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ABSTRACT: A remarkable electrocatalytic activity was obtained for the oxygen reduction reaction (ORR) in acidic solutions on
ultrafine nano-oxide catalysts based on group IV or V elements. By potentiostatic electrodepostion in nonaqueous solutions at
298 K followed by heat treatment in H, gas, highly dispersed fine nanoparticles of NbO,, ZrO,, and TaO, with sizes of less than
S nm were prepared and deposited on carbon black (CB) loaded electrodes. These oxide nanoparticles showed high catalytic
activities with high onset potentials of 0.96 Vg (NbO,), 1.02 Viyg (ZrO,), and 0.93 Vyy (Ta0,) for the ORR. Owing to the
high chemical stability of group IV and V oxides, the catalysts were very stable during the ORR in acidic solutions. Surface
characterization and chemical identification were performed using scanning transmission electron microscopy (STEM), energy
dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). All results clearly indicate the formation of
nano-oxide electrocatalysts that show an outstanding ORR performance, whereas the bulk oxides are not active because of the
absence of electronic conductivity. The present work demonstrates potential candidates for highly stable, non-noble-metal

cathode catalysts for polymer electrolyte fuel cells (PEFCs), where the catalysts are exposed to highly acidic and oxidizing

conditions.
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1. INTRODUCTION

Owing to the low abundance and high cost of the Pt and Pt-
based materials currently used as electrocatalysts in polymer
electrolyte fuel cells (PEFCs), many promising alternative
cathode materials with a reasonable activity for the oxygen
reduction reaction (ORR) have been explored.'™ Group IV
and V transition metals are known to be chemically stable
under the acidic conditions of a typical PEFC cathode
atmosphere. Thus, several Ti-, Zr-, Ta-, and Nb-based
compounds have been reported as ORR electrocatalysts.” "
These were mostly nitrides, carbides, oxides, and mixed
compounds, that were doped with additional elements or
subjected to various heat treatments to improve their
electrocatalytic properties for the ORR. However, the catalysts
studied to date have shown limited catalytic activity and/or
poor long-term stability for PEFC applications. Although
nitrides, and N-doped compounds in particular, have exhibited
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high conductivity and excellent ORR activity, they have a
strong tendency to be transformed into oxides under acidic
PEEC conditions.>” In fact, oxides have been reported to be the
14-16

The
Pourbaix electrochemical equilibrium diagrams for group IV

most stable materials in an acidic atmosphere.

or V elements explain that the oxides are chemically stable
under pH and applied potentials corresponding to the typical
PEFC operation conditions." Sasaki et al. has also suggested
that, according to their thermochemical calculation, the oxides
are determined as the most stable substances at pH = 0 and 353
K.'® Nevertheless, the most stable oxides with a maximum
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valence are an insulator in bulk, which indicates that they might
have low ORR activity.

With this background, we studied metal oxide catalysts with
no nitrogen or carbon doping based on group IV or V elements
as nonplatinum PEFC cathode electrocatalysts. To improve
their poor electrical conductivity, our approach has been to use
ultrafine oxide nanoparticles, which have yet to be fully
researched. Hence, it is very hard to control the particle size of
oxides with conventional methods.”'"”'® This is because
catalyst particles easily aggregate and grow to sizes of more than
100 nm during high temperature calcination. Thus, the
fabrication of metal oxide nanoparticles has been attempted
by electrodeposition at room temperature. Electrodeposition is
a very useful method for controlling the particle size and shape
of catalysts and distributing them uniformly on conductive
materials such as carbon black."”™>' With the exception of
certain specific complexes, group IV or V metal compounds are
difficult to dissolve in aqueous solutions because they
precipitate into oxides or hydroxides by reacting with H,O.
Metal cations cannot be reduced on well-grown metal oxide
particles because of the lower conductivity of these oxides, with
the result that small particles become widely dispersed on the
substrate surface. Thus, our group has recently reported that
highly dispersed TaO, nanoparticles, 2—3 nm in size, could be
prepared by electrodeposition in an ethanol-based Ta plating
bath at room temperature, and these fine oxide nanoparticles
showed excellent catalytic activity for the ORR.>>**

In the present work, we have extended the study of
nanoparticle oxides for high ORR catalytic performance to
the group IV and V elements Ta, Nb, and Zr. Highly dispersed
NbO,, ZrO,, and TaO, nanoparticles were successfully
deposited on carbon black (CB) supports by potentiostatic
electrodeposition in nonaqueous metal ethoxide-based sol-
utions. These oxide nanoparticles were characterized in terms
of their physical properties and electrocatalytic performance for
the ORR. To improve the physical properties and electro-
catalytic performance, the deposition conditions were opti-
mized and surface modification was performed by H,
treatment. Tafel slopes for the ORR were measured for the
electrodeposited NbO,, ZrO,, and TaO,, electrodes.

2. EXPERIMENTAL SECTION

2.1. Preparation of Metal Oxide Catalysts by Electro-
deposition. First, bare CB electrodes were prepared as
substrates for electrodeposition, using a CB powder. The CB
powder (Vulcan-XC72) was mixed with a Nafion ionomer
solution (Aldrich 1100EW, S wt % in water/aliphatic alcohols)
and isopropyl alcohol (IPA, 99.9%, Kanto Chemical). The
proportion of CB to ionomer solution was adjusted to 2:3 by
weight. The mixture was repeatedly ultrasonicated and
magnetically stirred to ensure a good dispersion. The resultant
well-dispersed CB slurry was sprayed onto carbon paper (EC-
TP1-060T, Toyo Corporation, treated by polytetrafluoro-
ethylene (PFEC)) at 343 K. The loading amounts of the CB
layers were fixed at 0.5 mg cm™>. After spraying, the bare CB
electrodes were completely dried to evaporate the residual
solvent. Second, the electrodeposition of Nb, Zr, and Ta species
was performed in a three-electrode system with a potentiostat
(HZ5000, Hokuto Denko). A bare CB electrode with an area of
1 cm? served as the working electrode. A carbon rod was used
as a counter electrode to prevent Pt contamination. An Ag/
AgCl electrode (HX-R4, Hokuto Denko) was mounted as a
reference electrode. The three electrodes were immersed in
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nonaqueous metal ethoxide-based solutions at 298 K. The
nonaqueous plating bath for electrodeposition consisted of
metal precursors, 20 or 100 mM NbCl;, ZrCl,, and TaCl;,
(Kanto Chemical), a supporting electrolyte of 20 mM NaClO,
(99%, Sigma-Aldrich), and an anhydrous ethanol solvent. A
constant potential was applied to the bare CB electrode for 10 s
at 298 K during each electrodeposition process. After
electrodeposition, the electrodes were washed with ethanol to
remove the residues of the metal precursors and were
thoroughly dried. Finally, the as-electrodeposited electrodes
were heated at a rate of 5 K min™! to 473, 523, 553, or 573 K
under a pure H, flow and kept at that temperature for 30 min.

2.2. Electrochemical Measurements. The deposition
behavior of metal ethoxides was studied on a glassy carbon
(GC) electrode under the same environment with a non-
aqueous plating solution and a standard three-electrode system
for electrodeposition. A carbon rod was used as a counter
electrode to avoid Pt contamination, and an aqueous Ag/AgCl
electrode was used as a reference electrode. At the beginning of
the cathodic sweep, cyclic voltammetry for the reduction
reaction of metal complexes was performed over the potential
range from 1.0 to —1.0 Vi, a.c; under an Ar-purged atmosphere
at 298 K. Cyclic voltammograms (CVs) were recorded at a scan
rate of S mV s\,

To measure the ORR activity of the electrodeposited oxide
nanoparticles, electrochemical measurements were carried out
in a conventional single-vessel electrochemical cell with an Ag/
AgCl reference electrode and carbon counter electrodes. Linear
sweep voltammograms (LSVs) for the ORR were obtained
from 1.23 to 0.20 Viyyg with a scan rate of S mV s~ in a 0.1 M
aqueous H,SO, solution at 298 K while purging with Ar and O,
at 1 atm. The difference in current density between the O,-
saturated and Ar-saturated atmospheres was considered to
correspond exactly to the real catalytic activity for ORR, iggg.
The area for density estimation is the geometric area of carbon
sheets loaded with the catalysts. The Ag/AgCl reference
electrode was calibrated in a 0.1 M aqueous H,SO, solution at
298 K to a reversible hydrogen electrode (RHE) consisting of a
Pt electrode and H, at 1 atm; the potential in the 0.1 M H,SO,
solution in this paper is expressed in RHE as Vpy.

2.3. Catalyst Characterization. The surface morphology
and elemental composition of the electrodeposited oxide
electrodes were characterized by scanning transmission electron
microscopy (STEM; Titan ST, FEI), scanning electron
microscopy (SEM; S-4700, HITACHI), and energy dispersive
X-ray spectroscopy (EDS; EMAX-7000, Horiba). The loading
amounts of the Nb, Zr, and Ta on the CB electrode were
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The chemical identity and modified
surface structure of the oxide electrodes were analyzed by X-ray
photoelectron spectroscopy (XPS; JPS-90SX, JEOL) using a
nonmonochromatized X-ray source with a Mg Ko anode, at an
emission current of 10 mA and an acceleration voltage of 8 kV.
The binding energies were calibrated using Au4f,, at 83.8 eV
to compensate for electrostatic charging.

3. RESULTS AND DISCUSSION

3.1. Electrodeposition Behavior of Metal Precursors
on Glassy Carbon. The electrochemical behavior of Nb and
Zr species on glassy carbon (GC) was examined for metal
ethoxide-based nonaqueous solutions under an Ar-saturated
atmosphere. In our previous studies, Ta was investigated in
detail using a TaCly ethanol solution purged under Ar gas.*>>

dx.doi.org/10.1021/cs400525u | ACS Catal. 2013, 3, 2181-2189



ACS Catalysis

Research Article

Here, nonaqueous metal ethoxide solutions were selected to
avoid the production of metal oxides as a result of the direct
reaction between the precursor and H,O. The electro-
deposition plating bath was prepared by dissolving NbCl;,
ZrCl,, or TaClg powder in ethanol (20 mM). NaClO, (20
mM) was also added to each solution as a supporting
electrolyte. GC electrodes with an area of 1 cm® were used as
the substrate for electrodeposition.

Figure 1 shows the CVs of GC electrodes in NbCl;, ZrCl,,
and TaCly ethanol solutions and a blank solution without any
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Figure 1. Cyclic voltammograms of GC electrodes in nonaqueous
metal ethoxide plating baths between 1.0 and —1.0 Vjg/z,c; measured
at a sweep rate of S mV s™' in an Ar-saturated atmosphere at 298 K.
The dotted black line was measured as a blank under the supporting
electrolyte solution without the metal precursors, 20 mM NaClO, in
ethanol. The three electrodeposition plating baths contained 20 mM
NbCl; (solid green), ZrCl, (dashed-dotted blue), and TaClg (dashed

red) as metal precursors and the electrolyte solution.

metal precursors under an Ar-saturated environment at 298 K.
The NbCl;, ZrCl,, and TaCls species dissolved to form
ethoxides or chlorides partly substituted by ethoxides. The CVs
were measured starting with a cathodic sweep, over the
potential range from —1.0 to 1.0 Vg a,ci at a scan rate of S mV
s™". For an ethanol solution without metal precursors (black
dotted line in Figure 1), most of the current can be assigned to
the non-Faradaic current, owing to the electric double layer.
The small cathodic current below —0.25 Vjg/aqc; is presumably
attributable to the formation of H, from the H,O impurity in
NaClO, or ethanol or the reduction of surface functional
groups on the carbon substrate. The solutions containing metal
species gave clearly distinguishable reduction peaks. The
cathodic current was measured gradually from around 0
Vig/agar in all cases, but different potentials were required to
obtain prominent cathodic peaks for each metal species. In the
case of the Ta precursor, our previous report identified two
reduction peaks, positioned at —0.35 and —0.63 Vg a.ci
corresponding to the reduction of Ta(V) to Ta metal via
Ta(IV) and Ta(IIl), respectively.””*®> The curve for the Nb
precursor showed a sharp current increase below —0.4 Vg /x.ci
in the cathodic sweep. In addition, a broad shoulder was
observed in the cathodic current for the Nb precursor roughly
between —0.2 and —0.3 V/pecr- In the reverse sweep, a small
oxidation current appeared from 0.1 Vg /p.c, as a result of
incomplete stripping of Nb species deposited on the GC during
the cathodic scan. For the Zr plating solution, a broad
reduction peak was observed at —0.3 Vg a,ci and the cathodic
current gradually increased. The subsequent anodic sweep also
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caused the electrodeposited GC to show an oxidation current
above —0.25 Vi /a,ci due to incomplete stripping of Zr species
alike on the Ta-electrodeposited GC. The increase in the
cathodic current around —0.5 Vygaecr (Nb), —0.8 Vi aecr
(Ta), and —1.0 Vag/agal (Zr) is thought to be mainly due to H,
evolution from the protons of HCI, generated by the
substitution of the chloride in the metal precursor by ethoxide.
Practically, the gas bubbles were observed on the electrodes by
the eyes at such potentials. The currents and potentials for H,
evolution were different for each metal complex, clearly
indicating that the HCI concentrations differed because of the
difference in the stability of the metal complexes.

The standard reduction potentials for Nb>*, Ta**, and Zr*" to
their metallic states are —0.65, —0.81, and —1.55 Vgyp,
respectively, in which SHE stands for a standard hydrogen
electrode.”* Thus, the applied potentials of —0.4 to —0.5
Vig/agar for our deposition conditions at 298 K cannot reduce
these metal cations to the neutral metallic state. In the case of
Ta, we have concluded that the cathodic current at —0.35 and
—0.63 Vg/aqc reduces Ta(V) to Ta(IV) and Ta(III), leading to
the attachment of the Ta precursor to the carbon substrate. In
the case of Nb and Zr, the broad peak or shoulder above —0.5
Vag/agar (ND) and —1.0 Vi, a,c1 (Zr) should be attributed to
the cathodic current for the partial reduction of Nb(V) and
Zr(IV) to lower valence states. The coexistence of the
byproduct HCI in the deposition bath would give certain
influences on the electrodeposition of the metal cation
species.”® Therefore, separate experiments directly using pure
metal ethoxide precursors resulted in too large particles of
metal oxide, leading to a poor ORR activity, as is the case for
bulk oxides. The formation of highly dispersed oxide particles
might be due to the presence of protons and chloride ions in
the ethanol solution. The effect of coexisting ions in the
solution during electrodeposition remains unclear.

As will be discussed in Section 3.4, the cathodically
electrodeposited species on CB surfaces from NbCl, ZrCl,,
and TaClg ethanol solutions were mostly oxidized to their
highest valence in air after electrodeposition. The formation of
nitrides or carbides is unlikely, so that the Nb, Zr, and Ta
species were presumably oxides or hydroxides. These electrodes
did not show any X-ray diffraction peaks, and the chemical
environment of the Nb, Zr, and Ta species could not be
identified. Thus, we express these species as NbO,, ZrO,, and
TaO, in this Article.

3.2. ORR Activities of NbO, Nanoparticles Electro-
deposited on Carbon Black. First, electrodeposition of Nb
species was attempted by varying the potential from —0.2 to
—1.0 Vjpg/pgcr at increments of 0.1 Vg aecp in 2 20 mM NbClg
ethanol solution at 298 K, based on the deposition behavior of
Nb in Figure 1. The potentials were applied for 5, 10, or 20
min. The deposition potential and time for NbO, were
optimized to obtain the highest onset potential for the ORR.
The optimal conditions were found at —0.4 Vjg/a,ci for 10 s.
The amount of Nb electrodeposited at —0.4 Vg xec; in 10 s was
estimated to be ca. 0.018 mg cm™> by ICP-AES. The variation
in the deposited amount of TaO, nanoparticles has been
reported in our previous paper,”® and the optimal conditions of
NbO, and ZrO, are determined by the similar phenomena to
that of TaO,.

For the electrodeposited TaO, nanoparticles, the heat
treatment in H, gas after electrodeposition was the most
critical factor in improving the ORR performance.””** Given
the effect of H, treatment in modifying the electrode surface,
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the Nb-electrodeposited electrodes treated under various
heating temperatures were assessed with regard to catalytic
activity for the ORR. The Nafion ionomer is effective as a
binder for the CB electrode, but it limits the heating
temperature to less than 600 K, roughly the melting point of
Nafion. Figure 2A shows CVs for NbO, electrodes electro-
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Figure 2. (A) Cyclic voltammograms of NbO,/CB electrocatalysts in
0.1 M H,SO, saturated with Ar. The catalyst was prepared by
electrodeposition at —0.4 Vi, xg¢) for 10 s followed by H, treatment at
523, 553, and 573 K for 30 min. The CVs were recorded over the
potential range of 1.23—0.1 Vg at a scan rate of 5 mV s~ in Ar-
saturated atmosphere. (B) Linear sweep voltammograms of NbO,/CB
electrocatalysts in 0.1 M H,SO, at 298 K, as-deposited and treated
under H, at 473, 523, 553, and 573 K for 30 min. The vertical axis
reflects the difference in current density between the Ar and O,
atmospheres. The potential was swept cathodically at a scan rate of 5
mV s~L

deposited on CB at —0.4 Vj,/aecp in 10 s, untreated and H,-
treated at 523, 553, or 573 K for 30 min in a 0.1 M H,SO,
solution purged by Ar gas at 298 K. None of the polarization
curves for Nb-based catalysts show any specific redox peaks in
an Ar-saturated H,SO, solution, unlike other group IV-V
transition metal-based catalysts.”>~>" The charging current in
the capacitance of the electrical double layer decreased after the
H, treatment, probably due to the decrease in the interfacial
area between the electrode and solution.”> However, the
electrodeposited NbO, electrode decreased significantly in
capacitance after treatment at 573 K, which is ascribable to
undesirable disorder in the CB structure induced by heating,
which decreases its surface area.”®
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Figure 2B shows LSVs for the NbO, electrodes electro-
deposited on CB at —0.4 V5, for 10 s, untreated and H,-
treated at 473, 523, 553, or 573 K for 30 min in a 0.1 M H,SO,
solution purged by Ar gas at 298 K. The current density, iopg,
on the vertical axis indicates the difference in current density,
which based on the geometric substrate area, measured
between O,-saturated and Ar-saturated atmospheres. The as-
electrodeposited NbO,, electrodes showed a cathodic current
for the ORR at a more negative value than 0.94 Vpyp (=2 A
cm™?). However, the current was very small in the typical
operation potential range of 0.6—0.7 Vi for PEFCs,”® where
only a single peak was measured at 0.7 Vyye. With increasing
heat-treatment temperature, the ORR current for NbO,
electrodes increased significantly, but it decreased above 553
K. Among the samples studied, the sample treated at 553 K
showed the highest ORR current with the highest onset
potential of 0.96 Vg (for —2 yA cm™). In contrast, the
treatment at 573 K led to a decrease in the ORR current, and
even the current at 0.2 Vyye was only —0.1 mA cm™2 The
dramatically decreased current in the case of the treatment at
573 K presumably resulted from excessive thermally induced
changes in the catalyst layers. These temperatures are close to
the glass-transition temperature for Nafion, and the treatment
can affect the morphological structure of CB aggregates.”

Figure 3A shows SEM images of NbO, electrodes, as-
electrodeposited and H,-treated at 523, 553, and 573 K. At this
scale, no noticeable difference in the shape and morphology of
the CB electrodes was observed. Although no Nb species can
be observed in these images, the EDS spectrum shown in
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Figure 3. (A) SEM images of NbO, catalysts deposited on CB
particles before (a) and after H, treatment at 523 (b), 553 (c), and
573 K (d) for 30 min. (B) EDS spectrum of as-deposited NbO,
catalyst. Red lines indicate the reference position of each element.
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Figure 3B confirmed its existence. This suggests that the NbO,
particles were dispersed on the CB surface in a much smaller
size level (as will be discussed in Section 3.5), and the
difference in catalytic performance induced by the heat
treatment did not stem from an obvious structural change at
a macroscopic level. A postelectrodeposition H, treatment has
been found to clean the catalyst surface, removing organic
species from the surface, as determined in a previous study
using XPS.>* Treatment at the appropriate temperature is key
to obtaining the best performance.

3.3. ORR Activities of ZrO, Nanoparticles Electro-
deposited on Carbon Black. Of the group IV metals, we
attempted to fabricate ZrO, nanoparticles using -electro-
deposition. The ZrO, catalysts were prepared by electro-
deposition of Zr species on bare CB electrodes at —0.5 Vj,/a5c1
for 10 s in a ZrCl, ethanol solution at 298 K. Subsequently, the
as-electrodeposited electrodes were treated by heating in H,
gas. In the same manner as the NbO, catalysts, the H,
treatment conditions were optimized and set at 473 K for 30
min. Figure 4A shows the CVs for the electrodeposited ZrO,

A L Sweep —>
0.10 J;
o I As deposited 473 K
S oosf R W
£ L et
0,00 [l
< L
(] L
© -
e L
g 005 LT
= C
o C
L <«—— Sweep
-0.10_—
C oo 1o by oo by by o by a1y
0.2 0.4 0.6 0.8 1.0 12
Potential / Vrue
(B) r <—— Sweep
0,00 frreeserssssemsssssssissssisssssiss sy
[ As deposited
F20mM et
002 <M
9 L N
£ X W\
o .
< -0.04_— ;
S L
£ -0.06 -
o C
-0.08-— 473 K
: 100 mM
OM0F v v e 1

0.2 0.4 0.6 0.8

Potential / Vrue

1.0

Figure 4. (A) Cyclic voltammograms of ZrO, catalysts in 0.1 M
H,SO, saturated with Ar. The catalyst was prepared by electro-
deposition at —0.5 Vi agci for 10 s in 20 mM Zr(OC,Hg), solution
before and after H, treatment at 473 K for 30 min. The CVs were
recorded from 1.23 to 0.1 Vgyg at a scan rate of S mV s in Ar-
saturated atmosphere. (B) Linear sweep voltammograms of ZrO,/CB
electrocatalysts in 0.1 M H,SO, at 298 K, electrodeposited in 20 and
100 mM Zr(OC,Hy), solutions, as-deposited and H,-treated at 473 K
for 30 min. The vertical axis reflects the difference in current density
between the Ar and O, atmospheres. The potential was cathodically

swept at a scan rate of 5 mV s\,
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electrodes in Ar before and after the H, treatment. No specific
redox peak is observed, as in the CVs of typical zirconium oxide
electrodes.””?® After the H, treatment, the ZrO, electrode
showed a decrease in the double-layer capacitance, as in the
case of the NbO, electrode (Figure 2A).

LSVs were examined to assess ORR activities on ZrO,
electrodes electrodeposited in 20 and 100 mM ZrCl, ethanol
solutions before and after H, treatment (see Figure 4B).
Catalysts electrodeposited in the 20 mM ZrCl, ethanol solution
clearly showed catalytic activity for the ORR. After H,
treatment at 473 K, the current increased and the onset
potential was 0.96 Vpye. The ORR polarization curves for
untreated and H,-treated ZrO, electrodes prepared from 20
mM ZrCl, exhibited a mass-transfer limiting current of ~15 and
~70 uA cm?, respectively, around a potential of 0.5—0.6 Vyy.
Subsequently, the current increased sharply again in the lower
potential region. We determined the loading amounts of Zr on
the CB electrode by ICP-AES analysis. Zr was detected at an
amount of ca. 0.003 mg cm™2, which is six times lower than that
for the Nb electrodeposits, even under an optimal deposition
condition. The appearance of the limiting current over 0.5—-0.6
Viue can presumably be linked to the small loading amount of
ZrO,. The subsequent current increase below the limiting
current might be due to reactions on the CB surfaces because
CB showed an onset potential of 0.45 Vg for ORR.>® Thus,
electrodeposition was performed with a higher loading of Zr,
using a more concentrated 100 mM ZrCl, solution. The
amount deposited increased by a factor of around 2.3 to 0.007
mg cm™?, even though the Zr precursor concentration was S
times higher. Figure 4B also shows the ORR polarization curves
for the H,-treated ZrO,, electrode that was electrodeposited in a
100 mM ZrCl, ethanol solution. The ORR current for the ZrO,,
electrode electrodeposited in 100 mM ZrCl, was found to be
significantly higher than that for the electrode electrodeposited
in the more dilute solution, and the onset potential of the
former was 1.02 Viyg. These results suggest that the ZrO,
electrodes have the highest onset potential for the ORR in the
present study, comparable to that of a commercial Pt/CB
catalyst.

3.4. Surface Chemical States of the Electrodeposited
Metal Oxides. For the NbO, and ZrO, catalysts, the chemical
states of the surface of electrodeposited NbO, and ZrO, were
investigated by XPS. Figure S displays narrow-scan Nb 3d (A)
and Zr 3d (B) XPS spectra for the NbO, and ZrO, electrodes,
which were electrodeposited at —0.4 and —0.5 Vj,/aqc for 10 s
in 20 mM NbCl; and 100 mM ZrCl, solutions, followed by a
H, treatment at 553 and 473 K for 30 min, respectively. The
XPS spectra did not change before and after the ORR
measurements. These conditions were selected to obtain the
highest ORR activity, as discussed in Sections 3.2 and 3.3. The
chemical shifts corresponding to the binding energies of
metallic Nb and Zr and fully oxidized Nb,O4 and ZrO, are also
shown in Figure S. The XPS spectra deviated from the typical
double split peaks corresponding to Nb,O; and ZrO,.
Accordingly, the broad Nb 3d spectrum was deconvoluted
into oxidation states labeled Nb,Os (Nb**), NbO, (Nb*"), and
NbO (Nb**) on the basis of previous reference data.**™>* It
was assigned to the peak positions of Nb 3ds/, for the three
different oxidation components to 209.7, 208.3, and 204.0 eV.
The spin—orbit doublet separation at 2.8 ¢V and the fwhm of
2.0 + 0.1 eV for all Nb 3d states were used to obtain the best
fit. Next, we also attempted to deconvolute the atypical Zr 3d
spectrum using two oxidation states, ZrO, (Zr*") and ZrO,
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ACS Catalysis

Research Article

(A) Nb 3d

=2
[72]
c
[}
: {
----------- 7---_’p-.1:’ ‘
Nb,Os NbO, NbO BG
PO T TR TR TN TR N SRR TR T SO NN SO TR SO SN
215 210 205 200
Binding energy / eV
(B) Zr 3d
Zr4+

Experimental

Convoluted

Intensity

710 BG

Zro,
I 1 1 1 1 I 1 1 1 1 I 1 : 1 1 1
190 185 180
Binding energy / eV

Figure S. Narrow scanned XPS spectra for (A) Nb 3d and (B) Zr 3d
of electrodeposited NbO,,/CB and ZrO,/CB electrocatalysts after H,
treatment at 553 and 473 K for 30 min, respectively. The
deconvoluted peaks corresponding to each valence cation are shown.

(Zr** )37 The intense doublet at 1842 eV and the
relatively small doublet at 182.5 eV were ascribed, respectively,
to Zr 3dy/, for pure ZrO, and a suboxide ZrO,. The spin—orbit
doublet separation at 2.39 eV and the fwhm of 2.2 + 0.1 eV for
all Zr 3d species made the Zr 3d spectrum a highly suitable fit.
Both convolutions clearly indicate that the electrodeposited Nb
and Zr species consisted of several oxidation states. Moreover,
the most abundant states were Nb,O; (60%) and ZrO, (77%).
The metal species were cathodically electrodeposited on CB
electrodes and heat-treated in reducing H, gas. The preparation
procedure ensured that the electrodeposited oxides had lower
oxidation states than Nb>* or Zr*'. These XPS results resemble
those for TaO, electrodes in our previous work.> The
electrodeposited TaO, nanoparticles mainly consisted of the
highest oxidized species with some reduced species remaining.
These electrodeposited electrodes did not show X-ray
diffraction patterns, indicating that the oxide species were
amorphous or highly dispersed. Thus, the oxide catalysts
prepared by electrodeposition are noted in this paper as NbO,,
ZrO,, and TaO,.

3.5. STEM Images of NbO, and ZrO, Nanoparticles on
CB. The surface morphology of the electrodeposited NbO, and
Z1O,, catalysts was investigated using STEM. Figure 6 shows
STEM images of NbO, (A) and ZrO, (B) nanoparticles
electrodeposited on CB particles under deposition conditions
corresponding to those for Figure 5. Figure 6A confirms that
the bright particles, the electrodeposited NbO,, were very
uniformly distributed on the CB surface and had a size of about
2—3 nm. In contrast, there are very few ZrO, particles
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Figure 6. STEM images of (A) NbO, and (B) ZrO, nanoparticles
electrodeposited on CB, taken at two different magnifications.

(brightest spots) in Figure 6B because there was less deposition
than in the case of NbO,. However, the magnified image in
Figure 6B reveals that the ZrO, particles (again, the brightest
spots) were well dispersed on the CB surface and had a size of
1-2 nm. Overall, the electrodeposition method could be
successfully used to fabricate NbO, and ZrO, electrodes on CB
by preparing highly dispersed particles with an average size of 2
nm. These uniform nanoparticle dispersions enabled the
formation of efficient active sites with high onset potential
and a significantly high current for the ORR.

We believe that the advantage of electrodeposition over
other preparation methods is its capability to fabricate
nanoscale oxide particles. In the case of a conventional method
such as impregnation, the metal precursor molecules easily
agglomerate during condensation of the solvent. In the case of
electrodeposition, the metal precursor can adhere to and be
reduced on small, electroconductive oxide particles or the bare
CB surface. The growth of oxide particles automatically stops
when their electroconductivity starts to decrease. Thus, small
oxide nanoparticles having a certain electroconductivity could
be deposited on the CB surface with a high degree of
dispersion, and the particle layer thickness on the CB surface
was no more than a few nanometers.

3.6. Comparison of the ORR Activities of NbO,, ZrO,,
and TaO,. Figure 7 shows the LSVs for NbO,, ZrO,, and TaO,,
electrodes electrodeposited under optimal conditions. Table 1
tabulates their onset potentials, cathodic current densities at 0.7
Vi for the ORR, and deposition amounts. The result for a
commercial Pt/CB catalyst, 20 wt % Pt/CB powder sprayed
onto the bare carbon electrode with loading amount of 0.025
mg cm ™, is shown as a reference.”® The NbO,, ZrO,, and TaO,
nanoparticles showed high onset potential for the ORR
comparable to the Pt/CB catalyst although the current densities
were lower. The ZrO, catalysts showed the highest onset
potentials and were followed by NbO, and TaO,, in that order.
This trend in onset potential can be understood along with the
intrinsic activity of a number of active sites for the ORR. Several
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Figure 7. Linear sweep voltammograms of electrodeposited NbO,/CB
(solid green), ZrO,/CB (solid blue), and TaO,/CB (dashed red)
catalysts in 0.1 M H,SO, at 298 K. NbO,/CB, ZrO,/CB, and TaO,/
CB were electrodeposited at —0.4, —0.5, and —0.5 Vis,/xec; for 10 s and
then treated under H, at 553, 473, and 523 K for 30 min, respectively.
The vertical axis reflects the difference in current density between the
Ar and O, atmospheres. The inset shows the wider range of
voltammograms. The potential was swept cathodically at a scan rate of
5 mV s7!. A result for a commercial 20 wt % Pt/CB is shown as a
reference.”!

Table 1. Onset Potential, Current Density, and Loading
Amount of Ta, Nb, and Zr Oxide Nanoparticles Prepared by
Electrodeposition on CB*

current
density at
onset potential for —2 yA ecm™ 0.7 VRH]:2 loading amount
catalyst (Vrug) (mA cm™)  (metal-mg cm™2)
TaO,/ 0.93 0.1 0.016
CB
NbO,/ 0.96 0.18 0.018
CB
ZrO,/ 1.02 0.09 0.007
CB

“The onset potential and current density were obtained for ORR in
0.1 M H,SO, at 298 K. The amounts of electrodeposited Ta, Nb, and
Zr were determined by ICP-AES.

researchers have reported the adsorption energy of oxygen on
many transition metals.**®?” Specifically, Miyazaki et al.
published the heats of adsorption and bond energies for
oxygen on various transition metals.>® On the basis of these
results, the oxygen adsorption enthalpies on Zr, Nb, and Ta
were calculated to be 824, 832, and 937 kJ mol ™, respectively.4
The atomic oxygen adsorption properties of metal surfaces
indirectly reflect the activation of oxygen in the ORR. The
important role of molecularly adsorbed oxygen, which desorbed
from 120 to 170 K from the catalysts, has also been proposed in
the previous papers,>® and the molecularly adsorbed oxygen,
which is the precursor of the reaction, should directly reflect the
activation of oxygen in the ORR. The adsorption enthalpies of
atomic oxygen can be considered to positively relate to that for
molecularly adsorbed oxygen. Thus, the onset potential for the
electrodeposited oxides ZrO,, NbO,, and TaO, related to their
adsorption enthalpies. Clearly, the ZrO, catalysts had the
highest onset potential for the ORR because the oxygen affinity
of Zr atoms was the smallest. However, the amount of Zr
deposition was smaller than those for group V metals, so that
the current at 0.7 Vyyg was also smaller. Generally, Zr ethoxide
mainly agglomerates in solution as tetramers with octahedral 6-
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fold coordinated zirconium metal centers, while Nb and Ta
ethoxides occur as dimers.**~*' Fine tuning the preparation
conditions and selecting the appropriate Zr complexes for the
deposition bath might yield more highly loaded ZrO,
electrodes. Thus, for a high ORR activity, the development of
ZrO, electrodes with a high degree of loading would be more
challenging to improve the performance for a PEFC
application.

The long-term stability for the TaO, nanoparticles in acidic
media has been reported in our previous paper,”® and the ORR
current decreased only a few percent after the accelerated
durability test for 1000 cycles. The ZrO, and NbO, catalysts
also showed similar stability to TaO,.

3.7. General Discussion on Tafel Slopes. The LSVs for
NbO,, ZrO,, and TaO,, in Figure 7 are plotted as Tafel plots in
Figure 8, where the current density is normalized to the mass-

1.06 | §
o Zr 2
100 F . ¥ (133mV dec’) 2
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> A ~.
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Figure 8. Tafel plots of electrodeposited NbO,/CB (solid green),
ZrO,/CB (dashed-dotted blue), and TaO,/CB (dashed red) catalysts
in 0.1 M H,SO, at 298 K. NbO,/CB, ZrO,/CB, and TaO,/CB were
electrodeposited at —0.4, —0.5, and —0.5 Vjg/pect for 10 s and treated
under H, at 553, 473, and 523 K for 30 min, respectively. The
horizontal axis, iogg, reflects the difference in current density between
the Ar and O, atmospheres normalized by the molecular weight of the
metal cation. The values in brackets indicate the Tafel slopes. The
potential was swept cathodically at a scan rate of S mV s™".

specific current using Table 1. In the present study, we limit the
comparison of ORR kinetics on all oxide catalysts to the high-
potential region because the effect of mass transfer could not
otherwise be completely ignored under our measurement
conditions. The Tafel slopes for NbO,, ZrO,, and TaO,
electrodes were estimated to be 66, 133, and 102 mV dec™™.

The kinetics of O, reduction on Pt electrodes has been
discussed in mainly two different potential ranges with a
rotating disk electrode (RDE) system: Tafel slopes are 60 mV
dec™ for higher potential (>0.8 Vi) and 120 mV dec™" for
lower potential (<0.8 Vyyp).”~** In the case of Pt electrodes,
the formation of Pt—O above 0.8 Vi reduces the Tafel slope
and complicates the kinetics mechanism, resulting in a half
slope.

Among the NbO,, ZrO,, and TaO, nanoparticle electrodes,
Tafel slopes are 133 and 102 mV dec™' for ZrO, and TaO,,
respectively. ZrO, and TaO, electrocatalysts are currently
considered to catalyze ORR the as same as Pt catalysts without
Pt—O formation.

As reported in our previous papers,”>** the electrodeposited
TaO, electrode shows an onset potential for the ORR close to
those for commercial Pt/CB electrocatalysts. This means that

22,
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the performance of the presented electrocatalysts is comparable
to that for commercial Pt/CB electrocatalysts. The presence of
similar Tafel slopes for ZrO, and TaO, to that for bare Pt
surface indicates the potential of these materials to surpass the
performance of Pt electrocatalysts in the near future. On the
other hand, NbO, shows a similar Tafel slope to that for Pt
catalysts, indicating that complicated reduction kinetics takes
place on NbO, catalysts, similar to the case for oxygen-
contaminated Pt surfaces.

In the present method, it was difficult to prepare a RDE or
rotating ring-disk electrode (RRDE) because, in the non-
aqueous electrodeposition bath, a mirror-finished GC electrode
cannot hold CB particles during electrodeposition. Thus, the
absolute kinetic current cannot be experimentally measured
without interference from mass transfer and H,O, formation by
2-electron reduction. This makes it impossible to compare the
performance of these electrocatalysts to those of other
electrocatalysts, including commercial ones. As reported
previously, the 2-electron reduction pathway is dominant
especially in oxide cathode catalysts. The Tafel slopes suggest
that ZrO, and TaO, have similar Pt catalysts without Pt—O
than that of NbO,, so that the H,O, formation can be expected
to be closer to Pt than NbO,.

The loading amount in the present method is around 0.007
and 0.016 mg cm ™ for Zr and Tha, respectively. These amounts
correspond to 1.4 and 3.2 wt % for 0.5 mg cm™> of CB
supported on the carbon sheet. Given that commercial Pt
cathode catalysts usually have a loading amount of 20—50%, the
development of highly loaded NbO,, ZrO,, and TaO,
electrocatalysts on CB is the next challenge.

4. CONCLUSION

In the present study, we introduced a new approach of using
ultrafine (2—3 nm) oxide nanoparticles based on group IV or V
metals for the ORR electrocatalysts of PEFCs. Nanoparticles of
the metal oxides NbO,, ZrO,, and TaO, were successfully
prepared by electrodeposition in nonaqueous metal ethoxide-
based solutions at room temperature. Excellent ORR activities
with high onset potentials were obtained in the case of the
NbO, and ZrO, catalysts by controlling the deposition
parameters. The performance was further improved by
adjusting the postelectrodeposition H, treatment. Physical
characterization revealed that the fine oxide catalysts were
deposited as a highly uniform distribution of nanoparticles, and
the mixture of NbO, and ZrO, showed several oxidation states
on the surface of the CB supports. These results were fairly
consistent with those for electrodeposited TaO, nanoparticles
reported in our previous papers.””** Thus, it was concluded
that the high catalytic activities of the electrodeposited oxides
were mainly attributable to the highly dispersed nanoparticle
structure with a mixture of fully oxide and suboxide states of
oxide particles on the CB. On the basis of Tafel polarization
curves, the presented electrodeposited oxide nanoparticles
showed similar slopes to the bare Pt catalysts and have the
potential to outperform Pt group electrocatalysts.
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