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vrww.rsc.org/ We demonstrate electric power generation via the electrooxidation of ethylene glycol (EG) on a series of

Fe-group nanoalloy (NA) catalysts in alkaline media. A series of Fe-group binary NA catalysts supported
on carbon (FeCo/C, FeNi/C, and CoNi/C) and monometallic analogues (Fe/C, Co/C, and Ni/C) were
synthesized. Catalytic activities and product distributions on the prepared Fe-group NA catalysts in the
EG electrooxidation were investigated by cyclic voltammetry and chronoamperometry, and compared
with those of the previously reported FeCoNi/C, which clarified the contributory factors of the metal
components for the EG electrooxidation activity, C, product selectivity, and catalyst durability. The Co-
containing catalysts, such as Co/C, FeCo/C, and FeCoNi/C, exhibit relatively high catalytic activities for
EG electrooxidation, whereas the catalytic performances of Ni-containing catalysts are relatively low.
However, we found that the inclusion of Ni is a requisite for the prevention of rapid degradation due to
surface modification of the catalyst. Notably, FeCoNi/C shows the highest selectivity for oxalic acid
production without CO, generation at 0.4 V vs. the reversible hydrogen electrode (RHE), resulting from
the synergetic contribution of all of the component elements. Finally, we performed power generation
using the direct EG alkaline fuel cell in the presence of the Fe-group catalysts. The power density
obtained on each catalyst directly reflected the catalytic performances elucidated in the
electrochemical experiments for the corresponding catalyst. The catalytic roles and alloying effects
disclosed herein provide information for the design of highly efficient electrocatalysts containing
Fe-group metals.

Introduction electrode catalysts in EG-based FCs (Table S2). However, even the
most active Pt catalysts cannot catalyse 8-electron-oxidation but only
The CO, concentration in the atmosphere has been the 4-electron-oxidation reaction, resulting in the production of
inadvertently increased by burning hydrocarbon fuels, leading to ~ glycolic acid. Moreover, fewer examples of EG oxidation 4}‘)33231}’5“
serious climate change. Considering the environmental issues Utilizing Fe-group metal elements have been reported. The
related to the CO, emission, the development of alternative and develgpmc?nt f’f Fe%—g;oup—bzised cataly;ts hé.iS attiacted muci
sustainable energy circulation systems suppressing the increase attention 1n view of the replacement of precious clements wit
. . abundant elements. Recently, we reported an Fe-group ternary
of atmospheric CO, levels, so called carbon-neutral systems, is . .
2 . nanoalloy (NA) catalyst supported on carbon, i.e., FeCoNi/C, that
regarded as an urgent global tasks.” Among energy-carrying

. . . hibit talyti tivity for th lecti lect idati f EG t
materials suitable for widespread use, ethylene glycol (CH:OMs. o clic acia. resultng in the highly cffcient fuel uilzation withou
EG) is an ideal liquid fuel considering its high boiling point ) £ g1y

o o . o CO, emission.” Moreover, power generation using a direct ethylene
(197.3°C) gnd low vapour gressure.(S Pa at 29 C), which facilitates glycol alkaline fuel cell (DEG-AFC), where FeCoNi/C was
transportation and storage.” Effective EG oxidation catalysts have

idel . vel b h o of 2 employed as the anodic electrode catalyst, was also performed. For
been widely and intensively sought over the past couple of decades. further cutting-edge applications of Fe-group NA catalysts, a
In recent years, the research has greatly expanded to energy

fundamental understanding of the chemical building blocks of the
conversion applications through the development of an EG-based & &

. oo p NAs is quite important.
fuel cell (FC) erpploymg several electr00x1dat.10n catalyst.s. On Alloying is a conventional but efficient technique to modulate
angthgr frqnt, the 1d§a of C Oy free power generation by selective EG e chemical properties of pure elements by making use of electronic
ox¥dat¥on into oxalic acid, (CO,H), Wthh,ls Fhe second-deepest and geometric interactions among constituent elements® that is
oxidation product after CO, (8-electron oxidation one) has been

4 P ) h . : di actively applied as a method to improve catalyst properties.
proposed. Pt-group metals are the mam component of anodic According to the intended use, bimetallic nanoalloy catalysts with an
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appropriate structure, such as core-shells,” intermetallics,'® and solid-
solutions,11 have been fabricated and found to show excellent
activities and longer catalyst lifetimes than those of monometallic
catalysts. Due to synergy effects derived from chemical interactions
among constituent elements, a solid-solution type NA can be an
efficient catalyst with a wide tuneable range in catalysis. Therefore,
an understanding of alloying effects is another crucial issue for the
efficient utilization of Fe-group NA catalysts.

In this study, we demonstrate the syntheses of carbon-supported
binary NA catalysts, i.e., FeCo/C, FeNi/C, and CoNi/C, and conduct
a detailed comparison of their catalytic performances in EG
electrooxidation catalysis among a full range of Fe-group catalysts
including the ternary NA catalyst, i.e., FeCoNi/C, and monometallic
nanoparticle (NP) catalysts, i.e., Fe/C, Co/C, and Ni/C, which can
provides insight into catalyst design for the selective oxidation of
EG to oxalic acid. In addition, ab initio calculations for EG
oxidation on Fe-group catalysts were carried out, which enables
mechanistic understanding of the alloy effects. Moreover, we
performed power generation using an alkaline fuel cell fabricated
with the prepared Fe-group NAs and NPs as anode catalysts and a
solid oxide electrolyte.

Results and Discussions

Syntheses of the carbon-supported Fe-group binary NA
catalysts.

Precise control of the metal composition and mixing states of the
NA is necessary to guarantee reproducibility and controllability of
the catalytic reactions using NA catalysts.”® '% '™ 12 To this end, we
focused on producing atomically well-mixed Fe-group NA catalysts.
A series of carbon-supported Fe-group metal binary NA catalysts,
i.e., FeCo/C, FeNi/C and CoNi/C, were prepared using a synthetic
methodology for the preparation of FeCoNi/C, that we previously
reported,7 including chemical reduction of metal ions and heat-
treatment of a mixed-metal-oxide composite under hydrogen
atmosphere, in a two-step method.”> A detailed description of the
synthetic procedure is given in the Supplementary Information (SI).
As the first step, mixed-oxide precursors were synthesized through
the precipitation of small metallic pieces by adding NaBH,4 to a
triethylene glycol solution containing divalent metal complexes, i.e.,
MH(OAc)z (M = Fe, Co, and/or Ni, OAc = CH3CO,") with the co-
presence of a carbon support, followed by washing with a mixed
solution of acetone and water in air. The desired catalysts were then
obtained by treating the precursors under hydrogen at 800°C for 1
minute in the second step. Inductively coupled plasma mass
spectroscopy (ICP-MS) results indicate that the metal compositions
of the series of NAs were Fe:Co = 45.7:54.3 (for FeCo/C), Fe:Ni =
47.3:52.7 (for FeNi/C) and Co:Ni = 49.2:50.8 (for CoNi/C), with
38.3, 40.1 and 37.0 wt% metal contents, respectively, which reflects
the molar ratios in the synthetic step of a precursor (see Table S3).

Bright-field scanning transmission electron microscopy (BF-
STEM) images of the prepared catalysts are shown in Fig. la,
revealing good dispersivity of the NA particles on the carbon
support. From these images, the average diameters of the NAs on
FeCo/C, FeNi/C, and CoNi/C were determined to be 42+15, 35+15,
and 27+7 nm, respectively. The elemental distribution in individual
nanoparticles was also examined by assembling energy-dispersive
X-ray (EDX) spectroscopy composition maps of Fe, Co, and Ni
distributions (shown in blue, red, and green, respectively, in Figs 1b-
d). Each element that appears in the overlay of the composition maps
shows uniformly mixed-colour particles (Fig. le). These results
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Fig. 1. (a) BF-STEM images and EDX composition maps of the (b)
Fe-Ka (blue), (¢) Co-Ka (red), (d) Ni-Ka (green) lines, (e)
reconstructed overlay maps, and (f) EDX line-scan analysis results
of (left) FeCo/C, (middle) FeNi/C, and (right) CoNi/C. Line scans
were performed along the arrows marked in (a).

strongly suggest that the constituent elements in each NA are of
equal concentration and homogeneous distribution. The uniform
distribution is also supported by EDX line-scan analyses. A line
profile crossing a single particle is shown in Fig. 1f, where the
intensities of characteristic X-rays from the catalysts, Fe-Ka, Co-
Ka, and Ni-Ka, are plotted to positions in blue, red, and green,
respectively. We can clearly see similar intensity variations for the
constituent elements over the whole scanning region. These results
are consistent with the ICP-MS results and support the claim that the
NAs fabricated on a carbon support are atomically mixed (see also
Figs. S1-3). Each powder X-ray diffraction (XRD)" pattern of the
prepared NA catalyst, shown in Fig. S4, could be attributed to
diffraction from a single phase, i.e., NAs on FeNi/C and CoNi/C
have a face-centred cubic (fcc) structure and those on FeCo/C have a
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body-centred cubic (bec) structure. These results also suggest that
the series of Fe-group NA systems did not form a phase-separated
structure but a well-mixed solid solution. Fe-group monometallic NP
catalysts, i.e., Fe/C, Co/C, and Ni/C, were also prepared using the
synthetic procedures similar to those for the preparation of binary
NA catalysts, except for the lower metal loading of Fe/C to keep the
diameters of the NPs nearly identical. TEM observations revealed
that diameters of NPs formed in Fe/C, Co/C, and Ni/C are 28+12,
36+13 and 37412 nm, respectively (Fig. S5). Chemical and
structural characterizations of the NP catalysts were also conducted
using ICP-MS and XRD measurements, and the obtained results are
summarized in Fig. S6 and Table S4.

Cyclic voltammograms (CVs) and EG electrooxidation activities
of the Fe-group binary NA and NP catalysts.

The electrochemical activities of the prepared NA and NP
catalysts for EG oxidation were first investigated by cyclic
voltammetry (CV). The carbon felt, on which the prepared catalyst
was mounted and heat-treated under N, and H, atmospheres prior to
the measurement, was used as the electrode (see SI for details). Fig.
2 shows the CV curves recorded on the binary NA and NP catalysts
in basic aqueous solution in a potential range between —1.25 and 1.2
V (vs. a reversible hydrogen electrode (RHE)) together with the
curve obtained on FeCoNi/C. In the CV measurements on Fe/C,
Co/C, and FeCo/C using an alkaline solution without EG, namely,
blank measurements, as shown as the black lines in Figs. 2 and S7,
current increases approximately 0.2 V (vs. RHE) were commonly
observed, which could be assigned to the formation of a metal
hydroxide layer (M + OH /M-OH + ¢") or self-oxidation of the NAs
or NPs. 3 By contrast, in the cases of the Ni/C, CoNi/C, FeNi/C, and
FeCoNi/C, slight increase in current value approximately 0.2 V (vs.
RHE) were obtained. This observation suggests that the surface of
Ni-containing catalysts is relatively resistant to chemical
modifications of the metal surface in the alkaline solution. When EG
was employed in the reaction solution, each catalyst exhibited
characteristic behaviour. On the Ni-free catalysts, such as Fe/C,
Co/C, and FeCo/C, with the positive-going scan, the current values
were reduced compared with those obtained in the blank. It is
possible that certain catalyst modifications are caused by the
interaction with EG. Moreover, apparent increases in current on
Ni/C, FeNi/C, CoNi/C, and FeCoNi/C were observed, suggesting
that EG oxidation proceeds on these catalysts. Interestingly, among
the Ni-containing catalysts, FeCoNi/C showed the largest current
value. This possibly indicates a relatively high catalytic ability of
FeCoNi/C for EG oxidation.

EG electrooxidations at a constant potential using
chronoamperometry (CA) and oxidized product distributions on
the Fe-group NA and NP catalysts.

We then examined the catalytic EG oxidation at a constant
potential by using chronoamperometry (CA). To elucidate the
catalytic activity and selectivity of the prepared catalysts,
quantification of the oxidized products including gaseous products,
i.e., CO,, was investigated. All CA experiments were conducted
under anaerobic conditions using a glove box for the prevention of
CO, contamination from an aerobic atmosphere. Fig. 3 shows the
number of electrons generated by each product formation in the EG
oxidation, and the current efficiency converted from the number of
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Fig. 2. (a) The cyclic voltammograms using working electrodes
coated with Fe/C (blue line), Co/C (red line), Ni/C (green line),
CoNi/C (orange line), FeNi/C (aqua line), FeCo/C (pink line), and
FeCoNi/C (purple line) in 20wt% KOH + 30wt% EG aqueous
solution (scan rate: 10 mV/s; Counter electrode: Pt wire; Reference
electrode: Hg/HgO in 1 M KOH). Voltammograms recorded in the
EG-free 20wt% KOH aqueous solution are shown as black lines. (b)
Closed-up curves around the initial rise of current in the positive-

going scan with tangential lines before and after the rise (black
dashed lines).

electrons, corresponding to the product selectivity, at a constant
potential of 1.0 V (vs. RHE) applied for 125 min. Detailed
definitions for the number of electrons, current efficiency, selectivity,
and product distribution are provided in SI'® and all results are
summarized in Figs. S10 and 11. We found that a large quantity of
oxidized products was generated on Co/C and FeCo/C, which
correspond to a large number of electrons, as shown in Fig. 3a.
These results imply that the large current value observed in the CV
measurements on Co/C and FeCo/C in the EG solution can be
attributed to EG oxidation as well as certain catalyst modifications in
the alkaline media. Moreover, it should be noted that Co-containing
catalysts showed higher catalytic activity not only for EG oxidation
but also for the production of C; compounds, such as formic acid,
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whereas no detectable amount of the oxidized product was obtained
on Fe/C. These results clearly suggest that the large current wave
observed on Fe/C in the CV measurement is simply attributable to
the catalyst modification in the alkaline medium, and an inclusion of
Co enhances the catalytic activity for EG electrooxidation.

Catalytic performances deeply depend on active surface area. In
this regard, we should evaluate catalytic activities with consideration
for surface areas of NAs and NPs in the catalysts. Co/C and Ni/C are
characterized with similar particle sizes and metal loadings, i.e.,
36+13 nm and 48.2wt% for Co/C and 37+12 nm and 46.3wt% for
Ni/C, which means that total surface areas of NPs on the two
catalysts are similar. Particle sizes (loadings) of NAs on FeCo/C,
FeNi/C, CoNi/C and FeCoNi/C are 42+15 (38.3), 3515 (40.1),
27+7 (37.1) and 25+11 nm (38.1wt%), respectively. Assuming
differences in metal loadings on the NA catalysts are negligible, the
total surface area of NAs on FeCo/C is the smallest. Therefore, high
catalytic activities emerging on Co/C and FeCo/C, which have
relatively small surface areas, are attributed to an inherent aspect of
Co components.

By contrast, in the case of catalysts containing a relatively larger
percentage of Ni, i.e., Ni/C, CoNi/C, and FeNi/C, the number of
electrons was considerably smaller than that recorded in the
experiments using the other monometallic and binary catalysts. This
probably suggests lower catalytic activity of Ni for EG
electrooxidation. However, it should be mentioned that these Ni-
containing catalysts exhibited low C; and high C, product
selectivities compared with those observed on the Ni-free catalysts.
Considering that the C—C bond scission eventually results in CO,
production, selective EG oxidation to C, compounds is an essential
requirement to deeply oxidize EG without CO, release.'” Therefore,
the inclusion of a certain amount of Ni is important for the selective
oxidation to oxalic acid.

Interestingly, the catalysts containing both Fe and Co, such as

60000 f{
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20000 1
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80 |
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Fig. 3. (a) Number of electrons per metal (gram) in catalysts and
(b) current efficiency, related to the oxidized products, glycolic
acid (blue), glyoxylic acid (orange), oxalic acid (red),
formaldehyde (light grey), formic acid (grey), and CO, (black),
formations from EG, determined after 125 min of 1.0 V wvs.
RHE.
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FeCo/C and FeCoNi/C, exhibit relatively high selectivity for oxalic
acid formation. Combined with the CV and CA results, it is clear that
Co-containing catalysts, such as Co/C, F%%?/l(?dlg%gwc’@éc‘g&%%%
exhibit high catalytic activities for EG electrooxidation, and the
inclusion of Ni improves the durability of the catalysts and enhances
the C, selectivity. Furthermore, we conclude that the coexistence of
Fe and Co promotes the oxalic acid selectivity. Therefore, it is
conceivable that FeCoNi/C showed the highest selectivity to oxalic
acid formation with considerable catalytic efficiency, resulting from
the synergistic effect among constituent elements.

To obtain more detailed information about the catalysis, we
examined the potential dependence in product distribution on Co/C,
FeCo/C, and FeCoNi/C that exhibit relatively high catalytic
activities. Fig. 4 shows the current efficiency on these catalysts at
0.4, 0.6, 1.0, and 1.2 V (vs. RHE). With the increase in applied
potential, the percentage of the contribution from C; compound
formation was increased over all of the catalysts. By contrast, at
lower potentials, the selectivity for C, compound formation was
increased. These results suggest that the selectivity in EG
electrooxidation can be controlled by the applied potential. At 0.4 V
(vs. RHE), a large quantity of C; compounds was still produced on
Co/C and FeCo/C, i.c., 12 and 15% in the current efficiency,
respectively. On the other hand, on FeCoNi/C, C; compounds were
minimally detected, and the selectivity to oxalic acid was remarkably
high, i.e., the selectivity to C, compounds and oxalic acid at 0.4 V
(vs. RHE) were 99 and 60%, respectively. This result implies that the
product distribution more strongly reflects the catalytic nature at a
lower applied potential, and the interaction among Fe-group
elements can give a favourable environment for selective EG
oxidation to oxalic acid. It is also interesting that the current
efficiency of FeCoNi/C at all potentials, except for 1.2 V (vs. RHE),
is higher than that of Co/C and FeCo/C. These results can be
understood in view of the improved tolerance to the alkaline solution
upon Ni inclusion.

In the powder XRD patterns of the Co/C-employed working
electrode after use in the CA measurement held at 1.0 V (vs. RHE)
as shown in Fig. S8a, we cannot identify apparent diffraction peaks
from Co NPs, which is possibly attributed to the oxidative
|
80 ‘

60 %
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Fig. 4. Current efficiencies, related to the oxidized products,
glycolic acid (blue), glyoxylic acid (orange), oxalic acid (red),
formaldehyde (light grey), formic acid (grey), and CO, (black),
formations from EG, determined after 125 min of several
constant voltage applications (0.4, 0.6, 1.0 and 1.2 V (vs. RHE)
employing Co/C, FeCo/c, and FeCoNi/C catalysts.
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dissolution of the metallic parts of the Co/C in the reaction. Based
on these results, there is a possibility that dissolved Co ions also
showed catalytic activity for EG oxidation. By contrast, FeCoNi/C
once used in the corresponding measurement showed a similar
diffraction pattern with that of the starting catalyst (Fig. S8c). This
result clearly reflects the higher durability of FeCoNi/C catalysts
(see Figs. S8, 9). The peak intensity of FeCoNi/C was slightly
decreased by ~20% after the CA experiment, which might
correspond to the ~72% current efficiency of FeCoNi/C in CA at 1.0
V (vs. RHE).

Theoretical calculation of C-C bond dissociation activation
energy in EG oxidation processes on Fe-group metal surface.

To clarify the reason why oxalic acid and C, compounds
(especially oxalic acid) are selectively generated on FeCoNi/C, we
calculated activation energies for the C-C bond dissociation of
glycolic acid on FeCo and FeCoNi NA surfaces by a first-principles
method. The glycolic acid (HOCH,-CO,H) is generated by the 4-
electron oxidation of EG, and gives oxalic acid by further 4-electron
oxidation. Therefore, it is probable that glycolic acid is generated at
the first stage of the EG oxidation forming oxalic acid on prepared
catalysts. Considering the crystal structures of the NAs, i.e., FeCoNi
and FeCo NAs having fcc and bee structures, the periodically
repeated slabs of the three atomic layers were used for the
FeCo(001) and FeCoNi(111) surface models. To construct the
realistic surface models, Fe, Co, and Ni atoms were uniformly
arranged in the alloys based on our experimental results indicating
that alloy components are well mixed in FeCoNi/C and FeCo/C (see
Ref. 7 and Fig. S1). Detailed calculation methods are described in
SI. We first determined the initial structures of the glycolic acid
molecule on the alloy surfaces. Table S5 represents the adsorption
energy of glycolic acid with various configurations on FeCo(001)
and FeCoNi(111) and Figs. S12a and c show the most stable
structures of glycolic acid on FeCo(001) and FeCoNi(111),
respectively. Our calculation proved that, at the initial stages, the
oxygen atoms of glycolic acid are located above the Fe atoms on
both surfaces. This indicates the bonding interaction between the
oxygen atoms of a glycolic acid molecule and Fe atoms on the
catalyst surface during the initial stage of the reaction. Figs. S12b
and d denote the molecular configuration after C-C bond
dissociation on FeCo(001) and FeCoNi(111), respectively. The
calculated energy diagram for the C-C bond dissociation of glycolic
acid on the FeCo(001) and FeCoNi(111) are described in Fig. 5.

60
= i FeCo
[ = FeCoNi
E 40
§ L . 26.61 .
X 50l  —
5 i 20.40 ., 8.14
2 0.0 '
g OF 4.93

i 0.0
HOH,C—~CH,0 * HOH,C *+CH,0 *
-20

Fig. 5. Energy diagrams for the C-C bond scission of glycolic
acid on FeCo(001) and FeCoNi(111). An origin of energy is set
to the energy in the initial state of each reaction path.
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This diagram presents that the activation energies for the C-C bond
dissociation on the FeCo(001) and FeCoNi(111) are 20.40 and 26.61

kcal/mol, respectively. This energetic difference V'fiatcliesOrthe

. DOI: 10.1039/C5CPO0954E
observed experimental result that FeCo catalyst more easily
generates C; compounds, plausibly by the C-C bond breaking
reaction of glycolic acid and/or EG.

Next, we listed the charges and C-C bond distances of the
glycolic acid adsorbed on FeCo(001) and FeCoNi(111) at the initial,
transition, and final states in the C-C bond dissociation process
(Table S6). The C-C bond lengths at the transition state on the
FeCo(001) and FeCoNi(111) surfaces are 2.745 and 2.488 A,
respectively. The large difference in the estimated C-C bond between
FeCo(001) and FeCoNi(111) at the transition state could be
attributed to the difference in the activation energies for the C-C
bond dissociation in these alloys. In brief, the C-C bond of glycolic
acid is more easily dissociated on FeCo(001) than on FeCoNi(111).

Chemical bond dissociation could be initiated by the electron
transfer between the adsorbed glycolic acid molecule and the metal
surface. Then, we focused on the charge value of the glycolic acid
molecule at each state. The charge values of the glycolic acid at the
initial and transition states on FeCo(001) were found to be -0.468
and -0.346, respectively, whereas those on FeCoNi(111) were -0.391
and -0.342 (Table S5). The estimated differences in the charge value
on the glycolic acid between the initial and transition states on
FeCo(001) and FeCoNi(111) were determined to be 0.122 and
0.049, respectively. For clarification of the reason for the difference
in the number of electrons transferred from the alloy surfaces to
substrates, we described the density of states (DOS) of d orbitals and
the d-band centers on both surface models in Fig. S13. The energy
level of the lowest unoccupied molecular orbital (LUMO) of
glycolic acid is also provided. In Fig. S13, the origin of energy
corresponds to a vacuum level. The energy level of LUMO of
glycolic acid is -54.98 kcal/mol. The d-band center on FeCo(001)
and FeCoNi(111) is -142.55 kcal/mol and -169.17 kcal/mol,
respectively. Fig. S13 shows the larger difference of the energy
levels between the LUMO and the d-band center on FeCoNi(111),
which leads to the smaller degree of charge transfer between glycolic
acid and FeCoNi(111). The smaller charge difference on
FeCoNi(111) is associated with the shorter C-C length on the
FeCoNi alloy. Therefore, we can consider that the higher activation
energy for the C-C bond dissociation on the FeCoNi(111) surface is
attributable to the smaller charge transfer from the alloy surface to
the substrate molecule, which accounts for the high C, and oxalic
acid selectivity observed on FeCoNi/C.

Power generation on Fe-group NA and NP catalysts using a
direct EG alkaline fuel cell.

We examined the performance of DEG-AFCs employing NA
catalysts that exhibit relatively high catalytic activities in CV and CA
experiments, i.c., FeCo/C and FeCoNi/C and monometallic NP
catalysts. The potentiodynamic and power density curves obtained
with 10wt% EG in a 10wt% KOH aqueous solution at 70 °C using
the previously reported AFC set'”® employing the Fe-group catalysts
as an anode electrocatalyst are shown in Fig. 6, and parameters, i.e.,
open circuit voltages and peak power densities are summarized in
Table S7. In comparing the monometallic catalysts employing AFCs,
the order of power output is Fe/C < Ni/C < Co/C, which matches
with the catalytic performance discussed above in the
electrochemistry section, suggesting the remarkable influence in
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AFC output from applied anodic electrode catalysts and the potential
effectiveness of these Fe-group metal catalysts as a part of power
generation devices. Although, other factors, that affect to AFC power
output should also be taken into account, NA catalysts employing
AFCs, i.e., FeCo/C and FeCoNi/C, generally showed higher AFC
performances than those of monometallic catalysts employing AFCs.
Considering the C, and oxalic acid selectivities determined in CA
experiments, FeCoNi/C satisfies the need for efficient power
generation with no CO, emission.

o
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> -20 g
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Fig. 6. Polarization and power density curves measured in DEG-
AFCs containing Fe/C (blue lines), Co/C (red lines), Ni/C (green
lines), FeCo/C (pink lines), and FeCoNi/C (purple lines)
electrocatalysts. Cell voltage and power density are shown in
dotted and solid lines, respectively.

Conclusions

We prepared a series of Fe-group binary and monometal catalysts
and investigated their structural and catalytic properties for EG
electrooxidation in alkaline media. Electrochemical experiments,
using CV and CA methods revealed the roles of each Fe-group
metal. Co-containing catalysts, such as Co/C and FeCo/C, showed
considerably high activity, reflecting the characteristics of Co as a
reaction centre for the EG electrooxidation. The inclusion of Ni was
found to improve the catalyst durability. Fe-containing NA catalysts,
such as FeCo/C and FeCoNi/C, exhibited relatively high selectivity
to oxalic acid. As a result of the synergistic effects among the
constituent elements, the ternary NA catalyst, i.e., FeCoNi/C, served
as a highly selective catalyst for oxalic acid production in the EG
electrooxidation. Furthermore, the performances of the DEG-AFC
directly reflect the catalytic characters of the Fe-group metals as
observed in the electrochemical experiments. These findings are the
first systematic results on the catalytic natures of Fe-group
electrocatalysts, which have been previously regarded as inactive
anode materials. Although further improvements in the activity of
purely Fe-group catalysts are needed for their practical use,
elucidation of the catalytic roles of Fe-group metals will contribute
to performance enhancement and sustainable procurement of
electrocatalysts by the rational design of active catalysts including
Fe-group metals.

Experimental Section

General Procedures.

6 | J. Name., 2012, 00, 1-3

All synthetic operations and measurements in this study were

performed under a N, atmosphere. The gases used in this study were
Online

supplied by Fukuoka Oxygen Mfg Co. Lth@nqdjﬁggv§%§ ) WANE
purities: N, 99.99%; H,, 99.99%; He, 99.99%; Ar, 99.99%;
5%H,/95%Ar, 99.99%. All reagents were used as received.

Preparation of Fe-group Binary NA (FeCo/C, FeNi/C, and
CoNi/C) and Monometallic NP (Co/C and Ni/C) Catalysts.

Fe-group NA and monometallic NP catalysts were prepared using
a similar procedure to that described below, except for the scale of
starting materials, reagents, and solvents used, which are
summarized in Table S1. Fe"(OAc), (4 mg, B mmol, Tokyo Kasei
Kogyo), Co"(OAc),4H,0 (C mg, D mmol, Wako), and
Ni"(OAc),"4H,0 (E g, F mmol, Wako) were dissolved in a mixed
solvent consisting of polyethylene glycol (PEG, My = approx.
1,500, G g, Wako) and triethylene glycol (TEG, A mL, Kishida).
After vigorous stirring with bubbling Ar for 30 min at room
temperature, the reaction mixture was heated to 80°C and kept
stirred for 30 min. The MeOH (/ mL) suspension of carbon black
(Vulcan, XC-72R, J g, Cabot Corporation) was added to this dark-
brown solution, and stirred for 30 min at room temperature. After
stirring at 80°C for 3 min, an aqueous solution (K mL) of NaBH, (L
g, Wako) was added to the mixture. The resultant mixture was stirred
at 80°C for 3 min, and then cooled to room temperature. After the
addition of acetone (M mL) and Et,O (N mL), a black precipitate
was obtained and separated from the supernatant solution by
centrifugation and decantation. The precipitate was washed three
times with a mixed solution of water and acetone, and the catalyst
precursor was obtained by drying the precipitate in vacuo. The
carbon-supported NA catalyst was prepared by the thermochemical
processing of the precursor, the details of which were previously
reported.'®% "™ '8 The precursor including the oxide composites
was treated at 800°C under 5%H,/95%Ar for 1 min to provide a
carbon-supported alloy catalyst (O g). ICP-MS measurement was
made using an Agilent 7500c (Agilent Technologies, Inc.), and the
results are tabulated in Table S2.

We found that Fe NPs supported on carbon with metal loading
higher than 40 wt% tend to have diameters of more than approx. 90
nm. To eliminate the need to consider size effects on catalytic
activity, Fe NPs supported on carbon having an average diameter
similar to that of the Fe-group binary NA (FeCo/C, FeNi/C, and
CoNi/C) and monometallic NP (Co/C and Ni/C) were prepared by
adjusting the metal loading. Fe"(OAc), (0.1396 g, 0.8 mmol) was
dissolved in a mixed solvent of PEG (0.3525 g) and TEG (200 mL).
After vigorous stirring with bubbling Ar for 30 min at room
temperature, the reaction mixture was heated to 80°C and kept
stirred for 30 min. The MeOH (10 mL) suspension of Vulcan (0.083
g) was added to this pale-brown solution, and stirred for 30 min at
room temperature. After stirring at 80°C for 3 min, an aqueous
solution (10 mL) of NaBH, (0.3029 g) was added. The metal-oxide
composite and carbon-supported Fe monometallic NP catalysts were
prepared in a similar manner to that of the Fe-group binary NAs
(FeCo/C, FeNi/C, and CoNi/C) and monometallic NPs (Co/C and
Ni/C). The results of ICP-MS are tabulated in Table S3.

This journal is © The Royal Society of Chemistry 2012
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BF-STEM, HAADF-STEM, EDX, and Line-scan Analyses.

Bright field scanning transmission electron microscopy (BF-
STEM), high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images, energy dispersive X-
ray spectroscopy (EDX) analyses, and line scan analyses of Fe-
group binary NA catalysts (FeCo/C, FeNi/C, and CoNi/C) were
recorded with a JEM-ARM200F operated at 120 kV to identify the
shape and dispersion of the particles and to analyse the distribution
of Fe, Co, and Ni atoms in the particle interior. For these
measurements, catalysts were suspended in methanol solution and
ultrasonicated using a pulse ultrasonic probe for 20 min. The
suspension was dropped onto the carbon-coated copper grid
followed by solvent evaporation in vacuo at room temperature
overnight (approximately 12 hours). The measuring interval was 0.2
nm for all measurements in the STEM analyses.
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