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Multi-Component PtFeCoNi Core-Shell Nanoparticles on
MWCNTs as Promising Bifunctional Catalyst for Oxygen
Reduction and Oxygen Evolution Reactions

Tobias Braun,*™ Sirshendu Dinda,” Guruprakash Karkera, Georgian Melinte,” "’
Thomas Diemant,® Christian Kibel,™ <% Maximilian Fichtner,>® and Frank Pammer*®

The development of commercially viable fuel cells and metal-
air batteries requires effective and cheap bifunctional catalysts
for the oxygen reduction reaction (ORR) and the oxygen
evolution reaction (OER). Multi-component Pt—Fe—Co—Ni nano-
particles on multi-walled carbon nanotubes (MWCNTs) were
synthesized by wet chemistry route via NaBH, reduction of
metal salts, followed by sintering at different temperatures. The
catalyst demonstrates an excellent ORR activity and a promis-
ing OER activity in 0.1 m KOH, with a bi-functional over-

Introduction

Fuel cells (FCs)"™™ and metal-air batteries (MABs)*® are
expected to play an important role in the successful transition
from a fossil fuel based economy to a an economy powered by
clean, renewable and sustainable energy sources. The oxygen
electrode reactions in both types of devices are the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER). Typically, the reaction mechanisms of the ORR and OER
differs depending on the type of electrolyte used (acidic or
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potential, AE of 0.83 V, which is comparable to the values of Pt/
C or RuO,. Furthermore, it shows outstanding long-term
stability in ORR and OER, namely diffusion limited current
density at a potential of 0.3V decreased just by 5.5% after
10000 cycles in ORR. The results of the PFCN@NT*® indicate a
significant effect of the substitution of Pt by the transition
metal (TM) and the formation of nanoparticles on the catalytic
performance, especially in the OER.

alkaline media). The ORR either proceeds via a one-step-four-
electron or a two-step-two-electron transfer mechanism, while
for the OER a four-electron transfer is common.”® In both
reactions oxygen-containing intermediates such as *O, *OH
and *OOH are involved. The rate limiting steps for ORR were
shown to be the reduction of *OH and 0, while for OER the
slowest steps are the formation of *OOH and *0.*'” The
sluggish kinetics of both reactions require the use of a stable
bifunctional catalyst. Highly effective state-of-the-art catalysts
for ORR are Pt-based materials such as PtCo alloy
nanoparticles,"" whereas IrO, and RuO, are efficient OER
catalysts.">'® A quick and easy accessible way to achieve
bifunctional catalytic performance is by composites, where a
ORR and a OER active material will be mixed together, such as
Pt and IrO,""”'® or Pt and RuO,."” However, the development of
economically viable, effective and stable bifunctional catalysts
made from low cost transition metals (TMs) remains an open
challenge for future reversible oxygen applications.””

Some key parameters have been defined to compare the
catalytic activity between various materials. The slope of the
ORR polarization curve contains the half-wave potential E,,
and the corresponding current density j;,, which defines the
geometrical activity of the catalysts. The slope of the OER
polarization curve defines the over-potential E,, at the point
where the current density j,, reaches 10 mAcm™. Finally, the
total over-potential AE describes potential difference between
ji2 and jyo. The value of AE allows a quick comparison and
evaluation of different catalysts.”” Pure Pt-catalysts have a AE-
value of 1.04 V and Pt/IrO, with a ratio of 1:9 shows a AE of
0.71 V.t

A preferred, but more difficult method is the use of one
material for both reactions. Thereby, it is possible to increase
the stability and reduce materials costs. The noble metal can
be partially replaced for example by transition metals (oxides)
to achieve high activity with a low AE. There are a few studies

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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about multi-component Pt-TM catalysts and their electrochem-
ical ORR activity,"**"*? however there is no report about
quaternary PtFeCoNi nanoparticles with a TM-oxide shell and a
Pt-core that show both excellent activity and long-term stability
in ORR, while also providing promising performance in OER.

Herein, we report the synthesis of multi-component
Pt—Fe—Co—Ni nanoparticles on multi-walled carbon nanotubes
(MWCNTs) via reduction with NaBH,. Their catalytic activity in
ORR was investigated in alkaline media by rotating (ring) disk
electrode measurements before and after sintering, while the
long-term stability and the OER activity was determined only
for the sintered catalyst. The prepared catalysts were charac-
terized by a number of techniques in order to reveal their
structural and chemical properties, including X-ray diffraction
(XRD), X-ray fluorescence analysis (XRF), X-ray photoelectron
spectroscopy (XPS), high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) and scanning
electron microscopy (SEM) in combination with energy dis-
persive X-ray spectroscopy (EDX).

Results and Discussion

Acid-functionalized MWCNT (FMWCNT) were loaded with
Pt—Fe-Co—Ni-containing nanoparticles (PFCN) via reduction of
metal salts with NaBH,. Parts of the resulting composite
PFCN@NT were further modified by sintering at either 300°C
under argon (PFCN@NT*®) or at 600°C under Ar/H, 95/5
atmosphere (PFCN@NT®®). As shown in Figure 1a, the as-
prepared sample PFCN@NT (=) exhibited severely broadened
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Figure 1. X-ray diffractograms of (a) MWCNT and PFCN@NT, and annealed
samples (b) PFCN@NT*® and PFCN@NT*® superimposed with patterns of

reference compounds from literature. ICSD registry numbers given in
brackets.
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peaks at ~26°, 42°, and 61°, that correspond to overlaying
signals of MWCNT (=) and Pt (===) which confirms its
composite formation with the graphitic structure. The XRD
peak positions were slightly shifted to higher angles, relative to
the standard Pt pattern (ICSD # 64912), i.e., the reflection at
39.8° was shifted to 40.2°, indicating that Fe, Co, Ni with smaller
atomic radii, are incorporated into the Pt lattice to form other
intermetallic alloy phases (e.g. PtNi; <=, PtFe ==:, PtCo uus)
with smaller lattice parameters. After heat treatment at 300°C
and 600°C (Figure 1b), crystallinity increases and more pro-
nounced peaks appear at 24.3, 33.37, 54.25, 60.97 and 71.6°.
The good agreement with the reference samples points to the
consolidation of the PtNi; phase (===) and the absence of pure
metallic Pt, as indicated by the lack of the Pt-signal at 39.5°.
Further analyses, (see Figure 4) showed at partial separation of
the PtNi-phase from Fe and Co. However, significant mismatch
with XRD patterns of an FeCo-alloy (-, Figure 1b) and Co,Fe,0,
oxides (not shown, ICSD #: 166200, 266257) indicates that these
phases are absent.

Since preliminary electrochemical experiments (Figure S1)
indicated a rather poor performance of the high-temperature
sintered sample PFCN@NT®®, further structural and chemical
characterization was focussed on the samples PFCN@NT and
PFCN@NT*®, the results of this analysis are discussed in the
following.

X-ray photoelectron spectroscopy (XPS) was used to
determine the elemental composition and analyze the oxida-
tion state of the detected elements in the surface layer of the
catalysts. First of all, the survey measurements (Figure S2)
revealed the presence of Pt, Fe, Co, Ni, C and O, in both
samples. As expected, the detail spectra of the C 1s region
(Figure 2a) were dominated by the peak of the graphitic C
atoms in the MWCNTs (sp*-C) at 284.6 eV, which was fitted
using an asymmetric peak shape, i.e., with some tailing towards
higher binding energy. In addition, the well-known m-t*
satellite feature of graphitic C (at 291.0 eV) was also observed.
Furthermore, peaks with much smaller intensity at 285.2, 286.5,
and 288.6 eV could be assigned to C—H, C—0O, and C=0 species,
respectively. Apart from the small Ni 3p feature at ~ 68.5 eV,
the Pt 4f detail spectra (Figure 2b) showed for both samples a
single peak doublet at 71.6/74.9 eV, which is most probably
related to metallic Pt species, since oxidized Pt species should
appear at a binding energy well above 72 eV (e.g., the Pt 4f,,
peak of PtO is expected at ~74eV).>* Compared to bulk
metallic Pt,”** the doublet is shifted by approximately 0.5 eV
to higher binding energy, which indicates a positive partial
charge on the Pt species. In contrast, the detail spectra of the
first-row transition metals (Fe, Co and Ni, Figure 2c-e) clearly
show the presence of oxidized metal species, while the
presence of metallic states can be excluded for all three
elements. Since XRD indicated the presence of metallic Ni and
possible Fe and Co as well, we attribute the detection of oxides
to surface oxidation of the nanoparticles. Ambient oxidation is
expected to lead to formation of a ca. 1.5 nm thick oxide
layer.” Given the limited penetration depth of XPS, which may
account for the near exclusive detection of oxidized species.
The observed positions of the 2p,, peaks for all the three
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Figure 2. XPS detail spectra for the PFCN@NT and PFCN@NT*® catalysts. Top:
spectra, Bottom: Color-legend. sat.= satellite peak.

elements are typical for an oxidation state of + Il or +1I,2*¥ a

distinction between these two possibilities is not possible
based on the binding energy alone. This question is addressed
again in more detail in the following paragraph when
discussing the O1s spectra. Furthermore, significant satellite
peaks are observed in all three regions (in addition a Co Auger
feature interferes in the Fe 2p spectrum). Most interestingly a
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shift by 0.5-0.8 eV to lower binding energy is observed for all
three elements between sample PFCN@NT and PFCN@NT?®,
This negative shift could indicate a slight reduction of the
average oxidation state and/or a change of the binding
partners around the metal centers, we also come back to this
in the next paragraph. Finally, we would like to discuss the
detail spectra in the O 1s region (Figure 2f). The spectra could
be fitted by three peaks. The first feature (at 530.0 eV) comes
from the oxide anions of the first-row transition metals, the
second one (at 531.6eV) can be assigned both to metal
hydroxide anions and C=0 species, and the last peak (at
533.0 eV) is mainly caused by C—O functionalities. A significant
reduction of the second peak (i.e., metal hydroxides) and
growth of the first peak (i.e., metal oxides) is observed, when
comparing the spectra of PFCN@NT to PFCN@NT*®, which is
most probably related to the annealing step to which
PFCN@NT*® was subjected. It is interesting to note that for the
three first-row transition metals (Fe, Co and Ni), the 2p peaks of
hydroxides tend to appear in general at higher binding energy
than those of oxides of the same oxidation state®?¥ (e.g.,
780.1 eV for CoO and 781.0 eV for Co(OH),”*® Therefore, at least
a part of the observed shift of the 2p peaks of the three metals
when going from PFCN@NT to PFCN@NT*® is most probably
related to the partial change from hydroxide to oxide species
between these two samples.

The results in the O 1s region can also be used for a rough
estimation of the average oxidation state of the three metals
(Fe, Co and Ni). For this purpose, we use the corrected
intensities (considering the relative sensitivity factor) of the two
features related to oxide and hydroxide species in the O 1s
spectrum and compare to the sum of the intensities of the
three metals. The contribution of C=0 species to the hydroxide
O 1s peak was removed by considering the intensity of the
C=0 peak in the C 1s spectra and assuming a C:O ratio of 1:1.
Here, we make use of the fact that only C, O, Pt, Fe, Co and Ni
were detected in the survey spectrum (H cannot be seen by
XPS but is most probably also there), while the peaks of other
elements like Cl or S from chlorides or (e.g.) sulfates were
absent. This means that the most probable anions are oxides
and hydroxides (or a mixture of it). The presence of metal
carbonates is also possible; they contribute to the C=0 peak in
the C 1s spectra and to the C=0O/hydroxide peak in the O 1s
spectra. Our calculations showed 0.20 oxide and 1.32 hydroxide
anions per metal atom M (M =Fe + Ni+ Co) for PFCN@NT, while
it was 0.60 oxide and 0.62 hydroxide anions per M in
PFCN@NT?®, Taking into account of the stoichiometry of oxides
and hydroxides this translates to a calculated average oxidation
state 1.72 for PFCN@NT and 1.82 for PFCN@NT*® per M atom.
Here, it is important to mention again the rather rough
character of the estimation; consequently, the error margin can
be expected to be rather large. In any case, this estimation
indicates that for both samples the average oxidation state of
the three metals Fe, Co, and Ni is rather in the range of +II
than +1II. Finally, it should be mentioned that in case of Co our
assessment of a predominant oxidation state +Il is also
corroborated by the occurrence of the satellite features, since
they are usually only observed for Co?*.?”

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 3a shows the initial morphology of the PtFeCoNi
nanoparticles and aggregates on the network of MWCNTs.
Parts of the PtFeCoNi-nanoparticles appear aggregated into
large agglomerations. Still, a significant number of individual
nanoparticles that are up to 20 nm in size are dispersed on the
MWCNTSs surfaces. The particles generally exhibit an internal
multi-core structure (Figure 4) with irregularly shaped metallic
Pt cores of 2-5nm in diameter that are embedded in a
transition metal oxide matrix. The 300°C heat treatment
(PFCN@NT*®, Figure 3b) does not result in discernable changes
in the particle size or morphology. The same is true for the
elemental distribution within isolated PFCN@NT*® and
PFCN@NT nanoparticles, as shown in Figure 4 and Figure S3
(see electronic supporting information).

Additionally the metal ratio of the catalyst was determined
by X-ray fluorescence analysis (XRF) and energy dispersive X-
ray spectroscopy (EDX), the results are shown in Figures S4 and
S5. The average molar ratio of Pt:Fe:Co:Ni as determined by
XRF is 1.4/1.1/1/1.1 while EDX yields a ratio of 1.2/1/1/1. The
SEM images shows some small areas with accumulations of the
metal particles, as shown before in the TEM images.

The catalyst loading on the MWCNT was determined by
thermogravimetric analysis (TGA; N,/O, flow) as shown in
Figure S3. The remaining weight minus the residual mass of f-
MWCNT of the PFCN@NT is 40.5% which is very close to the
desired loading of 40%. The sintered sample at 300°C shows a
remaining weight of 44% which is higher due to further
oxidation of the catalyst surface during the sintering process.

Fe, Co and O appear fairly uniformly distributed throughout
the particles. This confirms that the phase surrounding the Pt
particles is indeed a TM-oxide shell. In the pristine samples
(PFCN@NT) Ni is also homogenously dispersed throughout the
particles (Figure S3). However, it appears much less evenly
distributed after sintering (PFCN@NT*®, Figure 4). Instead, Ni
rather accumulates around the Pt cores, which might indicate
alloy formation. Pt/Ni alloys are known electro-catalysts,?*>"
which would explain the superior performance of PFCN@NT*®
(see below). However, the XPS analysis did not show the
presence of Ni°, which rules out the formation of bulk Ni,Pt,-

Figure 4. HAADF-Images and elemental distribution of an isolated
PFCN@NT®*® nanoparticle.

nanoparticles.”®>" Surface sites with elevated catalytic activity

might still be present at the Pt/Ni-interface.

To elucidate the structural defect accumulation in the
MWCNT backbone upon functionalization with the nano-
particles, we have performed the Raman spectral analysis of
the pristine MWCNT and the materials from each step of the
Figure 3. TEM images of a) PFCN@NT and b) PFCN@NT™. nano-composite preparation process. Figure 5a represents the

ChemistrySelect 2023, 8, 202300396 (4 of 9) © 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 5. Normalized Raman spectra of the MWCNT and its nano-composite
in successive preparation steps are presented. (a) MWCNT starting-material,
(b) after acid-functionalisation (f-MWCNT) (c) loaded with nanoparticles
(PFCN@NT), and (d) sintered at 300 °C (PFCN@NT*®). All the spectra are
recorded using a 633 nm excitation laser and 1 mW average power.
Lorentzian lineshape function has been used to deconvolute all the Raman
spectra.

Raman spectrum of pristine MWCNT and the deconvoluted
components of the total Raman spectra. The D-band (~
1328 cm™"), G-band (~1576 cm™') and 2D-band (~2652 cm™)
are the most prominent and wellknown features of the
MWCNT's honeycomb structure.(Merlen et al. 2017) The decon-
volution of the Raman spectra also shows the D’-band (~
1613 cm™"), a D+ D"-band (~2462 cm~') and a D+ D’-band (~
2920 cm™), which indicates that the MWCNT is inherently
disordered.” The value I/ls gives the idea of the ordering of
the honeycomb structure and hence the qualitative structural
property of MWCNT in the process of nano-composite prepara-
tion. The Ip/l; value increases from 0.22 to 0.51 when the
MWCNT undergoes oxidation and remains almost unchanged
in the following nano-composite synthesis processes. This
suggests that, though the MWCNT becomes more disordered
in the oxidation process, the value of Ip/lg is much lower than
3.%7 The reduction and sintering processes have little to no
effect on the MWCNT backbone which ensures that the nano-
composite retains its ordered honeycomb structure. This
ensures that the enhanced electrical conductivity of MWCNT is
preserved throughout this elaborate nano-composite synthesis
process. The overall structural integrity of MWCNT also remains
almost intact after the synthesis.

Rotating ring-disk electrode (RRDE) measurements were
performed to evaluate the electrochemical activities of the
synthesized catalysts (Figure 6). ORR curves of PFCN@NT,
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Figure 6. a) ORR curves of PFCN@NT, PFCN@NT*®, PFCN@NT®, MWCNT and
Pt;Co@NT at a rotation rate of 1600 rpm in 0.1 m KOH with a scan rate of
10 mVs™". b) Tafel plots of PFCN@NT, PFCN@NT*® and Pt;Co@NT. c) ORR
curves of PFCN@NT*® with different rotation rates. d) K—L plots of
PFCN@NT*® obtained from the RRDE results.

PFCN@NT*®, PFCN@NT®, MWCNT and Pt,Co@NT were re-
corded in 0.1 m KOH at a rotation rate of 1600 rpm with a scan
rate of 10 mVs™'. The synthesized catalysts showed enhanced
electrochemical activity in ORR with more positive onset
potentials and higher limiting current densities, compared to
the MWCNT without metal-nanoparticles (Figure 6a). Overall
the PFCN@NT*® catalyst showed a slightly lower onset
potential (953 mV) than the Pt rich Pt;Co@NT catalyst (983 mV,
Table 1, entry 5, data analyzed according to equations (1), (2),
and (3) in the experimental section). However, other perform-
ance parameters of this catalyst are equal or even better (see
Table 1, entry 2). The slope of the Tafel-plot (see Figure 6b)
shows for PECN@NT*® the lowest value of 52 mVlog(j)~' of the
tested catalysts. Figure 6¢ shows the ORR curves of PECN@NT*®
at various rotation rates. The limiting current densities show
constant distances between the different rotation rates (from
225 to 2500 rpm), in agreement with the theory of RRDE.**=%
According to the Levich equation (see equations (1) and (2)),
the limiting current densities are proportional to the square

Table 1. Electrocatalytic data for PFCN@NT-materials and reference cata-
lysts.
Entry Catalyst E1/2 i, Eonset ~ Jiim(0.4v) ESCA
\Y| [mMAcm™] [V] [mAcm™] [M’°gpd
1 PFCN@NT 0.828 —1.65 0918 —4.22 64
2 PFCN@NT*® 0.868 —2.22 0.953 —4.64 138
3 PFCN@NT*® 0.723 -2.17 1.008 —-3.93 27
4 MWCNT 0.633 -0.93 0.723 -2.11 -
5 Pt;Co@NT 0.868 —2.12 0.983 —4.28 62

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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root of the rotation rates. This effect originates in a shortening
of the diffusion pathways with increasing rotation rates. In
contrast, the ORR curves of the samples PFCN@NT and
PtFeCoN@NT®® (see Figure S7), exhibit shrinking distances at
higher rotation rates. This points to the presence of a kinetic
inhibition of the electron transfer process for these catalysts. A
K—L plot (Figure 6d) obtained from the RRDE results of
PFCN@NT?*® under various potentials shows that the slopes in
the potential range from 0.3 to 0.7 V stayed almost constant,
which indicates that the electron transfer number per oxygen
molecule is nearly the same at the different potentials. The
mean value of n calculated by Equations1 and 2 for
PFCN@NT*® is 3.94, i.e., this catalyst favors the four-electron
reduction process. The number of electrons transferred by O,
and H,0, formed as side-product were also derived from RRDE
data at 1600 rpm (data analyzed according to equations (4),
and (5) in the experimental section, see also Figure S9 in the
ESI). The maximum amounts of H,0, for PFCN@NT, PFCN@NT*®
and Pt;Co@NT were 0.13% 0.09% and 0.18%, which confirms
the number of electrons transferred by O2-molecule obtained
by KL-plots. All three catalysts showed transfer 4.00 electrons
and confirm the previous results.

The ECSA increased after sintering at 300°C from 64 m?g,,”'
(PFCN@NT) to 138 m*g,, ' while for sample PFCN@NT®®, which
had been sintered at 600 °C under Ar/H, atmosphere, the ECSA
decreases due to the bigger crystallite sizes to 27 m?gp, "
(Table 1, entry 3, see also Figure S8).
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Figure 7. ADT for a) 1000 cycles for OER (see also Table 2) and b) 10000
Cycles for ORR in 0.1 m KOH (see also Table 3).

Table 2. Comparison of OER and ORR activities in 0.1 m KOH for
PtFeCoNi*®, Pt/C and MWCNT.

Entry Catalyst E. Eio AE Ref.
(ORR) (OER) I\
\Y| vl
1 PFCN@NT>® 0.798 1.627 0.829 This
work
2 PFCN@NT*® After OER- 0.813 1.646 0.833 This
ADT work
3 Pt/C 0.82 1.86 1.04 [36]
4 MWCNT 0.71 1.88 1.17 [36]
5 NCMT-1000(3d) 0.89 1.52 0.63 [40]
6 CosFeN 0.79 1.65 0.86 [37]
7 NiFe,0, 0.68 1.64 096  [38]

Because of the superior performance of PFCN@NT*®, more
detailed studies on the OER/ORR activities of this catalyst were
carried out, namely advanced durability test (ADT) for the OER
and ORR activity of the PFCN@NT*® catalyst in O,-saturated
0.1 m KOH with a rotation speed of 1600 rpm were performed.
Figure 7a shows the results before and after 1000 cycles OER-
ADT. The ORR half-wave potential E,, is 798 mV (after ADT
813 mV) and the onset potential is 888 mV (after ADT 908 mV).
The OER potential E,, at a current density of 10 mAcm™2 is
1.627 V (after ADT 1.646 V), resulting in a AE(E,,-E,,,) of 829 mV
(after ADT 833 mV) which is clearly better than the perform-
ance of pure Pt/C (AE=1040 mV).5

Table 2 summarizes the parameters derived from Figure 7a
The results indicate a significant effect of the substitution of Pt
by the TMs. The ORR performance is slightly lower in onset
potential and half-wave potential compared to pure Pt/C
(Table 2, entry 3),°¥ and MWCNTs (entry 4)® reported litera-
ture. This is achieved with a reduction of the Pt loading by
early 75 atomic-%. A wider literature review!®*” shows the
catalyst performance to be comparable to other Co/Fe-based
catalysts like CosFeN-nanosheets®” (entry 6), or mixed spinel-
oxides®® (entries 7 and 8). However, iron-loaded nitrogen-
doped carbon-composites®® or pure nitrogen-doped carbon
catalysts™” can reach lower potentials (entry 8) and or lower AE
(entry 5).

Figure 7b shows the results of the ORR-ADT. Table 3
summarizes the results depicted in Figure 7b. The half-wave
potential E,, is slightly shifted to higher potentials from
838 mV to 853 mV and the respective current density j;,
shrinks by 9.4% from —1.49 to —1.35 mAcm. The diffusion
limited current density at a potential of 300 mV decrease from
—4.203 mAcm™ to —3.971 mAcm™2 after 10000 cycles, which
corresponds to a drop of 5.5%. The ECSA is reduced by 15.8%
after 10000 cycles ORR-ADT. This indicates an activity loss
either by particle detachment or agglomeration and Ostwald
ripening.”'~*¥ Nevertheless, the remaining electrochemical ORR
activity after 10000 cycles is still good and the catalyst seems
to be very stable in 0.1 m KOH.

Conclusion

In this work, an effective catalyst for ORR and OER was
synthesized via a straight-forward wet chemistry route. The
unique structure of a Pt-core and a TM-oxide shell shows a
good durability and a stable performance in ORR and OER. The
results of the PFCN@NT*® catalyst indicate a significant effect
of the substitution of Pt by the TM and the formation of
nanoparticles on the catalytic performance especially in the

Table 3. Results of the ADT for ORR with PFCN@NT** in 0.1 m KOH over
10000 cycles.

PFCN@NT300 Eip i Jim 030 Eonset ECSA
V] [mMAcm™  [mAcm™3 ™ [m*gPt]
pristine 0.838 —1.49 —4.203 0.913 98.78
After 10000 cycles  0.853 —1.35 —3.971 0.918 85.26
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OER. The ORR performance is slightly lower in onset potential
and half-wave potential compared to pure Pt/C. However, the
amount of Pt required is reduced by nearly 75 atomic-%. As a
bi-functional catalyst, it displays a smaller over-potential of
0.83 V, smaller than the commercial Pt/C- or RuO,-catalysts, and
in a range proven to be accessible with Co/Fe-catalysts.®’"
Furthermore, PFCN@NT*® demonstrated a remarkable stability
of ORR and OER activities in aqueous electrolyte, highlighting
its importance as a bi-functional catalyst in metal air battery
and electrolyzers.

Experimental Section

Materials: MWCNTs (Sigma Aldrich 755133-5g) were functionalized
via acidic heat treatment (MWCNT—F~MWCNT).*? All other chem-
icals were obtained in analytical grad quality from commercial
suppliers and were used without further purification.

Catalyst Synthesis: PFCN@NT: Acid-functionalized MWCNT (f-
MWCNT) 100 mg) were dispersed in 200 mL ethylene glycol and
water (1:1) mixture, by stirring for 12 h at room temperature.
3.8 ml each of 0.05 m solutions of H,PtCl;, Fe(NO,),, Ni(NO,), and
Co(NO;), were then added and the mixture was stirred for another
24 h. The pH of the resulting suspension was adjusted to 11 via
addition of 2.5 M aqueous NaOH and the mixture was heated to
50°C. 50 mL of a 0.1 M NaBH,-solution was added dropwise over
1 hour. After complete addition, the solution was stirred for
another 12 h and the resulting black precipitate was collected by
filtration and washed with demineralized water. The isolated black
powder -designated as PFCN@NT - was dried for 24 h at 100°C in a
vacuum oven. PFCN@NT*®/ PFCN@NT®®: Portions of PFCN@NT
were sintered at 300°C in an argon atmosphere for 2 h or at 600°C
in a hydrogen/argon (5% H,) atmosphere for 3 h, respectively.
These catalyst batches are designated as PFCN@NT**® and
PFCN@NT®® in the following. Pt;Co@NT: As a reference, a
Pt;Co@NT catalyst was synthesized by the same method as
PFCN@NT.

Structural Characterization: X-ray diffraction (STOE STADI P, Cu-
source, STOE & Cie GmbH) was used for the phase identification.
The morphology and microstructure of all samples were observed
by scanning electron microscopy (SEM, Zeiss Gemini) and trans-
mission electron microscopy (TEM, Thermo Fischer Sciencitif Themis
300), both equipped for energy-dispersive x-ray (EDX) analysis. In
order to perform the TEM measurements, the samples were
prepared using a direct dispersion of the dry powders on a TEM
lacey carbon membrane. No solvent was used for dispersion in
order to reduce carbon contamination buildup during STEM
scanning. The measurements were performed using a Themis 300
electron microscope working at 300 kV and equipped with a DCOR
probe corrector and a Super-X EDX detector. The K-lines of C, O, Fe,
Co, Ni and the L-lines of Pt were used for quantification in STEM-
EDX. High-angle annular dark-field images (HAADF) were recorded
within a collection angle range of 79 to 200 mrad, while for bright
field images (BF) a collection angle of 16 mrad was employed.

The elemental composition and the chemical state of the samples
was analyzed by X-ray photoelectron spectroscopy (XPS) measure-
ments (PHI 5800 MultiTechnique ESCA System, Physical Electronics)
using monochromatized Al Ko radiation (250 W, 15 kV), a detection
angle of 45°, and pass energies of 93.9 and 29.35 eV at the analyzer
for survey and detail measurements, respectively. It should be
mentioned that XPS is a surface sensitive method with a sampling
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depth in the range of several nanometers. Charging effects were
negligible for the samples. General binding energy calibration of
the XPS instrument was done before the measurement by adjust-
ing the instrument work function using a metallic Ag specimen (Ag
3ds,, peak to 368.3 eV)**?¥ The peak fit of the results was done
with CasaXPS, using Shirley-type backgrounds and Gaussian-
Lorentzian peak shapes (except of the C 1s peak of graphitic C and
the Pt 4f peak doublet of metallic Pt, where an asymmetric shape
is expected). For the peak doublets, both the intensity ratio (4:3 for
Pt 4f and 2:1 for Fe 2p, Co 2p and Ni 2p) and the spin-orbit
splitting were set to the expected values.>** For the calculations
of corrected peak intensities, the relative sensitivity factors of the
instrument manufacturer (Physical Electronics) were used. Through-
out the composite catalyst synthesis, Raman spectra were collected
from the samples at different stages in the spectral range of 100-
4000cm™' by using an inVia™ confocal Raman microscope
(RENISHAW) with a 633 nm excitation laser, 1 mW average laser
power and 10 s exposer time. In the confocal system, a grating was
used as dispersion element with a groove density of 1800 mm™',
while a 50X (0.75 NA) objective was used in back scattering
geometry to collect all the Raman spectra.

Electrochemical Characterization: The electrochemical measure-
ments were performed at room temperature in a three-electrode
setup using a bipotentiostat WaveDriver20 together with a rotating
ring-disc electrode-setup (RRDE) from Pine Research Instruments.
An Ag/AgCl-reference electrode filled with 3.5 m KCl solution and
Pt-wire counter electrode were used in the experiments. The glassy
carbon working electrode with a surface area of 0.19635 cm” was
coated with 5puL of well-dispersed catalyst ink. The ink was-
prepared by adding 20 mg active material to a mixture of 50 uL
Nafion suspension (20 wt.% in lower aliphatic alcohols and water,
contains 34% water) and 1950 uL ethanol. The catalyst ink was
stirred for 24 h and sonicated in an ultra-sonic bath for 10 min
before use. The active material (catalyst + supporting material)
loading of the working electrode was 0.25 mgcm™. Background
cyclic voltammetry curves were recorded between —0.95V and
0.35V versus Ag/AgCl with a scan speed of 10mVs™' in N,-
saturated 0.1 m KOH solution. Measurements with a scan speed of
50 mVs~' were used to determine the electrochemically active
surface area (ECSA) via normalizing the charge integral between
—095V and 0.05mV versus Ag/AgCl without double layer
corrections.™

The ORR experiments were investigated in O,-saturated 0.1 m KOH
solution at rotation speeds between 100 and 3025 rpm and with a
scan speed of 10 mVs™'. Two types of accelerated durability tests
(ADTs) were performed. While 10000 cycles start/stop were carried
out between —0.3 V and 0.1 V versus Ag/AgCl with a scan speed of
100 mVs™' for ORR, 1000 cycles start/stop between 0.15V and
0.85 V versus Ag/AgCl with a scan speed of 100 mVs™" were done
for OER.

ORR/OER cyclic voltammetry curves were accomplished between
—0.95V and 0.85 V versus Ag/AgCl with a scan speed of 10 mVs™".

The kinetic current density ji can be determined via Koutecky-
Levich (K—L) equation (1) where j is the measured current density
and j, is the diffusion limited current density.

-1

=i+ )

ju=062-n-F-Dy??.Co-v". w2 2)
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In addition, j_ can be described by the Levich equation (2) where n

is the number of involved electrons transferred during ORR; F is the

faraday constant (96485 Cmol™"); w is the rotation speed in rad s ';

D, is the diffusion coefficient of O, in 0.1 m KOH (1.9-107° cm?s™');
Co is the bulk concentration of oxygen (1.2-10® molcm ™) and v is
the kinematic viscosity of the electrolyte (0.01 cm?s™").

All electrochemically measurements were performed at room
temperature and the potential was converted to RHE via equation

Erve = Eag/aga + EOAg/AgCI +0.059 - pH (3)

where Epgagq is the measured potential vs Ag/AgCl, E°sgnga=
0.1976 at 25°C and pH of the used electrolyte (0.1 m KOH, pH=13).

The amount of H,0, (x-H,0,) was calculated via equation (4).

X'Hzoz = (200*|ring/N)/(|disc + IRing/N) (4)

with transmission rate N=25.6

The number of electrons transferred —, was derived via equa-
tion (5).

Ne —)== 4*Idisc/(|disc + IdiSC/N) )

Supporting Information Summary

The ESl includes details on XPS peak fitting, graphs, images and
spectra from XPS, XRF, SEM/EDX and HAADF measurements, as
well as supplementary graphs summarizing electrocatalytic
performance. A file containing the raw electrochemical data
prior to processing is also included.
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