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Co,Oy nanoparticles are uniformly deposited on carbon
nanotubes (CNTs) by atomic layer deposition, and cover by a
N-doped carbon layer. The material exhibits excellent oxygen
reduction reaction reactivity. More importantly, the N-doped
carbon shell prevents nanoparticles agglomeration and leaching
fromthe CNTs, leading to exceptional stability/durability over
long-term operation.
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1 Introduction

ABSTRACT

The oxygen reduction reaction (ORR) is essential for both life science and
energy related research. In applications, platinum based catalysts are a good
choice for the ideal reactivity, but in practice those are often subject to high cost
and poor stability. Some cost-efficient transition metal oxides were found to
exhibit excellent ORR reactivity, but the stability and durability of such
alternative catalyst materials pose serious challenges. Here, we present a facile
method to fabricate uniform CoxOy nanoparticles and embedd them into
N-doped carbon, which results in an extraordinary stability/durability of the
composite while maintaining its high reactivity. The half wave potential shows
a negative shift of only 21 mV after 10000 cycles, which is one third of that
observed from the Pt/C system (63 mV). Furthermore, after 100000 s testing at a
constant potential the current decreases by only 17%, significantly less than in
the case of Pt/C (35%). The exceptional stability/durability is resulting from the
architecture of the system: a thin carbon shell prevents agglomeration of the
CoxQOy nanoparticles and their detaching from the substrate.

determines with great share the overall performance
of the device or system, which makes it a crucially

Among the largest obstacles for a massive use of a
variety of fuel cells or metal-air batteries is the
sluggish kinetics of the oxygen reduction reaction
(ORR) at the cathode [1-3]. The ORR catalyst

important component. Seemingly, a set of good
catalysts has been identified with platinum or its
alloys exhibiting exceptional catalytic performance
and efficiency [4-6]. However, use of platinum in
large quantities for mass production is economically
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not feasible. Moreover, Pt-based catalysts often suffer
from electrochemical and temporal instability, which
is primarily a result of the highly reactive Pt-based
stability of a
long-term operation is considered to be one of the

nanostructures. The catalyst in

most important hurdles to be overcome for

implantation into real devices and commercialization.

Thus, finding cheap, efficient and stable alternatives
to Pt for the ORR is highly desired.

The recent years have witnessed a tremendous
progress in identifying and characterizing such
cost-effective and efficient catalysts for the ORR, like
nitrogen (N) or transition metal (M) doped carbon or
M-N co-doped carbon [7-10]. Besides carbon-based
materials, transition metal oxides came into focus as
good alternatives for the noble metal based ORR
catalysts. In various attempts, FesOs [11,12], Co3Os
[13,14], CoO [15-18] and some further oxides [19-25]
were shown to be excellent candidates. Those often
have comparable or sometimes even slightly better
reactivity than Pt, which gives rise to optimism for
finding a suitable system to replace Pt, at least from
the perspective of
stability/durability  for
remains being a great challenge [26].

activity. However, the
long-term operation still

The proposed metal oxide-based catalysts for ORR
consist of a variety of nanostructures. The collapse of
nanostructures, like leaching or agglomeration of
active materials seriously contribute to the instability
of the catalyst [26]. Maintaining  this
nano-architecture during operation is expected to
ensure long-term stability and preserve high activity,
but this is a great challenge. In the following, we
describe our approach towards stabilizing the ORR
catalyst. The system is based on CoxOy nanoparticles
that are grown on carbon nanotubes (CNTs). For
stabilization, the system was covered with a thin
N-doped shell by
CNT-nanoparticle composite with polydopamine
(PDA) and subsequent pyrolysis. The final construct
of nanoparticles, CNTs and doped carbon will in the
following be referred to as CoxOy/CNT@C. The
stability and durability of the CoxOy/CNTe@C, if
Pt/C, is
exceptional. After a standard cyding test, the half

carbon coating  the

compared to the commercial truly
wave potential of CoxOy/CNT@C showed a negative
shift of only 21 mV after 10000 cycles, which is one

third of that observed with the commercial Pt/C (63

o
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mV). Furthermore, after 100000 s operation at a
constant potential the current decreased by only 17%,
which is only half of the decrease observed from Pt/C
(35%). This exceptional stability and durability of
CoxOy/CNT@C is a result of the special architecture,
in which the N-doped carbon shell prevents the
embedded CoxOy nanoparticles from agglomeration
and detaching off of the CNTs. This synthetic
strategy and the resulting nano-architecture are not
specific for this problem but may also be applied
more universally, showing promise for a plethora of
further energy-related or catalytic applications.

2 Experimental

2.1 Materials synthesis

Atomic layer deposition (ALD) was used to
deposit CosOs onto commercial multi-walled carbon
nanotubes (MNCNTs) in a commercial ALD coater
(Savannah 100, Nanotech Inc.).
Bis(cyclopentadienyl)-cobalt(Il) (Co(Cp)2) and Os

were used as cobalt and oxygen source. The reactor

Cambridge

was kept at 200 °C, and the Co(Cp)2 source was
maintained at 65 °C. High purity N2 (99.99%) was
used as both carrier and purging gas. All gas lines
were kept at 120 °C to prevent cold spots and
precursor condensation. For each ALD cycle, the
pulse time, exposure time and purging time of
Co(Cp)2 and Os precursors were 1 5/60 s/90 s and 0.8
s/60s/90s, respectively.

CNT or Co3O4/CNT were then dispersed in water
(6 mg/mL), then mixed with 60 mM Tris buffer (PH
8.8) and 6 mg/mL dopamine solution by 1:1:1. The
mixed solution was stirred for 24 hours at room
temperature. Afterwards, the samples were washed
by centrifugation with water for at least three times,
then dried and collected.

The collected Co0sOs4/CNT, CNT@PDA and
Co30s/CNT @PDA samples were annealed in an
oven at elevated temperatures (400 to 800 °C) under
N2 flow in vacuum (around 3 mbar) for 2 hours
individually. The Co0s0s4/CNT, CNT@PDA or
C030+/CNT@PDA were also annealed in-situ in an
XPS chamber whilemeasuring,.
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2.2 Physical characterization.

Electron microscopy samples were prepared by
drop-drying ethanol suspensions of the samples
onto copper grids. The morphologies and
microstructures of the synthesized samples were
characterized with scanning transmission electron
microscopy (FEI, Helios 450S), and transmission
electron microscopy (FEI, Titan G2 60-300) was
carried out to characterize the structure of the
nanopartides and to perform element analysis at
higher magnifications. XRD examinations were
performed with a powder diffractometer (X'pert,
PANalytical). XPS experiments were performed
using a Phoibos photoelectron spectrometer
equipped with an Al Ka X-ray source as the
incident photon radiation. Samples were drop-dried
onto silicon or gold substrates, using the Si 2p or
the Au 4f signals for binding energy calibration.

In-situ heating experiments were performed inside

the UHV chamber, with a base pressure of 10-° mbar.

XPS spectra of Co 2p, O 1s, N 1s and C 1s core
levels were measured for Co30:/CNT, CNT@PDA
and CosOs/CNT@PDA as received (RT) and after
annealing processes at 400 °C (below the ex-situ
annealing process) and at 600 °C (ex-situ annealing
process).

2.3 Electrochemical characterization.

For the catalyst preparation, 2 mg of a sample was
dispersed in 750 ul of water, 200 pl of ethanol and
50 ul of Nafion solution (5 wt.%), and then
ultrasonicated for 15 min to form homogeneous ink.
For the electrochemical measurements 20 pl of the
catalyst ink was loaded onto a glassy carbon
electrode of 5 mm in diameter (loading 0.20
mg/cm?). Commercial Pt/C catalyst samples were
prepared in the same way. The catalytic
performances of the catalysts were analyzed with a
standard three-electrode system with a Pt sheet as
counter electrode and Ag/AgCl 3 M KCl) as
reference electrode in 0.1 M KOH solution. The
electrolyte was saturated with O2 (or N2) by
bubbling O2 (or N:) prior to the start of each

experiment. Cyclic voltammetry (CV) tests were
performed in both Oz and N: saturated 0.1 M KOH
electrolytes at a scanning rate of 50 mV/s. Before
recording the data, the electrodes were cycled at
least 5 times until a stable curve was obtained.
Linear sweep voltammetry (LSV) was also carried
out in Oz saturated 0.1 M KOH at a scanning rate of
10 mV/s with a rotating electrode speed range from
400 to 2500 rpm. The Koutecky—-Levich plots (J-! vs.
w2) were analyzed at various electrode potentials.
The slopes of their linear fit lines were used to
calculate the number of electrons transferred (n)
based on the Koutecky-Levich equation below:
1 1 1 1 1

=—+=— +
J I Jk Bo? Jx
B = 0.62nFC,(D,)?/3v=1/° Jx = nFkC,

where | is the measured current density, JL is the

diffusion-limiting current density, Jx is the
kinetic-diffusion-limiting current density, w is the
angular velocity, n is the electron number
transferred, F is the Faraday constant, Co is the bulk
concentration of Oz, v is the kinematic viscosity of
the electrolyte, and k is the electron-transfer rate
constant. For the Tafel plot, the kinetic current
density was calculated according to the equation:
= J* ]y
JL—]

The cycling stabilities were characterized using

CVs with a small potential window at high
scanning rates of 500 mV/s for 10.000 cycles. After
every 1.000 cycles LSVs were recorded (scanning
rate 10 mV/s, rotating speed 1600 rpm). The
durability = tests were carried out by
chronoamperometry at a bias potential of 0.65 V (vs.
RHE) for 100.000 s in the constantly Oz -saturated
electrolyte with a rotating speed of 1600 rpm. The
electrochemical tests were performed in O
-saturated electrolyte with a rotating speed of 1600
rpm at the potential of -0.15 V vs. Ag/AgCl. All
electrochemical tests were carried out using an
Autolab electrochemical working station (PGSTAT
302N).

www.theNanoResearch.com | www.Springer.com/journal/12274| Nano Research
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3 Results and discussion

Atomic layer deposition (ALD) was applied to
cobalt
nanotubes (CNTs, Figure la), as it offers the
possibility to grow wuniformly distributed oxide
nanopartides on complex surfaces or structures with
extreme control [27,28]. Cobaltocene (CoCp2) and Os
were used as metal and oxygen sources. In our
earlier work [29,30], we demonstrated that O3
preferentially oxidizes the carbonaceous debris on

deposit oxide onto commercial carbon

the outer wall of CNTs, creating functional groups or
defects. These functional groups or defects act as
anchoring sites for the chemisorption of CoCp:
during the initiation of ALD growth. Subsequently
supplied Os will react with the immobilized Co
precursor to produce Co3Os. Due to the discrete
anchoring sites on the otherwise inert surfaces of the
CNTs, an island growth rather than a compact film
growth is favored [31]. After the initial few cycles,
C0304 seeds are formed on the CNTs, which in the
continuation of the process act as preferential sites
for further CosOs deposition, giving rise to a particle
growth  throughout the process.
Consequently, Co030s

deposition

uniformly distributed

il

nanoparticdes are formed on CNTs (Figure 1b). By
altering the number of ALD cycles, the size of
nanoparticles can be further optimized (Figure S1).
After the Co3Os deposition, Co3sOs/CNTs were
further coated with a thin layer of polydopamine
(PDA) (Figure 1c) by mixing with a dopamine
solution and gentle stirring at room temperature, as
dopamine tends to oxidative self-polymerize in
appropriate pH environment [32-34]. An inspection
of a PDA-coated sample with STEM (Figure S2)
revealed that the PDA layer uniformly covered the
surface of the CNTs, including the Co3Os
nanoparticles. In the next step, the CosOs/CNT@PDA
samples were annealed at elevated temperatures in a
N2 atmosphere. The annealing resulted in the PDA
polymer decomposing to an embedding carbon shell
and a slight growth of the nanoparticle due to some
limited Ostwald (Figure 1d). High
resolution TEM was applied to characterize the
annealed sample (CoxOy/CNT@C). Figure 1e shows
that the oxide nanoparticles were still embedded in

ripening

the carbon shell after annealing, but the lattice fringes
indicate that the oxidation state of the nanoparticles
has changed during the process.

3

= 0 24 nm

i Jj
T 0. 20 nm-

%' 0724 nm

Figure 1. STEM images of a) pristine CNTs and b) Co;0, nanoparticles grown on CNTs by ALD (Co304/CNT); ¢) PDA-coated
C0304/CNT (Cos0/CNT@PDA), and d) Co;0,/CNT@PDA after annealing at 600 °C in N, atmosphere (Co,O,/CNT@C), and €)

HRTEM image of Co,O,/CNT@C.
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X-ray diffraction patterns were collected to trace the
evolution of the oxide nanoparticles upon annealing.
In Figure 2a, the peak at 26.2° corresponds to the (002)
plane of CNTs, while clear peaks at 31.2¢, 36.7°, 44.7°,
59.2¢ and 65.2° for CosOs/CNT occur, corresponding
to (022), (113), (004), (115) and (044) planes of Co3Os,
respectively. After annealing, new peaks at 44.2¢ and
51.40 appear, associated to (111) and (002) planes of
Co metal, while all peaks characteristic for Co3Os
decrease or even disappear. Further annealing
conditions (at 800 °C), reduce the oxide to Co metal
with all peaks in the XRD spectrum corresponding to
the cubic structure of Co (Figure S3). This is
consistent with previous observations: CosOa releases
O during heating under N2 flow, converting into CoO
or even metallic Co [35-37]. Interestingly, element
mapping of Co and O with Energy-Dispersive X-Ray
(Figure 54) that Co304
nanoparticdes transformed into core-shell partides
From

spectroscopy shows
with a metallic core and an oxide shell.
HRTEM, in the outer shell the measured interplanar
spacings of 0.24 nm and 0.20 nm may correspond to
(113) and (004) planes of Co3Os; alternatively, the 0.24
nm and 0.21 nm may correspond to (111) and (002)
planes of cubic CoO; while the spacings of 0.20 nm
and 0.17 nm in the inner core correspond to (111) and
(002) planes of metallic Co. Note that according to
the XRD spectrum of CoxOy/CNT@C, presence of
some CoO phases, for example the (111) plane, may
be possible, but with 36.4¢ it is too close to the (113)
plane of Co3Os at 36.7° to be clearly distinguished.
X-ray photoelectron spectroscopy (XPS) was used to
analyze the elemental information of the synthesized
materials. After the ALD process clear Co 2p core
level peaks at around Co 2ps2 and Co 2p1/2 appeared
accompanied with two satellites, corresponding to
the energy position of CosOs (Figure 2b) [38,39]. For
Co304/CNT@PDA, the intensity of the Co 2p peaks
was nearly zero because the mean free path of the
excited photoelectrons is shorter than the thickness of
PDA layer. This suggests that all the nanoparticles
and CNT were completely embedded into the PDA.
After annealing, both Co 2ps2and Co 2pi2 become
visible. Presumably the transformation of the
polymer film into a thin porous carbon shell results
in shrinkage of the film, enabling the excited
photoelectrons to pass through. Moreover, the main
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Figure 2. (a) X-ray diffraction patterns of commercially obtained
CNTs, Co304/CNTs and Co,O,/CNT@C; (b) XPS spectra of Co
2p of Co304/CNTs, Coz0/CNT@PDA and Co,O,/CNT@C. I, Il
111 and IV correspond to 2ps, of Co metal, 2ps, of Co(I1)O, 2p3p»
of Co(l1l) and the satellite of Co 2p3y,, respectively.

spin orbit splitting components of Co 2p shifted
slightly towards higher binding energies and two
shake-up satellite peaks became more pronounced.
This
nanopartides has changed and a fraction of the

indicates that the oxidation state of the

material became CoO, or even partly metallic Co [40-

42]. In-situ experiments where samples were
annealed and measured inside the XPS chamber
without exposure to air, were also performed to
study the evolution of the elements during annealing
(Figure S5 and S6). For the sample in absence of PDA
(CosO4/CNT), we CoO
components after heating at 400 °C (Figure S6). This
also confirms that heating of Co3Os will release some

oxygen from the oxide and convert it into CoO, and

observed intermediate

finally into Co, as observed from XRD.
For characterizing the ORR
properties of the synthesized samples in N2- or

electro-catalytic

Oz-saturated 0.1 M KOH solution cyclic voltammetry
(CV) was applied. All the synthesized samples
showed a quasi-rectangular double-layer capacity in
N2, and a well-defined ORR peak in presence of O2
(Figure 3a). For CoxOy/CNT@C, the cathodic peak
located at 0.77V was more positive than that of
CoxOy/CNT (0.74V) and CNT@C (0.67 V). To study
the ORR kinetics of the synthesized
Koutecky-Levich plots (J1 vs. w2) were derived
from Rotation Disk Electrode (RDE) measurements at

sample,

various potentials, as shown in Figure 3b-d. The K-L
plots show great linearity for all the samples, and the
near parallelism of the fitting lines suggests two
important points: i) clear first-order reaction kinetics
with respect to the oxygen concentration and ii)
similar electron transfer number for the ORR at
various potentials. From the slopes we calculated the

Nano research 2017, 10, pp97-107
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electron transfer numbers to be 3.1 and 3.8 for
CoxOy/CNT and CNT@C (inset of Figure 3b and c),
and 4.0 for CoxOy/CNT@C (inset of Figure 3d). The
latter value indicates an ideal reduction of O2 to OH
instead of HO2, which is also the case with the
commercial Pt/C catalyst (Figure S7). Figure 3e shows
that CoxOy/CNT@C has a more positive onset
potential and higher cathodic current than
CoxOy/CNT and CNT@C. For values below 0.6 V it is
quite similar to commercial Pt/C (20%), although the
cathodic peak position in the CV of CoxOy/CNT@C is
slightly lower than that of Pt/C in Figure 3a. The Tafel
slope of 58 mV/decade for CoxOy/CNT@C at a low
over potential (Figure 3f) is much lower than that of
CoxOy/CNT (93 mV/decade) and CNT@C (75
mV/decade), and even lower than that of Pt/C (62
mV/decade), showing promise as an alternative
catalyst for ORR.
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Figure 3. (a) CV curves of CNT@C, Co,O,/CNT and Co0y
ICNT@C samples on glassy carbon in O,-saturated (black line)
or N-saturated (blue line) 0.1 M KOH solution at a scanning rate
of 50 mV/s. Rotating-disk voltammetric profiles of (b) CNT@C,
(¢) Co,Oy /CNT and (d) Co,0,/CNT@C in Op-saturated 0.1 M
KOH with a sweep rate of 10 mV/s at various rotation rates
ranging from 400 rpm to 2500 mpm. The insets show the
corresponding Koutecky—Levich plots at different potentials. (e)
Rotating-Disk Electrode LSV curves of CNT@C, Co,O,/CNT,
Co,0,/CNT@C and Pt/C in O,-saturated 0.1 M KOH with a
sweep rate of 10 mV/s at 1600 rpm. (f) Tafel plots of CNT@C,
Co,O,/CNT, Co,O)//CNT@C and Pt/C derived by the
mass-transport correction of corresponding RDE data.

UNIVERSITY PRESS

E

The remaining question is related to the reason for
the excellent activity of CoxOy /CNT@C. In some of
the previously reported catalyst systems [43-46], the
formation of Co-N bonding was proposed to greatly
contribute to the ORR catalytic reactivity. However
by comparing N 1s and Co 2p peaks of CNT@PDA
and Cos0s/CNT@PDA at different annealing stages in
Figure S8a and b, we see that both CNT@PDA and
Co304/CNT@PDA at room temperature have a clear
N 1s peak corresponding to the pyrrolic N in the
polymer. After annealing at 600 °C, the content and
ratio of pyrrolic, piridinic and quaternary N for
CNT@C and CoxOy/CNT@C are almost the same,
indicating that the Co3Os nanoparticles do not affect
the evolution of the N during annealing. Also
observable from Figure S8c is that the Co 2p peak
exhibits almost the same shape and content in both
CoxOy/CNT and CoxOy/CNT@C after annealing at 600
°C. This further indicates that the polydopamine
polymer does not affect the evolution of Co.
Therefore, we conclude that Co and N do not interact
with each other during annealing, as no obvious
formation of Co-N can be observed. This may be
related to the fact that the polymer film is very thin
and the total N content is very low, which is in
contrast to other studies, where more bulky materials
are used [43-46]. On the other hand, the density and
size of the nanoparticles greatly affect the ORR
catalytic activity. In Figure S9, samples with 100
applied ALD cycles show a low particle density,
while after 500 applied ALD cycles the particles
seriously increased in size. Both mentioned samples
have lower activity compared to the sample with 300
cycles. with
temperatures, the nanoparticles grew into large

Furthermore, too high annealing
particles (Figure S10), which also negatively affects
the ORR activity. We thus conclude that the CoxOy
nanopartices embedded in the carbon shell are likely
to be the main active component for the ORR in our
case. Similar unintended results were shown in
previous works [47-49]. The N-doped carbon shell
resulting from the PDA pyrolysis is rather supportive
in terms of facilitating an easier electron transfer
between the embedded CoxOy nanoparticles and the
electrode [50,51],
confirmed by impedance measurements in Figure
S11.

Comparing to previous work on similar material

during the catalytic process
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systems (Table S1), our composite shows the highest
cathodic current density and lowest Tafel slope,
indicating a successful approach towards improved
ORR catalysts. The uniform distribution of the active
CoxOy nanoparticles in both position and size assures
the full utilization of the material for ORR, gaining
more activity per mass. This uniformity is a direct
result of atomic layer deposition, which deposits
ideal Co3O: seeds, while the PDA hinders the CoxOy
growth through Oswald ripening during the thermal
annealing process (Figure 4a and c).

Figure 4. STEM images of Co,O,/CNT@C (a) as synthesized, (b)
after 10000 testing cycles, and Co,O,/CNT (c) as synthesized, (d)
after 10000 testing cycles; Pt/C (e) initial, (f) after 10000 testing
cycles.

The stability/durability of the ORR catalyst is a
further key issue besides the activity. It is commonly
accepted that the instability of an ORR catalyst often
originates from the agglomeration of the active
nanoparticles (see commercial Pt/C before and after
cycling in Figure 4e and f), or leaching of active

materials from the support (see CoxOy/CNT before
and after cycling in Figure 4c and d). However,
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Figure 5. ORR curves of (a) Co0,/CNT@C and (b) Pt/C
samples in O,-saturated 0.1 M KOH solution with a sweep rate of
10 mV/s at 1600 mpm over stability tests. (c) Loss of
electrochemical surface area (ECSA) of Co,O,/CNT@C and Pt/C
catalysts as a function of cycling numbers. (d) Current-time
chronoamperometric-responses of Co,O,/CNT@C and Pt/C at
0.65 V (vs RHE.) in O,-saturated 0.1 M KOH.

thanks to the PDA coating and the resulting
embedding of the particles, the nano-architecture of
CoxOy/CNT@C, including the size and density of the
CoxOy particles, was perfectly maintained even after
10000 testing cycles (Figure 4a and b). Upon
functional testing of the CoxOy/CNT@C sample, this
is further reflected in the exceptional durability over
extended CV cycling periods as well as the high
stability, maintaining great performance at constant
potential conditions, as clearly observed in Figure 5.
The tests were carried out in O2-saturated 0.1 M KOH
for 10000 cycles. The half wave potential for
CoxOy/CNT@C negatively shifted by 10 mV after 5000
cycles towards 21 mV after 10000 cycles (Figure 5a),
which is considerably lower than the values obtained
from the commercial Pt/C sample, namely 50 mV and
63 mV, respectively (Figure 5b). Furthermore, the
CoxOy/CNT@C catalyst lost only about 14% of its
initial electrochemical surface area (ECSA) after
10000 test cycles, while the ECSA of Pt/C decreased
by 65% after the same number of cycles (Figure 5c).
The stability of the CoxOy/CNT@C catalyst was
further characterized by chrono-amperometry. Figure

5d shows that after 100000 s the current was still at 83%

of the initial value, corresponding to a loss of only
17%. Note that the Pt/C reference sample showed a
loss of 35% in identical conditions. Figure S12 shows
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;

that the XPS spectra of the Co 2p and N1s are almost
identical before and after the test. This suggests that
the Co becomes slightly oxidized while the N atoms
remain the same even after long-term testing,
confirming exceptional stability and durability.

We conclude that this outstanding stability/durabi-
lity is likely to be related to the embedding of the
nanopartides into the coating during the composite
formation. The pyrolysis-derived carbon shell not
only prevented the nanoparticles from detaching off
of the CNT but also minimized the mobility of the
nanopartides as in Figure 4a and b. While in Figure
512, the XPS spectra for both Co 2p and N 1s peak of
the CoxOy/CNT@C sample show slight changes
before and after the cycling tests. Therefore the
CoxOy/CNT@C is greatly
preserved as well as the electronic states of the
materials due to the embedding concept, which is
stability/durability.
Comparing to further work with similar material
systems (Table S1), the CoxOy/CNT@C are among the
most stable/durable for the longest testing durations,

architecture of the

resulting in an exceptional

showing the intended coating of N-doped carbon
shell is a true benefit for maintaining the reactivity
over long-term operation.

4 Conclusions

In summary, we have demonstrated a very elegant
method to highly dispersed CoxOy
nanopartides embedded in a carbon matrix, which as

fabricate

final composite acts as very efficient non-noble metal
catalyst for the ORR reaction. Nanoparticles of CoxOy
are grown on defect sites of CNTs by ALD in a very
controlled size distribution and a doped carbon shell
is obtained after subsequent coating with PDA and
its pyrolysis. This formed carbon film has proven to
be an effective way to prevent agglomeration and
leaching of the nanopartides while at the same time
having a positive impact on the reactivity of the
composite for the ORR. Moreover, it is likely that
such a conductive coating is supportive for the
catalytic reaction through enhancing the electron
transfer rate. Owing to this unique architecture, the
synthesized samples show much higher stability and
durability than the commonly applied commercial
Pt/C catalyst, offering a great opportunity to
catalysts
energy-related applications. This proposed design is

substitute noble metal in emerging

o

UNIVERSITY PRESS

p-.

not specific for the described problem, but can be
easily extended to the synthesis of further catalysts
and sensors or other functional materials.
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Fig. S1 in the Electronic Supplementary Material (ESM). STEM images of C03Os nanoparticles grown on CNTs
after various ALD cycle numbers, a) 100 cycles, b) 300 cycles, c) 500 cycles and d) 700 cycles.

50 nm

Fig. S2. STEM image of CosOs/CNT@PDA (a) bright filed, (b) dark field and (c) morphology.
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Figure S3. X-ray diffraction patterns of Co/CNT@C, obtained from Co3O4+/CNTs@PDA after annealing at 800
oC.

Mix@

Figure S4 in ESM. Element analysis of CoxOynanoparticles, (a) High-angle annular dark-field STEM image,
(b)-(d) Elemental maps of the box area in (a) for (b) Carbon (C), (c) Oxygen (O) and (d) Cobalt (Co) and (e)

mix of the elements: blue represents carbon, green represents oxygen and red represents cobalt.
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Figure S5. In-situ annealing of CosOs/CNTs@PDA in the XPS chamber upon different annealing stages:
Evolution of (a) Co 2p, (b) N 1s, (c) O 1sand (d) C 1s in the XPS spectra.
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Figure S6. In-situ annealing of CosOs/CNTs in the XPS chamber upon different annealing stages: Evolution of
(@) Co 2p, (b) O 1s and (c) C 1s in the XPS spectrum. To demonstrate the reduction of the nanoparticles
during annealing, we performed in-situ experiments where samples were annealed and measured inside the
XPS chamber, i.e. in ultra high vacuum conditions. As shown in Figure S5a, Co 2p peaks were not observed
until the sample was heated at 600 °C for 20 min. The shape and energy position of Co 2p core levels suggests
that Co metal was already the dominant part at the surface of the nanoparticle. The spectrum of the sample
without PDA coating showed the same tendency, but in this case we observed the intermediate CoO
components after heating at 400 °C (Figure S6a). These results confirm that heating of Co3Os will release
some oxygen from the oxide and convert it into CoO, and finally into Co metal, as also observed from XRD.
XPS was applied to study the evolution of N, O and C, the constituting elements of PDA. Figure S5b shows
that the intensity of the N 1s peak kept decreasing during annealing. After annealing at 600 °C for 20 min the
pyrrolic N started converting into pyridinic N and quaternary N. The O 1s peak initially showed high
intensity at 533.2 eV corresponding to the O from the PDA. During annealing the intensity decreased as the
PDA kept releasing O and converting into carbon. Owing to the shrinkage of PDA, a new peak of O 1s at

530.4 eV occurred. This O stems from the cobalt oxide in the vicinity of the surface. Upon further annealing,

the intensity of both O peaks decreased until they eventually vanished. The C 1s peak intensity steadily
increased due to the formation of the carbon shell.
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Figure S7. (a) Rotating-Disc Electrode voltammetric profiles of Pt/C in Oz-saturated 0.1 M KOH with a sweep
rate of 10 mV/s at the different rotation rates ranging from 400 rpm to 2500 rpm. (b) Koutecky-Levich plots at
different potentials of Pt/C.
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Figure S8. N 1s evolution before and after annealing at 600 °C in the XPS chamber with (a) CNT@PDA (b)

Co0304/CNTs@PDA, and (c) Co 2p evolution comparison of CosOs/CNTs@PDA and CNT@PDA after annealing

at 600 °C in the XPS chamber. E1-E8 corresponds to 2ps.2 for Co metal, Co(Il), Co (II), satellite of Co 2pap,
2p112 for Co metal, Co(Il), Co(Ill) and satellite of Co 2p1s, respectively.
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Figure S9. (a) Rotating-Disk Electrode LSV curves of CoxOy/CNT@C with various applied ALD cycles in
Oz-saturated 0.1M KOH with a sweep rate of 10 mV/s at 1600 rpm. STEM images of CoxOy/CNT@C with
various applied ALD cycles (b) 100 cycles, (c) 300 cycles, (d) 500 cycles.
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Figure S10. Rotating-Disk Electrode LSV curves of CoxOy/CNT@C annealed at various temperatures (a) 600
°C, (b) 800 °C in Oz-saturated 0.1 M KOH with a sweep rate of 10 mV/s at 1600 rpm. STEM images of
CoxOy/CNT@C annealed at various temperatures (c) 600 °C, (d) 800 °C. The number of applied ALD cycles
and the annealing temperature may play a role for the performance of the catalyst and were therefore also
investigated. Upon comparing samples fabricated with 100, 300 and 500 ALD cycles, the 300-cycle sample
showed the highest current intensity (Figure S9a). The lower number of ALD cycles (100) obviously resulted
in too low amounts of active CoxOy, while the density of deposited Co3Os was too high after 500 applied
ALD cycles (Figure Slc), resulting in larger nanoparticles after annealing, which decreases the reactivity. The
annealing temperature had a similar effect on the size of the CoxOy nanoparticles. After annealing at 800 °C,
CoxOy/CNT@C showed lower current densities in comparison to the samples annealed at 600 °C (Figure S10).
The higher temperature enhanced the mobility of the nanoparticles and induced merging into larger particles

as a result of Ostwald ripening (Figure S10 d).
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Figure S11 Electrochemical impedance spectroscopy (EIS) of ORR recorded with the Co3O4/CNT, the
CoxOy/CNTs and CoxOy/CNTs@C in oxygen-saturated 0.1 M KOH solution at 1600 rpm at a potential of -0.15

V vs. Ag/AgCl.

B g

~~
QD
=

Co?2
Co 2p1/2 Par

After cycling

Before cycling E2

Intensity (a.u.)

810 800 790 780

Binding Energy (eV)

Intensity (a.u.) &

Quaternary 36.9%
Pyrrolic  39.6%
Piridinic 23.5%

Quaternary 36.4%
Pyrrolic  39.8%
Piridinic 23.7%

v L hd v hd v
400 398 396

L4 d L
404 402

Binding Energy (eV)

Figure S12. XPS spectra of CoxOy/CNT@C before and after 10000 cycles of cycling test, (a) Co 2p E1-E8
corresponds to 2ps2 of Co metal, Co(Il), Co (III), satellite of Co 2pss, 2p12 of Co metal, Co(II), Co(Ill) and
satellite of Co 2p1/2, respectively, (b) N 1s.
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Table S1 Comparison of electrocatalytic activity and stability/durability of embedded cobalt oxide based

catalysts recently reported for ORR in alkaline media.

Reactivity Stability Reference
Cathodic
Tafel slope ECSA
Loading Half-wave current Half-wave
) inlow retention Chrono-ampero
Cataly st density potential vs. density potential shift
over over metric test at
(mg/cm2)  RHE from 1600 at0.5V vs. over cycling
potential cycling 1600 RPM
rpm LSV RHE from test
region test
1600 rpm LSV
10 mV after
0.80V 58 86% after 0.65 V vs RHE
CoxOy/CNT@ 5000 cycles,
0.2 70 mV negative ~5.4 mA/cm2 mV/decad 10.000 17% loss after This work
NC 21 mV after
than Pt/C e cycles 100000 s
10000 cycles
0.83V Angew. Chem.
Co@Co0304/NC 0.21 70 mV negative <5 mA/cm2 NA NA NA NA Int. Ed.2016,55,
than Pt/C 4087-4091
96.7% Adv. Mater.
10 mV negative
CoP-CMP 0.6 <5 mA/cm2 NA after 1000 NA NA 2014, 26, 1450—
than Pt/C
cycles 1455
0.879 V 59 -0.3V vs. RHE Chem. Commun.
17 mV after
Co@Co-N-C 0.6 2 mV negative <5 mA/cm2 mV /decad NA 10% loss after 2015, 51,
2000 cycles
than Pt/C e 20000 s 8942-8945
83 -0.40 V vs.
Co@Co0304/BN Hg/HgO Nanoscale.2015,
~0.7 NA <5mA/cm2  mV/decad NA NA
CNTs 19.4% loss over 7,7056-64.
e
20000 s
0.2V vs.
Co/CoO/CoFe2 0.28 50 mV negative Ag/AgCl Nanoscale. 2014,
<4 mA/cm2 NA NA NA
04/G than Pt/C 20% loss after 20 6, 203-206
000 s test
0.80V
Sci. Rep. 2014, 4,
Co/N/C 0.458 25 mV negative  ~ 4.5 mA/cm2 NA NA NA NA
4386
than Pt/C
J. Mater. Chem.
59.64 Eonsetshift 24 -0.35V vs.
20 mV negative A 2014, 2,
Col10-NMCV 0.15 ~4mA/cm2  mV/decad NA mV for 6000 Ag/AgCl~15%
than Pt/C 11672—
e cycles after 20000s
11682
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