/PPy, in comparison with 0.71 V and 0.69 V
within the first cycle, respectively. This results in voltaic efficien-
cies (Echarge/Edischarge) of 56 % for Co0.10/PPy and 55 % for
Co0.24/PPy.

In Table 2, the bifunctional Zn-air performance of Co0.10/PPy
and Co0.24/PPy is compared with similar CoNC catalysts and a
metal-free N-doped carbon catalyst, as well as a bifunctional
noble metal catalyst commonly used for reference.

Co0.10/PPy and Co0.24/PPy show maximum power densities
similar to Pt/C–RuO2 catalyst, but less compared with other Co-
or Fe/Co-based catalysts. It shows that despite the good OER/
ORR performance, an optimization process is necessary to
enhance the performance in a zinc-air cell. However, despite
the rather high initial potential gaps of Co0.10/PPy and
Co0.24/PPy, the increase in potential gap until the end of cycling
is lower compared with Pt/C–RuO2 and also lower compared
with some other cobalt-based catalysts. Thus, we conclude that
Co0.10/PPy and Co0.24/PPy exhibit decent cycling stability.
After cycling, a second polarization curve was recorded for the
catalysts (Figure 7b, curves ii), which is rarely done in the litera-
ture. Co0.10/PPy and Co0.24/PPy again show very similar per-
formance after cycling. The power output decreased to
34.2 mW cm�2 at 67.8 mA cm�2 for Co0.10/PPy and
34.2mW cm�2 at 64.2 mA cm�2 for Co0.24/PPy, which gives
power losses of 44 and 45 %. After disassembling the cell, large
bubbles were observed at the catalyst layer surface. Thus, the
power losses might be assigned to a lowering of the accessible
surface area by these bubbles rather than an intrinsic deactiva-
tion. Nonetheless, further work will be required to optimize
the operation conditions.

Figure 6. a) Correlation between napp and nKL and b) comparison of the bifunctional activities of the cobalt loading variation catalysts.

Table 1. OER and ORR activities of various bifunctional catalysts.

Sample Description Electrolyte Loading
[mg cm�2]

E10mA cm�2

[V]
E1/2
[V]

ΔEOER-ORR

[V]a)
Reference

Co0.24/PPy Co-impregnated PPy-NTs 0.1 M KOH 0.5 1.60 0.81 0.79 This work

C-MOF-C2-900 Co in MOF-derived N-doped carbon 0.1 M KOH 0.2 1.58 0.82 0.76 [42]

MSZIF-900 Co supported on N-doped CNTs 1 M KOH (OER) 0.1 M KOH (ORR) 0.286 1.57 0.84 0.73 [43]

FeNx-PNC Fe in porous N-doped carbon 0.1 M KOH 0.14 1.63 0.86 0.77 [44]

NGM-Co Co–Nx–C species in graphene 0.1 M KOH 0.25 1.73 0.78 0.95 [45]

Co-Nx/C NRA Co–Nx/C nanorod arrays 0.1 M KOH 0.5 1.53 0.88 0.65 [46]

FeCo–N–C-700 Fe, Co in MOF-derived N-doped carbon 0.1 M KOH 0.4 1.61 0.90 0.71 [47]

NCAG/Fe–Co Fe, Co dispersed in carbon aerogel 1 M KOH (OER) 0.1 M KOH (ORR) 0.425 1.53 0.89 0.64 [48]

N-GCNT/FeCo-3 FeCo alloy in N-doped carbon nanotubes 0.1 M KOH 0.2 1.73 0.92 0.81 [49]

N-carbon Metal-free defective nanocarbon 0.1 M KOH 0.146 1.65 0.74 0.91 [50]

a)At EOER¼ 10 mA cm�2, EORR¼ E1/2.
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3. Conclusion

In summary, various polypyrrole-based MNC catalysts were syn-
thesized and electrochemically tested. Out of the investigated
metals, the addition of cobalt lead to the best-performing catalyst
with an OER/ORR potential gap of 0.79 V, as well as a maximum
power output of 62mW cm�2 in a zinc-air battery. The bifunc-
tional behavior is attributed to an interaction of CoN4 centers for
the ORR and Co-oxide particles (transforming to hydroxides) for
the OER. While this work displays great promise for the

fabricating of nonprecious metal-based bifunctional catalysts,
further characterization as well as mechanistic studies are nec-
essary to fully understand and optimize their electrochemical
behavior and to improve the cell performance.

4. Experimental Section

Preparation of the Catalysts: The catalysts were prepared by a heat treat-
ment of a precursor containing polypyrrole nanotubes and metal chlor-
ides. The synthesis of polypyrrole nanotubes (PPy-NTs) was conducted

Table 2. Comparison of various bifunctional catalysts in Zn-air cells.

Sample Description Electrolyte Catalyst
loading

[mg cm�2]

Pmax

[mW cm�2]
jcycling

[mA cm�2]
ΔEinitial
[V]

ncycles ΔE after
ncycles [V]

Reference

Co0.10/PPy Co-impregnated PPy-NTs 6 M KOHþ 0.2 M Zn(OAc)2 1 61.5 2 0.71 40 0.94 This work

Co0.24/PPy Co-impregnated PPy-NTs 6 M KOHþ 0.2 M Zn(OAc)2 1 62.4 2 0.69 40 0.95 This work

Pt/C–RuO2 Bifunctional noble metal catalyst 6 M KOHþ 0.2 M Zn(OAc)2 1 62 2 0.82 80 1.37 [17a]

CoNMC–700–1 Co5.47N loaded N-doped carbon 6 M KOHþ 0.2 M Zn(OAc)2 1 70 2 1.17 80 0.99 [17a]

NGM–Co Co–Nx–C in hierarchical graphene mesh 6 M KOHþ 0.2 M ZnCl2 0.5 150 2 �1.00 60 �1.15 [45]

FeCo–N–C-700 Fe, Co in MOF-derived N-doped carbon 6 M KOHþ 0.2 M Zn(OAc)2 0.8 150 1 0.33 360 0.52 [47]

5 0.46 240 0.66

SCoNC Isolated Co–N sites on N-doped
graphene

6 M KOHþ 0.2 M ZnCl2 1 194 5 �0.25 60 �0.70 [51]

Co/Co3O4@PGS Co/Co3O4 in porous graphitized shells 6 M KOHþ 0.2 M Zn(OAc)2 0.9 118 10 0.91 750 0.96 [52]

GNCNTs-4 Metal-free 2D 6 M KOHþ 0.2 M Zn(OAc)2 1 253 5 0.76 9000 0.85 [53]

N-doped CNT/graphene

Figure 7. a) Photograph of the zinc-air cell, b) polarization curves and corresponding power density curves of Co0.10/PPy and Co0.24/PPy before (i) and
after (ii) cycling, c) charge–discharge cycles with 2mA cm�2 of Co0.10/PPy (blue line) and Co0.24/PPy (purple line) with 40min per each cycle. All
measurements were performed in 6 M KOH with 0.2 M Zn acetate.
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based on chemical oxidation of pyrrole with iron(III) chloride in the pres-
ence of methyl orange serving as structuring agent,[41] the exact conditions
can be found in Ni et al.[34b] and is only summarized here, briefly. Pyrrole
and methyl orange were dissolved in deionized water and a solution of
iron(III) chloride (FeCl3) was added dropwise under vigorous stirring.
The mixture was left for polymerization at –10 �C for 16 h. After unfreezing,
the nanotubes were filtered and washed ten times with an acetone/water
mixture to remove iron chlorides and methyl orange residuals and dried.
0.20mmol (0.05, 0.10, 0.24, and 0.40mmol) of the transition metal chlor-
ides were added to a slurry containing PPy-NTs (200mg) in an ethanol/
water mixture (3:1 v:v, 40mL) and pestled for 10min before evaporating
the solvents and drying at 100 �C for 2 h.

For this variation series, the following metal precursors were used:
CoCl2 · 6H2O, FeCl3, MoCl3, VCl3, and WCl6. As a second series, the cobalt
content was varied (0.05, 0.10, 0.24, and 0.40mmol), as Co turned out
most promising.

The obtained impregnated precursors were then pyrolyzed in a micro-
wave at a power of 600W for 1 h in a quartz glass tube under constant flow
of nitrogen to obtain the catalysts. The catalysts were directly used, without
any further purification step. Thus, in addition to the expected MN4 con-
tribution, metal, nitride, or carbide species might have been formed during
the preparation and either directly contribute to the catalytic activity or in a
surface oxidized form. The sample label indicates the type of metal species
and mole equivalent of the metal salt. For example, Co0.24/PPy is related
to the catalyst prepared from 0.24mmol cobalt chloride with 200mg of
PPy-NT.

For verification of our ORR and OER contribution assignments, the
Co0.24/PPy catalyst was subjected to a subsequent acid leaching by
dispersing in 1 M HCl under nitrogen atmosphere. The dispersion was
sonicated for 2.5 h at 50 �C, left for 16 h under nitrogen atmosphere
and was finally washed with 5� 100mL water.

Material Characterization: XRD was carried out in transmission mode
on a StadiP diffractometer (Stoe & Cie. GmbH, Darmstadt) using Cu Kα1
radiation (Ge[111]-monochromator, λ¼ 1.5406 Å). Raman spectra were
collected on a WiTec alpha300 R confocal Raman microscope with a laser
excitation wavelength of 532 nm at a laser power of 2 mW. The spectra
were recorded with 200 accumulations with an integration time of 0.75 s.

Electrochemical Characterization and Cell Test: Electrochemical
measurements were carried out on a Princeton Applied Research
Parstat 3000 A-DX bipotentiostat. The three-electrode configuration con-
sisted of a RRDE as working electrode(s), a glassy carbon rod as counter
electrode and a Hg/HgO reference electrode (3 M KOH).

Catalyst inks were prepared by mixing 5mg catalyst powder with 142 μL
deionized water, 25 μL Nafion solution (5 wt%) and 83.3 μL isopropanol,
followed by 30min treatment in an ultrasonic bath, 30 s with an ultrasonic
rod and vortex-mixing for further 30 s. An ink volume of 6 μL was dropped
onto the glassy carbon disc and dried in a weak compressed air flow for
2min, resulting in a catalyst loading of 0.5 mg cm�2.

The measurements were conducted at ambient temperature in 60mL
0.1 M KOH electrolyte.

Prior to OER and ORR measurements, CVs in N2 saturated electrolyte
between 1.1 und 0.0 V were carried out at scan rates of 300 (20 cycles),
200, 100, 50, and 10 mV s�1 (1 cycle each). OER performance was
recorded in the same electrolyte within a potential range of 1.1 and
1.9 V (vs reversible hydrogen electrode, RHE) at a scan rate of 5 mV
s�1 at a rotation of 1500 rpm. ORR measurements were carried out on
a fresh electrode in oxygen-saturated electrolyte at potentials between
1.1 and 0.0 V (vs RHE) at a scan rate of 10mV s�1 and rotation rates
of 200, 400, 900, 1500, and 2500 rpm. The ORR curves of all rotation rates
can be found in the Supporting Information. OER and ORR data were
corrected for the electrolyte resistance between the electrodes by perform-
ing electrochemical impedance spectroscopy (EIS) prior to each
measurement.

For the zinc-air cell tests, a 1 mg cm�2 catalyst-loaded carbon paper gas
diffusion layer GDL (Freudenberg GDL H23C9) served as air breathing
cathode, a zinc plate (Alfa Aesar, 0.25mm thickness, polished with
1 μm diamond particle polish) was used as anode and a separator mem-
brane (Celgard 5550) was located between the electrodes. The same ink as

for the RRDE experiments was used. The ink was applied via drop-casting
and dried on ambient air. The active area of the cathode was 0.79 cm�2.
The cell was operated with 6 M KOHþ 0.2 M zinc acetate as electrolyte.
Polarization curves were recorded by discharging the cell from OCV to
0.4 V at a sweep rate of 1 mV s�1. For stability testing, the cells were
charged and discharged 40 times with 2mA cm�2 for 40 min per cycle,
leading to a protocol of �26 h. After cycling, a second polarization curve
was recorded with the same conditions as previously mentioned.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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