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as Multifunctional Electrocatalysts for Challenging Oxidations and

Reductions
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/Abstract: The rapid development of renewable-energy tech-
nologies such as water splitting, rechargeable metal-air bat-
teries, and fuel cells requires highly efficient electrocatalysts
capable of the oxygen-reduction reaction (ORR) and the
oxygen-evolution reaction (OER). Herein, we report a facile
sonication-driven synthesis to deposit the molecular manga-
nese vanadium oxide precursor [Mn,V,0,,(0Ac),]*~ on multi-
walled carbon nanotubes (MWCNTs). Thermal conversion of
this composite at 900°C gives nanostructured manganese
vanadium oxides/carbides, which are stably linked to the
MWCNTs. The resulting composites show excellent electro-
chemical reactivity for ORR and OER, and significant reactivi-

\

ty enhancements compared with the precursors and a Pt/C
reference are reported. Notably, even under harsh acidic
conditions, long-term OER activity at low overpotential is re-
ported. In addition, we report exceptional activity of the
composites for the industrially important Cl, evolution from
an aqueous HCl electrolyte. The new composite material
shows how molecular deposition routes leading to highly
active and stable multifunctional electrocatalysts can be de-
veloped. The facile design could in principle be extended to
multiple catalyst classes by tuning of the molecular metal
oxide precursor employed.

/

1. Introduction

Bifunctional catalysts for the oxygen-evolution reaction (OER)
and the oxygen-reduction reaction (ORR) play an important
role in efficient energy conversion and storage as they are
used in fuel cells, metal-air batteries, and water electrolyzers.
Developing new, efficient bifunctional OER/ORR electrocata-
lysts based on earth-abundant materials is therefore crucial for
the future deployment of these technologies."” To date, most
well-established OER electrocatalysts such as ruthenium or iri-
dium oxides show low ORR activity, whereas highly efficient
ORR electrocatalysts, for example, Pt, show only moderate OER
activity. Furthermore, the high cost of noble-metal catalysts
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makes their large-scale use prohibitively expensive.®™"" Recent-
ly, transition-metal oxides and carbides have been put forward
as alternative ORR and OER electrocatalysts that can show cat-
alytic performance similar to noble metals.">'® Currently, these
materials are still hampered by their low electrical conductivity
and their fast degradation due to irreversible redox processes
on the surface of the material. One approach to overcome
these issues is the design of nanostructured composites in
which the reactive transition-metal oxides or carbides are elec-
trically “wired” to conductive carbon substrates; this leads to
high-performance electrocatalysts, for example, for ORR and/or
OER.""#! Although top-down syntheses of transition-metal
oxide/carbide-carbon composites have been explored in
detail, the bottom-up fabrication of such composites starting
from molecular metal oxide precursors has only recently
become a focus in the design of energy materials.**%¢

In this work, we used manganese vanadium oxide cluster
anions as molecular precursors for metal oxides and carbides.
The approach is based on the established high electrocatalytic
reactivity of this compound class so that we expected high
performance for ORR and OER when deposited on high-sur-
face-area carbon nanotubes. Although molecular polyoxometa-
lates (POMs) are well known for their multielectron transfer re-
activity (e.g., for the OER, ORR, and hydrogen-evolution reac-
tions),”’=% their stable linkage to conductive substrates is still
a challenge owing to their solubility in many common electro-
lytes, particularly in water.”” One viable materials design strat-
egy is the controlled deposition and conversion of POMs into
nanostructured solid-state metal oxides or carbides. The con-
cept has recently been explored by us and others for manga-
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nese vanadium POMs owing to their high redox reactivity cou-
pled with the ability to store and transfer multiple electrons,
which leads to new nanostructured Mn-V-oxide OER cata-
lysts®"3? as well as Mn-V-oxide/graphene quantum dot compo-
sites for high-performance lithium-ion batteries.®® Therefore,
the deposition of Mn-V-oxides and -carbides based on the cor-
responding Mn-V-based POMs on nanostructured carbon could
be an ideal approach for highly active electrocatalyst design.

Nanostructured carbon and in particular carbon nanotubes
(CNTs) are ideally suited for the anchoring of POM-based cata-
lysts as they offer a high specific surface area, they can be oxi-
datively surface-functionalized (leading to surface —OH and
—COOH groups suitable for metal oxide anchoring), are electri-
cally conductive, and thermally and chemically highly stable.
Significant research has gone into developing CNT-based com-
posites for electrocatalytic applications.**” However, the elec-
tronically and chemically stable linkage between charge-trans-
port sites (i.e., CNTs) and redox-active components (e.g., metal
oxides and carbides) is still a bottleneck, so many composites
lack long-term stability and show poor interfacial conductivity.
Therefore, new design concepts are still required that lead to
enhanced linkage between the metal oxides/carbides and
carbon components.

Herein, we report a facile deposition route, which allows the
intimate linkage of metal oxides/carbides and CNT substrates
while maintaining the chemical reactivity of both components.
The composites combined high OER and ORR activity with low
overpotentials and high current densities. Notably, for the OER,
the composites showed high electrocatalytic activity both in al-
kaline and acidic electrolytes. It is noteworthy that the as-pre-
pared composites exhibited high activity and stability for aque-
ous HCl electrolysis, which indicates a promising potential for
industry application. Therefore, the results could open new
design paths to multifunctional composites based on earth-
abundant materials for both oxidative and reductive electroca-
talysis.

2. Results and Discussion
2.1. Synthesis

The synthetic approach for the composite design is shown in
Scheme 1. Multiwalled carbon nanotubes (MWCNTs) were pre-
treated with concentrated HNO; (65 %) to introduce oxidized
surface carbon groups (e.g., —COH, —COOH) suitable for metal
oxide anchoring. For the manganese vanadate precursor, we
employed the organo-soluble [Mn,V,0,,(0AC);*" (={Mn,V,})
prototype,®¥ the conversion of which to manganese vanadium
oxide nanoparticles has already been established.” For the
deposition of the precursor on multiwalled CNTs, we used a re-
cently established mild sonication route.®**” Stable anchoring
of the metal oxides and carbides on the MWCNTs was then
achieved by calcination of the composite at 600, 750, and
900°C. The samples obtained were designated as 1-600, 1-
750, and 1-900, respectively.
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Scheme 1. Schematic illustration of the synthesized composites (MC,/
MO, =Mn;,C5/VgC,/MnO).

2.2. Characterization

Powder X-ray diffraction (pXRD) was used to follow the struc-
ture changes within the composites as a function of calcina-
tion temperature. As shown in Figure 1, the non-calcined
sample gave only one diffraction signal at 260~ 26° that corre-
sponded to the (002) plane of the CNTs. At a calcination tem-
perature of 600°C, the formation of crystalline MnV,0O,
(PDF#39-0038) was observed (Figure S1a in the Supporting In-
formation). At a calcination temperature of 750°C, a mixture of
MnV,0, and MnO (PDF#07-0230) was observed (Figure S1b).
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Figure 1. Powder X-ray diffraction of a) composites prepared at different
temperatures and b) 1-900 with specified peaks.

Only at a calcination temperature of 900°C was the formation
of crystalline metal carbide species observed, and pXRD analy-
ses allowed the identification of a mixture of Mn,C; (PDF#36-
1269), V¢C, (PDF#35-0786), and MnO (PDF#07-0230), respec-
tively (Figure 1b).

Aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) was performed to examine the struc-
ture of the composites. Compound 1-900 (Figure 2a) showed
the presence of intact MWCNTs with particles deposited on the
surface. Subsequent HRTEM images of the particles (Figure 2b-
d) gave lattice spacings in line with MnO, Mn,C;, and VG,
which is in agreement with the results of the pXRD analysis.
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Figure 2. High-resolution transmission electron microscopy (HRTEM) images
of 1-900 showing the metal oxide/carbide nanoparticles attached to the
MWCNT surface.

The particles were in the low nanometer range (diameter ~4-
5 nm) and were stably attached to the MWCNT surface, which
allows them to be accessible for solid-liquid electrochemical
reactions.

X-ray photoelectron spectroscopy (XPS) was performed to
explore the composition and chemical properties of 1-900. The
survey spectrum (Figure 3a) identified the presence of Mn, V,
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Figure 3. a) Overview XPS spectra for 1-900 and b)-f) deconvoluted XPS
spectra of Mn, V, C, and O for 1-900.
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C, and O. The atomic ratio between Mn and V was approxi-
mately 1, which is consistent with the inductively coupled
plasma mass spectrometry (ICP-MS) results (Mn: 10.9 wt%; V:
10.6 wt%). Figure 3b shows the deconvoluted XPS spectrum
for the Mn 2p region, which indicates the expected presence
of Mn—C (carbide) and Mn—O (oxide) bonds.*"*? The Mn 3s
peak (Figure 3c) shows two multiplet split components, which
are caused by 3s-3d electronic coupling (peak separation:
5.9 eV); this indicates the presence of Mn" in MnO (expected
peak separation: 6.0 eV).*® The deconvoluted V 2p spectrum
(Figure 3d) indicates the presence of V—C (carbide) bonds,
which is in line with the formation of V,C,,*" as well as peaks
assigned to V 2p,, and V 2p, .. Analysis of the deconvoluted C
1s spectrum (Figure 3e) indicates the presence of C—C, C-V, C—
0-C, and O—C=0, respectively. For O 1s (Figure 3f), the decon-
voluted XPS spectrum can be assigned to the oxygen-metal
(Mn, V) bonds and oxygen-carbon bonds.”?

2.3. ORR activity

The electrocatalytic ORR activity of the composites was firstly
studied by using a rotating disk electrode (RDE) technique
with linear sweep voltammetry (LSV) in O,-saturated 0.1m
aqueous KOH. As shown in Figure 4a, 1-900 features a positive
onset reduction potential of 0.94V (relative to the reversible
hydrogen electrode (RHE)) independent of the rotation speed,
together with high limiting current densities (J,). Further analy-
sis of the electrochemical data using Koutecky-Levich (K-L)
plots at potentials between 0.60 and 0.80 V (vs. RHE) indicates
first-order reaction kinetics with respect to the dissolved
oxygen concentration (Figure 4b).
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Figure 4. a) LSV analysis of 1-900 in O,-saturated 0.1 m aqueous KOH solu-
tion at different rotation rates; b) Koutecky-Levich plots for 1-900 (plot of
J7" versus w~ ") at different electrode potentials.

Based on the K-L plot slopes, the electron-transfer number
(n) was calculated to be approximately 3.8 (calculated between
0.60 and 0.80 V vs. RHE),*! which suggests that the ORR cata-
lyzed by 1-900 proceeds by means of a four-electron path-
way.“? Next, we explored how different calcination tempera-
tures affect the catalytic ORR performance. To this end, we
evaluated the composites calcined at 600 °C (1-600) and 750 °C
(1-750). Both composites contain MnV,0, as the main crystal-
line phase. In addition, 1-750 also features MnO as the second
crystalline metal oxide phase (Figure S1 in the Supporting In-
formation). Both composites do not contain any metal carbide
species (for detailed characterization, see the Supporting Infor-
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mation). For both reference composites, we performed electro-
chemical ORR measurements under identical experimental con-
ditions as those described above. For both 1-600 and 1-750,
we observed similar reactivity with comparable onset poten-
tials (0.90 and 0.88V vs. RHE, respectively), electron-transfer
number (n=3.9), and virtually identical current densities (see
Figures S2 and S3). In contrast, the pure CNT reference showed
lower ORR activity with a less positive onset potential (Eynsers
0.8V vs. RHE), lower electron-transfer number (na3.2, which
indicates the contribution of a two-step two-electron path-
way), and lower J4 (Figure S4).

Next, we used rotating ring-disk electrode (RRDE) electro-
chemical analyses to gain further insight into the ORR mecha-
nism. As reported earlier, two different pathways are described
for O, reduction: in the two-electron transfer process, O, is ini-
tially reduced by two electrons with the peroxide species
(HO,") as an intermediate, followed by a further two-electron
reduction to hydroxide (OH"). In contrast, the four-electron
process proceeds by direct reduction of O, to OH™ in a four-
electron mechanism.” Therefore, determination of HO,™ for-
mation by RRDE measurements is a reliable means to identify
the ORR catalytic pathway. Figure 5a shows the disk and ring
current densities recorded by RRDE-LSV at 1600 rpm in 0.1m
aqueous KOH electrolyte for the as-prepared 1-900 compo-
sites, and references of pure CNTs and commercial Pt/C
(20 wt%). Note that at identical potentials, the 1-900 sample
showed comparable ORR activities to commercial Pt/C
(20 wt%) based on E,.. half-wave potential (E,;,), and Jg
values (for details, see Table 1). In contrast, the pure CNTs fea-
tured significantly lower disk currents and less positive E, ..
compared with the composite. The HO,™ yields and electron-
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Figure 5. a) RRDE linear-sweep voltammogram of 1-900, pure CNT reference,
and commercial Pt/C (20 wt%) reference in O,-saturated 0.1 M aqueous KOH
at 1600 rpm. The disk potential was scanned at 10 mVs~' and the ring po-
tential was kept constant at 1.45 V (vs. RHE). b) Percentage of peroxide spe-
cies (HO,") formed with respect to the total oxygen-reduction products and
the electron-transfer number (n) based on the RRDE data in (a). The solid
line indicates the percentage of peroxide species and the dashed line indi-
cates the electron-transfer number n. c¢) Methanol tolerance evaluation for 1-
900 and commercial Pt/C (20 wt%) tested by chronoamperometry at 0.65 V
(vs. RHE). d) LSV stability test before and after chronoamperometry for 12 h.
Catalyst loading was 0.3 mgcm ™ for all samples.
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Table 1. Comparison of ORR and OER performance in 0.1 M aqueous KOH
solution, ECSA, and R., of the composites studied.”’

Cat. Eonset orr)  Ev/2 orm) Eoer at AEogr_orn  ECSA Ry
v1® v1® J=10mAcm=2 [V [cm?l [ohm]
[V][b]
1-600 0.90 0.78 1.68 0.90 478 234420
1-750 0.88 0.78 1.75 0.97 278 40.5+3.0
1-900 0.94 0.82 1.60 0.78 5150 3.6+04
Pt/C 0.96 0.84 >2.00 >1.2 - -

(@] Egpe = Engiager + Eagingar +-0.059 pH in which Egye is the converted poten-
tial versus a RHE; Exgaqq is the experimental potentials measured against
the Ag/AgCl reference electrode, respectively; E°ynqc is the standard po-
tential of Ag/AgCl at 25°C. [b] All values are with reference to a RHE.

transfer numbers from the RRDE data are shown in Figure 5b.
Data analysis shows that composite 1-900 produced a similar
percentage of HO,™ with similar average electron-transfer num-
bers (n~3.9) as Pt/C (20 wt%). This is in line with the RDE data
reported above. Furthermore, the Tafel slopes for the compo-
sites were also significantly lower than those of the non-modi-
fied CNTs and even lower than Pt/C (20 wt%) (1-900:
58 mVdec™"; pure CNTs: 180 mVdec™'; Pt/C: 88 mVdec™, see
Figure S5). The lower Tafel slope observed for the composite
suggests favorable ORR catalytic kinetics, which emphasizes
the synergism between the metal oxide/carbide reaction sites
and the CNT supports.

We further explored the chemical stability and methanol tol-
erance (a well-known ORR catalyst poison, particularly for
noble-metal catalysts)*’*" of the composites under electroca-
talytic ORR conditions by chronoamperometric studies in 0.1m
aqueous KOH solution. As shown in Figure 5¢c, 1-900 was
highly resistant to the presence of MeOH (3 m) and showed no
change in current upon MeOH addition. In contrast, the com-
mercial Pt/C (20 wt %) catalyst showed a large current increase
upon MeOH addition, which indicates the occurrence of
MeOH-based side reactions on Pt/C (20 wt%). The chemical
stability of the composites can be further evaluated by com-
paring the response by LSV and cyclic voltammetry (CV) before
and after chronoamperometry (i-t test, electrolysis time: 12 h).
Composite 1-900 showed virtually no changes in both E,.
and current density (Figure 5d), as well as the CV voltammo-
grams before and after the i-t test (see Figure S6), whereas the
Pt/C (20 wt %) reference showed a significant negative shift of
the E,,, (x—60 mV) and decreased current density (~—30%),
thereby highlighting the excellent durability of the new com-
posites. In addition, the morphology of catalyst 1-900 after the
i~t test was also studied by HRTEM (see Figure S7), and the
stably anchored nanoparticles on the surface of the CNTs sug-
gested its stable structure and a high chemical resistance of
the catalyst.

2.4. OER activity

Based on the well-known oxidative reactivity of manganese va-
nadium oxides,” we explored the OER activity of the compo-
site materials under technologically relevant alkaline (0.1m
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aqueous KOH) and acidic (0.5m aqueous H,SO,) conditions.
First, we performed RDE electrochemical analyses in 0.1m
aqueous KOH. As shown in Figure 6, 1-900 features promising
OER activity and shows more negative onset potentials and
higher current densities than commercial Pt/C (20 wt%). For

100
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Figure 6. Linear sweep voltammograms (LSV) of 1-900 and commercial Pt/C
(20 wt %) in 0.1 M aqueous KOH. Inset: Chronoamperometric stability test for
1-900 at 1.6 V (vs. RHE) for 12 h. LSV conditions: rotation rate: 1600 rpm; O,-

saturated aqueous solution; scan rate: 10 mVs™'; catalyst loading:

0.3mgcm 2

comparison, we determined the oxygen-evolution potential at
a current density of 10 mAcm™2, which is used as a standar-
dized reference in OER catalysis.*™ Composite 1-900 (Figure 6)
showed the best activity with a potential of 1.60 V (vs. RHE) at
J=10 mAcm™?, whereas 1-600 and 1-750 (Figure S8) showed
much lower activity, which suggests that the presence of
metal carbides might contribute to the high reactivity.">'*>"
The commercial Pt/C (20 wt%) did not reach a current density
of 10 mAcm™, even at a potential of approximately 2.0V (vs.
RHE). Analysis of the Tafel slopes for the composites gave
values of 127 (1-600), 127 (1-750), 70 (1-900), and
296 mVdec™' (Pt/C) (Figure S9), which highlights the superior
OER-catalytic kinetics of 1-900. The long-term OER stability of
1-900 was demonstrated by chronoamperometry at a potential
of 1.6 V (vs. RHE) for 12 h, during which virtually no change in
the current was observed (inset in Figure 6). Further LSV
(Figure 6) and CV (Figure S10) analyses before and after chro-
noamperometry also showed only marginal changes, which
further highlights the high stability of 1-900 under oxidative
conditions.

To gain further insights into the stability window of the com-
posites, we examined the OER activity of 1-900 in acidic elec-
trolyte (0.5m aqueous H,SO,) using RDE-LSV studies. As shown
in Figure S11 in the Supporting Information, 1-900 showed
high OER activity and featured an oxygen-evolution potential
(at J=10 mAcm™?) of 1.64 V. Commercial Pt/C (20 wt%) as ref-
erence did not reach the desired current densities under the
given experimental conditions. In contrast, 1-600 and 1-750
also showed lower activity in acidic medium (see Figure S12).
Kinetic analyses gave Tafel slopes of 321, 343, 300, and
451 mVdec™' for 1-600, 1-750, 1-900, and Pt/C (20 wt%) re-
spectively (see Figure S13). We also analyzed the electrochemi-
cal stability by chronoamperometry at a potential of 1.64 V (vs.
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RHE) for 12 h (inset in Figure S11). From the comparison of LSV
(Figure S11) and CV (Figure S14) analyses before and after
chronoamperometry, only slight potential shifts were observed,
which highlights the long-term stability and high chemical re-
sistance of the materials under acidic conditions.

Finally, we analyzed the potential difference between OER
and ORR (AEqger_oge) in 0.1 M aqueous KOH for the composites
reported: the smallest potential difference was observed for 1-
900 (AEqer_orr=0.78 V), which is significantly lower than vari-
ous noble-metal-based references such as 20wt% Pt/C
(1.16 V), 20 wt% Ir/C (0.92 V),*? 20 wt% Ru/C (1.01 V),*¥ IrO,
(1.11V),” RuO, (1.30V),"" as well as various metal-free
carbon-nanotube-based materials and transition-metal oxide
modified carbon materials.”>>® For a detailed comparison, see
Table 1 and Table S1. In summary, the as-prepared composites
acted as a highly active and highly stable bifunctional electro-
catalyst for both OER and ORR.

2.5. Chlorine evolution activity

Based on the high stability and reactivity of 1-900 under harsh
oxidative conditions, we examined the electrocatalytic Cl, evo-
lution by the composite using RDE analyses in 1M aqueous
HCI electrolyte. As shown in Figure 7, 1-900 showed a Cl, evo-
lution E, ., Of 1.42V (vs. RHE) at J=10 mAcm? (Tafel slope=
116 mVdec™', Figure S15). In addition, high current densities
greater than 400 mAcm™2 (at E=1.8 V vs. RHE) were observed.
To provide evidence for chloride oxidation, we performed com-
parative LSV studies in ClI~ free electrolyte (1M aqueous
H,SO,). Here, virtually no electrocatalytic activity was observed.
However, upon addition of NaCl (1m) to the electrolyte, the
electrocatalytic reactivity was recovered (see Figure 7). The sta-
bility of 1-900 for Cl, evolution was investigated by CV cycling
between 1.0 and 1.6 V (vs. RHE).

As shown in Figure 7, the LSV before and after CV cycling
(1000 cycles) showed only minor changes for E,. and current
density, thereby verifying the high chemical stability of the
composite under oxidative conditions.

To gain further mechanistic insights into the superior elec-
trocatalytic performance of 1-900, electrochemical impedance
spectroscopy (EIS) was performed (Figure $16), and a simplified

—1 M aq. HCI
3001 _ 1 M aq. HCI (after 1000 cycles)
——1Maq. HySO,

——1 Magq. H,80, + 1 M aq. NaCl

08 10 12 14 16 18
E IV vs. RHE

Figure 7. LSV of 1-900 in 1M aqueous HCl and 1 m aqueous H,SO, electro-
lyte. Conditions: Ar-saturated aqueous solution; scan rate: 10 mVs™'; coun-
ter electrode: graphite rod; reference electrode: saturated calomel elec-
trode; catalyst loading: 0.3 mgcm™?; rotation rate: 1600 rpm.
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equivalent circuit (inset in Figure S16) was used to explain the
measured results. Composite 1-900 showed the lowest charge-
transfer resistance (R, Table 1) of all materials analyzed here,
which indicates an efficient charge transfer in 1-900. This is
also consistent with the lowest Tafel slopes observed for this
composite in ORR/OER catalysis. Furthermore, we analyzed the
electrochemical double-layer capacitance (Cy) to calculate the
electrochemical surface area (ECSA, Table 1, see the detailed
calculation in the Supporting Information) based on the CV re-
corded in the non-Faradic region at different scan rates (Fig-
ure S17). Here, 1-900 exhibited significantly higher ECSA than
1-600 and 1-750, which is most likely a significant contributor
to the high reactivity observed.

3. Conclusion

In summary, a highly efficient, noble-metal-free multifunctional
electrocatalyst composite is reported that is capable of per-
forming ORR, OER, and hydrochloric acid electrolysis. Facile
synthetic access using a one-pot assembly route is reported in
which nanoscale manganese/vanadium carbide/oxide particles
are deposited on surface-functionalized multiwalled carbon
nanotubes. Electrocatalytic studies demonstrate the long-term
stability of the composites and emphasize the robust anchor-
ing of the metal carbides/oxides on the CNT surface. For both
ORR and OER, we report low overpotentials, high current den-
sities, and long-term stability. Of particular importance is the
good reactivity of the composites under acidic OER conditions,
which is still challenging for many state-of-the-art materials. It
is worth noting that the 1-900 composites showed excellent
activity and high stability for chlorine evolution in aqueous HCI
electrolyte, which could be a promising candidate for further
HCI electrolysis application. The same protocol could be used
for the designing of novel mixed-metal carbides/oxides as
(electro-)catalysts for challenging multielectron-transfer reac-
tions.

4. Experimental Section
Synthesis of the composite materials

In a typical synthesis, carbon nanotubes (2.0 g) were suspended in
concentrated nitric acid (459, ~65wt%) and heated at reflux
under magnetic stirring for 48 h at 140°C (oil-bath temperature).
The resulting dispersion was carefully diluted with water (ca.
20 mL) and filtered. The resulting solid was washed until the filtrate
was pH neutral and the sample was dried at 100 °C overnight. Dep-
osition of the manganese vanadium crystal particles was achieved
by sonicating the CNTs (500 mg) in acetonitrile (100 mL) for 5 min
and subsequent addition of [Mn,V,0,,(0Ac);>~ (250 mg,
0.15 mmol dissolved in 100 mL acetonitrile). The mixture was soni-
cated for 1 h using a pulsed high-frequency sonicator (180 W). The
black precipitate formed was collected by centrifugation, washed
thoroughly with ethanol, and dried at 40°C for 12 h. Then the
dried black product was heated in a tube furnace (heating rate
10°Cmin~", Ar flow), kept at 900°C for 4 h, and cooled to room
temperature under an Ar atmosphere; the obtained composite
was named 1-900. The composites obtained by a similar heating
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step but with calcination performed at 600 and 750°C were
named 1-600 and 1-750, respectively.

Characterization

High-resolution transmission electron microscopy (HRTEM) meas-
urements were performed with an image-side-aberration-corrected
FEI TITAN 80-300 under an accelerating voltage of 80 kV. Powder
X-ray diffraction (pXRD) studies were performed on a BRUKER D8
Advance XRD unit using Cuy, (1=1.54 A) radiation. X-ray photo-
electron spectroscopy (XPS) was performed on ESCALAB250
Thermo Electron Corporation equipment with an Aly, X-ray source
(1486.6 V). The X-ray source was run at a reduced power of
150 W, and the pressure in the analysis chamber was maintained
at 10-11 Pa or lower. All chemicals were purchased from Sigma Al-
drich, ABCR, or ACROS and were of reagent grade. The chemicals
were used without further purification unless stated otherwise.
(nBu,N),[Mn,V,] was prepared according to the literature.®”

Electrochemical studies

All electrochemical measurements were performed on an electro-
chemical workstation (CHI 730 E, CH Instruments, Inc. USA) at
room temperature using a standard three-electrode electrochemi-
cal cell. For measurements in alkaline electrolyte, a Pt wire and an
Ag/AgCl electrode in 3m aqueous KCl were used as the counter
and reference electrodes, respectively. For measurements in acidic
electrolyte, a graphite rod and a saturated calomel electrode (SCE)
in saturated aqueous KCl were used as the counter and reference
electrodes, respectively. All potentials in this study are given versus
the reversible hydrogen electrode (RHE): E(RHE)=E(Ag/AgCl)+
0.210+0.059pH in which 0.210 V is the standard potential for the
Ag/AgCl electrode at 25°C; E(RHE)=E(SCE)+0.241+0.059pH, in
which 0.241V is the standard potential for the SCE electrode at
25°C. A glassy carbon rotating disk electrode (RDE) with 4.0 mm
diameter and a rotating Pt ring glassy carbon disk electrode (RRDE,
disk diameter 4.0 mm; Pt ring: inner diameter 6.0 mm; outer diam-
eter 8.0 mm) was used as the working electrode to evaluate the
electrochemical catalytic performance.

For all electrochemical measurements, the modified electrodes
were used as working electrodes and were prepared by the follow-
ing method: the as-prepared catalyst (4 mg), Nafion solution
(20 uL, 5wt% in water and 1-propanol, Nafion D-520, Germany),
and ethanol (2 mL) were mixed for at least 1 h of sonication to
form a homogeneous ink. The catalyst ink (18.8 uL) was pipetted
onto the surface of the glassy carbon working electrode and air-
dried. Unless stated otherwise, the catalyst loading was
0.3 mgcm™% For comparison, a commercial Pt/C (20 wt% Pt on
Vulcan carbon black from Premetek Co.) was deposited on the
working electrode by using the same procedure and was tested
for ORR and OER under identical conditions.

For the ORR measurements, the modified RDE was used as the
working electrode and the experiment was performed in an O,-sa-
turated solution using LSV at a scan rate of 10 mVs~' with a rotat-
ing rate from 400 to 1600 rpm.

To study the activity and selectivity of the catalyst for oxygen re-
duction, the modified RRDE was used as the working electrode
and the LSV was recorded at a scan rate of 10 mVs™' at 1600 rpm,
and the ring potential was kept at 1.45 V (vs. RHE).

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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