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Abstract: We report Cu, Fe, N-doped carbon nanotubes, (Cu,Fe)-N—
CNT, as electrocatalysts for the oxygen reduction reaction (ORR) in
acidic media. (Cu,Fe)-N-CNT was prepared using a silica coating
method in pyrolysis to minimize the formation of carbon-coated metal
oxide or carbide nanoparticles, which are known to be inactive for the
H,O; reduction. (Cu,Fe)-N-CNT shows a turnover frequency of 0.66
e site™ stat +0.8 V vs. RHE and H,0, yields of <1% for the ORR
with a utilization factor of active sites of 82%. Kinetic analysis reveals
that 4e- transfer rates for (Cu,Fe)-N—-CNT are higher than those of a
monometallic counterpart of Fe—-N-CNT. In situ X-ray absorption
spectroscopy enables us to determine redox potentials: E°(Fe'"/Fe')
=0.65 V vs. RHE and E”(Cu"/Cu') = 0.45 V for (Cu,Fe)-N-CNT, and
E®(Fe"/Fe") = 0.65 V for Fe-N-CNT. These results indicate that
bimetallic doping into carbon nanotubes gives the effect on kinetic
parameters but not on thermodynamic ones. In other words, there is
no direct electronic interactions between the Cu and Fe active sites
for (Cu,Fe)-N-CNT because such interactions should modulate their
redox potentials.

Introduction

The oxygen reduction reaction (ORR) to water is the key reaction
in energy generation devices of polymer electrolyte fuel cells
(PEFCs) and metal-air batteries. In the cathode catalyst layer,
platinum-group-metal-(PGM)-based electrocatalysts have been
widely used for the ORR because platinum is the most active
ORR catalyst in all metals. Many types of PGM-based
electrocatalysts have been developed for the ORR:! carbon-
supported PtM (M = Co or Ni) nanoparticles and nanostructured
Pt alloy catalysts such as octahedra,”? nanoframesi® and
nanowires.! Although these are highly active even in oxidative
and acidic environments, rare and expensive platinum limits the
widespread applications of PEFCs. Ideally, non-PGM
electrocatalysts for the ORR can be replaced by PGM catalysts.

The ORR is also known to be efficiently catalyzed in our body: in
the mitochondrial respiratory chain, the ORR is catalyzed by a
transmembrane metalloenzyme of cytochrome c¢ oxidase (CcO)



and coupled with pumping protons across the mitochondrial inner
membrane, which produces the proton motive force for the ATP
synthesis. The CcO utilizes the binuclear active site of heme and
copper complexes and shows high product selectivity to water for
the ORR with >99%, which means that almost no production of
the byproduct of hydrogen peroxide, H,0,.55 CcO can be directly
used on electrodes as the electrocatalyst!® but not suitable for the
practical use because of the instability in acidic media at high
temperatures of about 373 K of in the reaction environment of
PEFCs and its low active site density, which can limit current
densities per volume. Therefore, it would be a good idea to
develop non-PGM electrocatalysts for the ORR, inspired by the
active site of the CcO.

As artificial ORR electrocatalysts based on non-PGMs, metal,
nitrogen-codoped carbon (M-N-C, M = Fe, Co, Cu and so on)
have been intensively studies in the past ten years.[”) Particularly,
iron, nitrogen-doped carbon (Fe—N-C) electrocatalysts have been
studied for the ORR in acidic media because they showed
relatively high ORR activity in the non-PGM-based
electrocatalysts.® Intensive physicochemical studies including
high-angle annular dark field (HAADF) and scanning transmission
electron microscopy (STEM),F! 5’Fe Méssbauer spectroscopy,*©!
X-ray absorption spectroscopy (XAS)!Y and synthesis of
coordination compounds as active site models*? have revealed
that Fe-N-C electrocatalysts are single-atom catalysts and
contain the main active sites of atomically dispersed FeN4 sites
embedded in graphene sheets: in other words, iron complexes
with nitrogen-doped graphene ligands.

A challenge of developing practical Fe-based ORR
electrocatalysts in acidic media is the improvement of product
selectivity to H,O. Typically, Fe—N-C electrocatalysts can be
prepared from mixtures of iron, nitrogen and carbon sources in
pyrolysis ranging from 873 to 1273 K under ammonia and/or
argon. During the pyrolysis, not only FeN, sites but also inorganic
iron species such as metal carbides, metal oxides and metallic
iron can be produced.!a Conventional Fe—N—C electrocatalysts
react with O, and then produce H,O, and H,O via the proton-
coupled 2+2 e~ transfer pathway rather than the proton-coupled
4e— transfer pathway, proved by kinetic analysis.'® The
development of Fe-N-C electrocatalysts with high ORR
selectivity to H,O remains a challenge.24

Heterobimetallic doping into nitrogen-doped carbon is a
promising approach to improve not only the ORR activity but also
the  product  selectivity.['*82151  Sych  heterobimetallic
electrocatalysts are also known as dual-metal atom catalysts
(DACs). Heterobimetallic electrocatalysts could show the
cooperative effect on the ORR activity and product selectivity with
heterobimetallic active sites, like the active site of CcO. Recently,
many  heterobimetallic  electrocatalysts as  non-PGM
electrocatalysts have been reported. However, the origin of
heterobimetallic effects on the catalytic activity and selectivity
from the viewpoint of kinetic and thermodynamic parameters
remains unclear.

Another challenge of conventional Fe—N—-C catalysts is the
selective synthesis of FeN4 active sites. Inorganic iron species
can be produced in conventional Fe—N—C during pyrolysis. They
show low reduction activity of H,O, during the ORR[®l and release
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Fe?* species into acidic solutions during the long-term
experiments.l*”l Fe?* species in solutions or FeNy sites in Fe—N—
C can react with H,0 via electrochemical reduction!*®! or Fenton-
like reactions,® resulting in the formation of reactive *OH radical
species. Since *OH radical species can degrade the proton
exchange membrane in PEFCs, the formation of the inorganic
iron species should be suppressed to improve the durability. To
prepare Fe—-N-C electrocatalysts with almost no inorganic
species, some approaches have been reported: for example,
silica-coating methods, 5221 the use of iron complexes with Br-
substituted 1,12-diazatriphenylene ligand as precursors,® dry
ball-milling methods***7 and complexation of Fe' ions with
nitrogen-doped carbon in solution.?l These approaches can be
applied to non-PGM-based ORR electrocatalysts even with
heterometallic active sites.

Herein, we report a CcO-inspired ORR electrocatalyst of
copper, iron and nitrogen-doped carbon nanotubes, (Cu,Fe)-N—
CNT, prepared using the silica-coating method (Figure 1). We
performed physicochemical measurements of (Cu,Fe)-N-CNT
including 5’Fe Mossbauer spectroscopy and in situ XAS to
determine experimental descriptors such as turnover frequencies
(TOFs), H,0 yields, kinetic parameters of electron transfer rates,
and thermodynamic parameters of redox potentials.
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Figure 1. Schematic representation of the synthesis of (a) (Cu,Fe)-N-CNT
using the silica-coating method and (b) (Cu,Fe)-N—CNTuwosio2 With no silica-
coating from the composite of hemin, Cutrz and SWCNT. Fe-N-CNT was
prepared from SWCNT and hemin via reaction pathway (a).

Results and Discussion

Characterization of (Cu,Fe)-N-CNT

Cu, Fe, and N-doped carbon nanotubes, (Cu,Fe)-N-CNT, were
prepared via the silica coating method® from a composite of an
iron complex of hemin, a copper complex of 1,2,4-triazole (Cutrz)
and single-walled carbon nanotubes (SWCNTSs) in pyrolysis
(Figure 1).18222 Fe and N-doped carbon nanotubes (Fe—~N—-CNT)
and Cu, Fe, and N-doped carbon nanotubes with using no silica
coating method ((Cu,Fe)-N—CNTwosio2) Were also prepared as
control catalysts. In STEM images of (Cu,Fe)-N-CNT, (Cu,Fe)—
N—CNTuwesioz and Fe—-N-CNT, tubular morphology can be found



(Figure 2), indicating that the initial morphology of SWCNTs
remains even after pyrolysis twice. In the STEM image of
(Cu,Fe)-N-CNTuwsioz, inorganic metal nanoparticles were found
(Figure 2c). The SiO, layer on the Cutrz/hemin/SWCNT
nanocomposite suppressed the aggregation of metal species
during pyrolysis.?® HAADF-STEM images visualize white spots
on each carbon nanotube (Figure 2b). Atomically dispersed
active sites of FeN4 and CuN, formed in the carbon sheet on the
carbon nanotube.l222 |n contrast, HAADF-STEM and EDS
mapping observation of nanoparticles in (Cu,Fe)—N—CNTuwosio2
revealed that iron nanoparticles patched with copper are coated
with a carbon shell (Figure S1). BET specific surface areas were
determined from N, adsorption isotherms (Figure S2) to be 612
m? g for (Cu,Fe)-~N-CNT, 431 m? g2 for (Cu,Fe)-N-CNTuwosioz,
and 440 m? g for Fe—-N-CNT. (Cu,Fe)-N-CNT has higher
specific surface areas than (Cu,Fe)—N—CNTwosio2 or Fe—N—CNT,
which can also be related to be the formation of more metal
(oxide) nanopatrticles.

Figure 2. (a) STEM and (b) HAADF-STEM images of (Cu,Fe)-N-CNT. STEM
images of (c) (Cu,Fe)-N—CNTuwosioz and (d) Fe—N—CNT.

The silica-coating method enabled us to produce more MNy
active sites, revealed by elemental analysis and XPS. Elemental
analysis of (Cu,Fe)-N-CNT allowed us to determine C, H, N
contents to be 74.17, 1.23, and 3.57wt%, respectively. C, H, N
contents were also determined to be 77.67, 0.85, and 3.43wt% for
(Cu,Fe)-N-CNTwpsioz and 85.25, 0.67, and 4.19wt% for Fe—N—
CNT, respectively. The comparison of the N contents between
(Cu,Fe)-N-CNT and (Cu,Fe)-N-CNTesio2 indicates that the
silica coating method did not affect the nitrogen doping amounts.
Peak deconvolution analysis of N1s XPS data showed that
(Cu,Fe)-N-CNT mainly contains nitrogen species of 48.4% of
pyridinic nitrogen and 29.6% of pyrrolic nitrogen (Figure S3 and
Table S1), which have a lone pair of electrons and hold metal ions
to form MNx active sites. It seems that more nitrogen species are
associated with metal coordination to form MNy for (Cu,Fe)-N—
CNT, compared to (Cu,Fe)-N-CNTysioz or Fe—N—-CNT. ICP-
AES and elemental analysis enable us to determine the molar
ratios of nitrogen to metals: N:Cu:Fe ~ 35:0.5:1 for (Cu,Fe)-N—
CNT, N:Cu:Fe ~ 24:4:1 for (Cu,Fe)-N—CNTywosio2, and N:Fe ~
46:1 for Fe—-N-CNT. There is a big difference in the N-to-Cu molar
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ratio between (Cu,Fe)-N-CNT (N:Cu = 70:1) and (Cu,Fe)-N—
CNTuwsioz (N:Cu = 6:1) whereas the nitrogen contents in these
catalysts are similar. The silica coating method is effective in
reducing doping amounts of copper. In other words, the
hydrofluoric treatment with no silica coating (Figure 1) is not
effective in removing such copper-based nanoparticles.

5’Fe Mossbauer spectra of (Cu,Fe)-N-CNT were recorded
at room temperature to understand more details on the iron-based
active sites for the ORR (Figure 3). Since (Cu,Fe)-N—-CNT has
low metal contents in it, we were unable to obtain *’Fe Mossbauer
data of non->"Fe-enriched (Cu,Fe)-N-CNT using the lab-based
radioisotope facility. Then, we decided to prepare 5"Fe-enriched
(Cu,Fe)-N-CNT from >’Fe-enriched hemin,?3 Cutrz and SWCNT,
and perform synchrotron-radiation-based 5'Fe Mdssbauer
spectroscopy of it.?4

Peak deconvolution analysis of the 5Fe Mdssbauer
spectrum of (Cu,Fe)-N—-CNT shows two doublet and one singlet
peaks (Figure 3a and Table S2). The doublet peaks can be
assigned to FeN, sites. The doublets with a smaller quadrupole
splitting of 0.40 mm s=! and a larger quadrupole splitting of 1.14
mm s~! can be assigned to high-spin Fe"'N4C;» and low-spin or
medium-spin Fe''N,Cyo sites, respectively.*%225 The proposed
local structures of Fe'"N4C;, and Fe'"N4Cyo active sites are shown
in Figure S4. The peak deconvolution analysis confirms that
(Cu,Fe)-N-CNT contains Fe"'N4C;> and Fe''N4Cyo sites with an
about 2:3 ratio. Although the silica coating method suppressed
the formation of FexC or a-Fe nanoparticles, which can show a
sextet in 5’Fe Mossbauer spectra,?%? the catalyst still contained
y-Fe, which can show a singlet component in the 5"Fe Mossbauer
spectrum.

We also recorded a >"Fe Mossbauer spectra of 5’Fe-enriched
(Cu,Fe)-N-CNTuwosio2 (Figure 3b) and Fe—N-CNT (Figure 3c).
These spectra show multiple-splitting patterns: one singlet, two
doublet and four sextet components for (Cu,Fe)-N—CNTwjosioz
and one singlet, two doublet and one sextet components for Fe—
N-CNT (Table S2). Since magnetic species with sextet peaks are
observed not only for (Cu,Fe)-N—CNTwjosioz but also Fe—N—-CNT,
the combination of the silica coating and heterometallic doping is
effective to suppress the formation of magnetic species such as
iron carbides and iron oxides of inverse spinel species, which can
contain copper(ll) ions in them.

The two doubles of (Cu,Fe)-N-CNT and Fe—N-CNT have
similar isomer shifts and quadrupole splittings but are different
from those of (Cu,Fe)-N-CNTusioz (Table S2). Typical Fe—N-C
electrocatalysts are known to exhibit two or three doubles,
commonly referred to as D1, D2 and D3. The typical D1-D3 are
found at similar isomer shifts between 0.28 and 0.54 mm s~2. Their
quadrupole splittings are found at 0.1-1 mm s for D1 sites, 2-3
mm s for D2 sites, and 1.3-1.8 mm s for D3 sites.[1902025] The
isomer shifts and the quadrupole splittings of the two doubles of
(Cu,Fe)-N-CNTuwosio2 are within the range of the typical D1 and
D2 sites, while the values of (Cu,Fe)-N-CNT and Fe—N-CNT
tend to be smaller than the typical values. These results suggest
that the heat treatment with our precursors using the silica coating
method possibly produces unique FeN, active sites.
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Figure 3. 5"Fe Mossbauer spectra of 5’Fe-enriched (a) (Cu,Fe)-N-CNT and (b)
(Cu,Fe)-N-CNTwio_sio2 and (c) Fe—-N-CNT obtained at room temperature.

Electrocatalytic Activity and Selectivity of (Cu,Fe)-N-
CNT for the ORR

To obtain mass-based site densities (SDmass) Of the active sites
for catalysts, cyclic voltammograms (CVs) of the catalysts were
recorded in a 0.05 M H,SO, aqueous solution under Ar (Figure
4a—c). The CV shows broad redox waves in the potential range
between +0.20 and +0.82 V vs. RHE. These redox waves
correspond to the redox couples of Fe'"" and Cu"" in (Cu,Fe)-N-
CNT and (Cu,Fe)-N-CNTuesio2 Whereas it corresponds to that of
Fe''" for Fe—N—CNT.[a.15¢.223 Although each redox couple of Fe"""
or Cu"" was not distinguished in CVs (Figure 4a—c), the number
of total redox active sites can be determined from CVs. More
details on the redox potentials of Fe" and Cu"" of (Cu,Fe)-N-
CNT are discussed later with results of in situ XAS data.
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Figure 4. Cyclic voltammograms of (a) (Cu,Fe)-N-CNT, (b) (Cu,Fe)-N-
CNTwisioz and (c) Fe~N—CNT recorded at 10 mV s~tin a 0.05 M H>SO4 aqueous
solution under Ar. Shadowed regions indicate the integrated areas used for the
calculation of redox active sites. (d) Disk current densities, (e) ring currents and
(f) H202 yields of (Cu,Fe)-N-CNT (the solid traces in red), (Cu,Fe)-N-
CNTuwiosioz (the dotted traces in black) and Fe—N-CNT (the solid traces in blue)
recorded using a RRDE at 1600 rpm and a sweep rate of 10 mV s in the
negative-going sweep in a 0.05 M H2SO4 aqueous solution under O2. A bias
potential of +1.2 V vs. RHE was applied to the ring electrode. The catalyst
loading amount on the disk electrode was 0.66 mg cm2.

Values of SDmass Of (Cu,Fe)-N—-CNT, (Cu,Fe)-N-CNTuesio2,
Fe—N-CNT were determined to be 5.2x10%°, 5.1x10%, 3.4x10%°
site g1, respectively. SDnass can be defined as the number of
active sites per unit mass of the catalysts. In this work, the number
of active sites is estimated from the Faradaic charge densities of
the redox waves.[8280.26] The SDy,ss Of (Cu,Fe)-N-CNT was also
determined by CO pulse chemisorption measurements at 193
K7 to be 4.9x10% site g%, which is in good agreement with the
SDmass €lectrochemically determined. There is almost no
difference between SDmass Of (Cu,Fe)-N—-CNT and (Cu,Fe)-N—
CNTuwesioz even though the metal contents are different between
them. Total metal contents of Fe and Cu in the catalysts were
guantified by using ICP-AES: 0.22 wt% of Cu and 0.39 wt% of Fe
for (Cu,Fe)-N—-CNT; 2.58 wt% of Cu and 0.59 wt% of Fe for
(Cu,Fe)-N—-CNTwosioz; 0.36 wt% of Fe for Fe—N—CNT.

Notably, the silica coating method maximizes catalyst
utilization factors. Catalyst utilization factors are defined as
percentages of redox-active metal sites in the total metal
amount.[*5¢28 The number of redox active sites was determined
by charges obtained from CVs (Figure 4a-c), as mentioned
above. A utilization factor for (Cu,Fe)-N—CNTuosioz was
determined to be 16%. A utilization factor for (Cu,Fe)-N-CNT was
drastically improved to 82%. Fe—-N—CNT also has a high utilization
factor of 89%. These values tend to be higher than those of
previously reported Fe—N—C electrocatalysts for the ORR.[15¢:27-29]
Thus, the silica coating method suppress the formation of metal
nanoparticles and maximizes the redox-active sites.

To understand the electrocatalytic ORR  activity,
hydrodynamic voltammograms of (Cu,Fe)-N-CNT, (Cu,Fe)-N-
CNTuwosioz and Fe—N—CNT were recorded using a RRDE in 0.05



M H,SO. aqueous solution under oxygen (Figure 4d—f). Disk
currents of both catalysts show cathodic currents under oxygen
(Figure 4d) but not under Ar (Figure 4a—c), indicating that these
catalysts show the ORR activity. (Cu,Fe)-N—CNT shows the most
positive half potential, Ei, in the catalysts used in this work
(Figure 4d). Mass-based kinetic current densities (juin) Were also
determined to be 5.5 A gear* for (Cu,Fe)-N—-CNT, 2.9 A gea* for
(Cu,Fe)-N—CNTwpsioz, and 3.1 A gear* for Fe-N-CNT at +0.8 V
vs. RHE. Thus, (Cu,Fe)-N-CNT is the most active ORR catalyst
in this work.

TOFs of (Cu,Fe)-N—CNT, (Cu,Fe)-N-CNTosio2 and Fe—N—
CNT at +0.8 V vs. RHE were determined to be 0.66, 0.35 and 0.56
e~ site™? s71, respectively, based on jkn and SDmass. These TOFs
indicate that (Cu,Fe)-N—CNT is approximately twice as active as
(Cu,Fe)-N-CNTucsio2. Because there is no big difference in site
densities between the catalysts, as mentioned above, the
improvement of the TOF for (Cu,Fe)-N—-CNT originates from the
improvement of the intrinsic activity.

Although the TOF of (Cu,Fe)-N—CNT tends to be higher than
those of conventional Fe—-N—C (0.21-0.40 e~ site™ s1),[Ba-c.351 jt
remains less active than one of the highest Fe—N—C catalysts: for
example, 2.1 e~ site”* s for 1.5Fe—ZIF®® and 1.89 e~ site™ s™*
for Meso-Fe-N/C_2.0.1%¢! Because a target TOF of 2.5 e~ site* s~
Twas set for non PGM catalysts and TOFs of Pt/C were reported
to be about 25 e~ site™ s at 0.9 V vs. RHE,BY further
improvements of the intrinsic catalytic activity are needed to use
non-PGM electrocatalysts for practical PEFC applications.

H>0- as the by-product for the ORR was detected at the ring
electrode (Figure 4e) and the obtained ring current was converted
to H,0, yields using the collection efficiency of the ring electrode
(Figure 4f). The bimetallic catalysts tend to produce less H.O,
than the monometallic Fe—N—CNT. Such low H,O; yields originate
from the heterometallic cooperativity between Cu and Fe active
sites,® which can also be reported for CcO.[534 (Cu,Fe)-N-CNT
tends to produce less H;O, than (Cu,Fe)-N-CNTuposio2,
suggesting that the removal of inorganic metal nanoparticles can
improve the selectivity to the 4e~ reduction of the ORR to H,0.1¢l
Such quite low H,0; yields for (Cu,Fe)-N-CNT could help explain
high durability:*32 -almost no activity loss was observed after
10000 potential-step cycles of square wave between 0.6 and 1.0
V for 3 s each under O, (Figure S5).

Electron Transfer Rates

The kinetic analysis of the catalysts revealed that (Cu,Fe)—N—
CNT shows the highest rate constants for the 4e~ transfer (ki°).
To understand the ORR kinetics in detail, we studied
hydrodynamic voltammetry for the H»O, reduction reaction
(HPRR) (Figure S6) and the dependence of the catalyst loading
densities on the disk and ring currents of (Cu,Fe)-N—-CNT,
(Cu,Fe)-N-CNTuwosio2 and Fe—N—CNT for the ORR (Figure S7),
and then obtained electron transfer rates for each reaction step
using Nabae model® (Figure 5).

(Cu,Fe)-N-CNT shows the highest k;° rate constants for the
4e™ transfer and it is highly likely that the highest rate constants
for (Cu,Fe)-N-CNT originate from the bimetallic doping and
metal-nanoparticle-removing. The 4e~ transfer pathway is
dominant for the bimetallic catalysts whereas the 2+2 e~ transfer
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pathway competes with the 4e- transfer pathway for the
monometallic catalyst of Fe—-N—CNT. This result is in good
agreement with the kinetic analysis previously reported for Fe—N—
C in acidic media.[6a13p.14a]
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Figure 5. (a) The ORR scheme with electrochemical inherent rate constants of
ki°, k2° and kz° and currents of 11°, 1:° and 1s° (Nabae model).l*¥! Disk currents
(Io°: circles in black; 11°: rhombuses in red; 12°: triangles in blue; and 13°: squares
in gray) and rate constants (ki°: rhombuses in red; kz°: triangles in blue; and
ks : squares in gray) for (b,e) (Cu,Fe)-N-CNT, (c,f) (Cu,Fe)-~N—CNTwosio2 and
(d,g) Fe—N—-CNT, respectively.

Redox Potential

To understand the redox behavior of each metal ion under
electrochemical conditions, we performed in situ XAS of (Cu,Fe)—
N—-CNT, (Cu,Fe)-N-CNTuesioz and Fe—N—CNT in the Fe and Cu
K-edge regions. Potential-dependence of spectra in the X-ray
absorption near edge structure (XANES) regions are shown in
Figure 6. XANES regions are quite sensitive to oxidation states
of the target element and the potential dependence of XANES
spectra enable us to understand the redox changes under
electrochemical conditions. 2223
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Figure 6. Potential dependence of XANES spectra of (a) (Cu,Fe)-N-CNT and
(b) (Cu,Fe)-N-CNTuwwsioz2 and (c) Fe—-N-CNT in the Fe K-edge region and (d)
(Cu,Fe)-N-CNT and (e) (Cu,Fe)-N-CNTwposioz in the Cu K-edge region. The
spectra in red and blue show those recorded at 1 and 0 V vs. RHE, respectively.
All spectra were recorded in 0.05 M H2SO4 aqueous solution under Nz.

The absorption edge shifted to lower energy in the Fe and
Cu-K edges for (Cu,Fe)-N-CNT as the potential was changed
from 1 to 0 V vs. RHE. A shoulder was observed for (Cu,Fe)—N—
CNT at about 7120 eV in the Fe-K edge (Figure 6a) and at about
8981 eV in the Cu-K-edge at 0 V vs. RHE (Figure 6d), which can
be assigned to 1s — 4p, transition for Fe" and Cu' species,
respectively.[??23334 These results indicate that Fe""N,; and Cu"Nx
sites can be reduced to Fe"N, and Cu'Ny sites, respectively.

One redox-active metal species can be converted to the
other reduced species without decomposition because isosbestic
points were observed for (Cu,Fe)-N—-CNT in the Fe and Cu K-
edges (Figure 6a and 6d). Thus, one of the FeN, active sites
(Figure S4) could be redox-active, which is in good agreement
with reported results of in situ 5’Fe Mossbauer spectroscopy of
Fe—N-C, where FeN4C; is redox-active under Ar but FeN4Cyg is
not.*%  Although extended X-ray absorption fine structure
(EXAFS) data of (Cu,Fe)-N-CNT in the Fe K-edge region was
analyzed, unfortunately the structural information of the FeN4
active sites was not extracted because the EXAFS oscillation of
the metallic species seems to be dominant (Figure S8),E% which
is in good agreement with the results of the >’Fe Mdssbauer
spectra (Figure 3 and Table S2).

We also recorded potential dependence of XANES data of
(Cu,Fe)-N-CNTuwsioz in the Fe and Cu K-edge regions. The
spectral shape of (Cu,Fe)-N—-CNTwsioz in the Fe K-edge region
(Figure 6b) is different from that of (Cu,Fe)-N-CNT (Figure 6a).
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Interestingly, no potential dependence was observed for (Cu,Fe)—
N—-CNTuwesioz in the Cu K-edge region (Figure 6e), indicating that
the copper sites in (Cu,Fe)-N—CNTuesio2 are not redox-active. As
shown in EDS mapping and STEM images (Figure S1), carbon-
coated inorganic metal nanoparticles keep iron and copper
species together. Since (Cu,Fe)-N-CNTwosio2 has 2.58 wt% of
Cu, which is approximately ten times more than that of (Cu,Fe)—
N-CNT (0.22 wt%), and copper-based nanoparticles are
dominant species for (Cu,Fe)-N-CNTwosio2, the presence of such
copper-based nanoparticles is related to no redox response in the
Cu K-edge region for (Cu,Fe)-N—-CNTcsio2. Possibly, inorganic
nanoparticles can be placed together with redox-active CuNjy sites,
inhibit the exposure to the electrolyte solution, and then lead to no
redox response.

An EXAFS oscillation of (Cu,Fe)-N—-CNTsio2 resembles
that of Cu foil (Figure S9), suggesting the presence of metallic
copper nanoparticles as carbon-coated metal nanoparticles in
(Cu,Fe)-N-CNTwosio2 (Figure S1). Since the 5"Fe Mdssbauer
spectrum of (Cu,Fe)-N—-CNTuwsio2 (Figure 3b and Table S2)
indicates the presence of iron oxide nanoparticles possibly with
the inverse spinel structure, copper(ll) ions could also be placed
inside carbon-coated nanoparticles.

The linear combination analysis of the XANES spectra
enables us to calculate the percentages of Fe'" and Cu'" species
at each potential step and then give Nernst plots, where
log([Fe")/[Fe"]) and log([Cu")/[Cu']) are plotted as a function of
potential (Figures S10-S12). Based on the data of (Cu,Fe)-N-
CNT recorded in the negative-going steps, reduction potentials
from Fe'" to Fe' and from Cu" to Cu' to be 0.60 and 0.35 V vs.
RHE for (Cu,Fe)-N-CNT, respectively (Figure S10a). Oxidation
potentials from Fe" to Fe" and from Cu' to Cu" for (Cu,Fe)-N-
CNT were also determined to be 0.69 and 0.54 V vs. RHE,
respectively, in the same manner from the XANES data obtained
in the positive-going potential steps (Figure S10b). These
reduction and oxidation potentials allowed us to determine
E®(Fe'"/Fe") = 0.65 V vs. RHE and E®(Cu'"/Cu') = 0.45 V vs. RHE
for (Cu,Fe)-N-CNT. Thus, E°(Fe"/Fe') is more positive than
E°'(Cu"/Cu'). These results indicate that for (Cu,Fe)-N-CNT the
reduction of Fe"'N4 to Fe"N, initiates the ORR supported by the
reduction of Cu"Ny to Cu'N,.!

Note that no difference of E”'(Fe'"/Fe") was observed for the
monometallic and bimetallic electrocatalysts used in this work.
We also determined redox potentials of E”(Fe"/Fe") = 0.65 V vs.
RHE for (Cu,Fe)-N—-CNTupsio2 (Figure S11) and Fe—N-CNT
(Figure S12), indicating that the catalysts used this work have
almost the same E°(Fe"/Fe"). In other words, heterometallic
doping into carbon nanotubes or removing metal oxide or carbide
nanoparticles does not really affect the redox potential of the FeN4
active site. In contrast, the differences of the ORR activity (Figure
4d), H,0, yields (Figure 4f), kinetic parameter of k;° (Figure 5)
can be found between (Cu,Fe)-N—-CNT and Fe—N-CNT. Thus,
heterometallic doping into carbon nanotubes has almost no
electronic effect on the FeN, active site but affects the ORR
activity, product selectivity and kinetics. These results indicate
that Fe and Cu active sites are unnecessary to place next each
other because direct or short-distance interactions between Fe
and Cu ions should modulate the redox potential of the FeNs



active site. Our bimetallic catalysts require no direct electronic
interactions between heterometals to show the bimetallic effects
on the ORR activity and product selectivity.

Conclusion

The ORR electrocatalyst of (Cu,Fe)-N-CNT was prepared using
the silica-coating method, and then its electrocatalytic ORR
activity and product selectivity were studied in acidic media.
(Cu,Fe)-N-CNT shows the TOF of 0.66 e site™ s at +0.8 V vs.
RHE and high product selectivity to H,O with <1% H,0,, where
bimetallic active sites synergistically work, compared with the
monometallic electrocatalyst of Fe—N—CNT. The in situ XAS
measurements reveal that both iron and copper sites are redox-
active for (Cu,Fe)-N-CNT whereas only iron sites are redox-
active for (Cu,Fe)—~N—-CNT wosio2.

Doping of redox-active bimetallic sites into carbon nanotubes
is important to give high ORR activity and high electron transfer
rates for the 4e~ transfer but no effect on the redox potential of
E°(Fe"/Fe"). Although there is no direct electronic interaction
between Fe and Cu active sites, (Cu,Fe)-N-CNT shows the
bimetallic effects on the ORR activity and product selectivity. This
result encourages us to reconsider widely accepted model
structures of bimetallic active sites in close proximity for dual-
metal catalysts.’™ We believe that this work will be useful to
understand the origin of bimetallic effects on the electrocatalytic
activity and product selectivity for non-PGM electrocatalysts.

Experimental Section

Materials

Single-walled carbon nanotubes (SWCNTs, ZEONANO SG101)
were provided by ZEON Co., Ltd. A 5% Nafion 117 dispersion, N,
N-dimethylformamide (DMF), 28% ammonium hydroxide, and
tetraethyl orthosilicate (TEOS) were purchased from Wako Pure
Chemical Industries. Chloro(protoporphyrinato)iron(lll) from
bovine (290%, hemin) and 1,2,4-triazole (Htrz) were commercially
available from Sigma-Aldrich. [Cu'3(trz)s(u—OH)]Cl,-6H,0 (Cutrz)
was prepared according to the literature.®”] For the preparation of
5’Fe-enriched hemin, 5’Fe powder (isoflex, 96.18%) was used.
Pure oxygen (purity, 99.995%) and ultrapure argon (purity,
>99.9995%) were used for all electrochemical measurements.

Preparation of (Cu,Fe)-N-CNT

A synthetic procedure of (Cu,Fe)-N-CNT is based on the
synthesis of previously reported (Cu,Fe)-N-CNT®a or Fe—-N—
CNTI82.225 catalysts coupled with silica coating methods. [20:381

SWCNTSs (4.0 mg) were dispersed in DMF (20 mL) using a
homogenizer (Branson Analog Sonifier 250A, Branson
Ultrasonics Corporation) for 30 min (output control: 40 W; duty
cycle: 50%) in an ice-water mixture. Hemin (15.7 mg 24.1 ymol)
was dispersed in DMF (2.4 mL) under ultrasonication. This
dispersion was slowly added to the dispersion of SWCNTSs,
followed by ultrasonication for ca. 30 min in an ice-water mixture.
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To the dispersion of hemin/SWCNTSs, a dispersion of Cutrz (9.4
mg, 15.9 pmol) in DMF (5 mL) was added and then the mixture
was sonicated for ca. 30 min in an ice-water mixture to obtain a
dispersion of a Cutrz/hemin/SWCNT nanocomposite.

To the Cutrz/hemin/SWCNT dispersion, TEOS (44.8 pL,
0.202 mol) was added under stirring, followed by the addition of
20 mL of 28% ammonium hydroxide. The solution mixture was
stirred at 333 K for 2 h under stirring. After that, the solvent was
removed and then dried at 373 K under vacuum overnight to
obtain about 40 mg of a composite of SiO,/Cutrz/hemin/SWCNT.

For the first heat treatment, the composite of
SiO/Cutrz/hemin/SWCNT was placed in a carbon crucible (26
mm in OD, 20 mm in ID, and 20 mm in height) and then heated in
the reaction chamber of an electromagnetic inductive heating
furnace (MU-1700D, SK Medical Electronics Co., Ltd.) under
0.45% NHs/Ar. The temperatures were increased from room
temperature to 473 K at a ramp rate of 523 K min™, kept at 473 K
for 10 min, increased to 1173 K at a ramp rate of 523 K min7?,
kept at 1173 K for 10 min, and then naturally cooled down to room
temperature to obtain about 27 mg of a product.

To remove the silica layer, the product after the first heat
treatment was treated with a HF solution. The product was stirred
in a solution mixture of 10% HF ag. (4 mL) and EtOH (8 mL) for
30 min at room temperature. The residue was collected with a
vacuum filtration and then rinsed with EtOH. The residue was re-
dispersed in a solution mixture of 10% HF ag. (4 mL) and EtOH
(8 mL) and stirred for another 30 min at room temperature. The
residue was collected with a vacuum filtration, rinsed with EtOH
and then dried at 333 K for >2 h to obtain a product (about 11 mg).

For the second heat treatment, the product was placed in the
carbon crucible and then heated under 0.45% NHs/Ar. The
temperatures were increased from room temperature to 473 K at
a ramp rate of 523 K min=, kept at 473 K for 10 min, increased to
1173 K at a ramp rate of 523 K min~2, kept at 1173 K for 1 min,
and then naturally cooled down to room temperature to obtain
about 10 mg of the final product of (Cu,Fe)-N-CNT.

Preparation of (Cu,Fe)-N—CNTw/osioz2

Another catalyst of Cu, Fe, N-doped carbon nanotubes was also
prepared in the same synthetic procedure as that for (Cu,Fe)—N-—
CNT except using no silica coating treatment . The obtained
catalyst with no silica coating treatment is denoted as (Cu,Fe)-N—
CNTuwosioz in this work.

Preparation of Fe—-N-CNT

A catalyst of Fe, N-doped carbon nanotubes was prepared in the
same synthetic procedure as that for (Cu,Fe)-N-CNT except
using no Cutrz. The obtained catalyst is denoted as Fe—N-CNT
in this work.

Preparation of 5"Fe-enriched Hemin



57Fe-enriched hemin was prepared based on a reported synthetic
procedure® with modifications. 5’Fe powder (25.11 mg, 0.44
mmol) was placed in a 10 mL round-bottom flask, 1.5 mL of 15%
HCl ag. was added to the flask under Ar and then the mixture was
stirred at room temperature under Ar overnight. The solvent was
removed on a hot plate at ca. 373 K under Ar and then the residue
was dried under vacuum at room temperature overnight. The
obtained residue, protoporphyrin IX (36.28 mg, 0.060 mmol) and
NaHCOj; (25.43 mg, 0.303 mmol) were placed in degassed DMF
(5 mL) and then the solution mixture was refluxed under Ar for 1
h. The solution was cooled to room temperature and then water
(5 mL) was added to the solution. The precipitate was collected
by the vacuum filtration, rinsed with MeOH, and then dried under
vacuum to yield 5’Fe-enriched hemin (30.5 mg, 0.047 mmol).
Yield: 78% based on protoporphyrin IX. The preparation of the
product was confirmed by UV-vis absorption spectroscopy in
DMF. The obtained 57Fe-enriched hemin was used for the
preparation of 5’Fe-enriched catalysts.

Electrochemical Measurements

All electrochemical data shown in this work were collected using
a potentiostat of CompactStat (lvium Technologies) with
conventional three-electrode setup. A Ag|AgCl electrode in a
saturated KCI aqueous solution was used as the reference
electrode. All potentials were converted to the reversible
reference electrode (RHE) using the following equation: Egrune =
Eaglager + 0.199 + pH*0.059. All potentials shown vs. RHE were
corrected with solution resistances of 45.2 Q in a 0.05 M H;SO4
aqueous solution for the ORR and 49.0 Q in a 0.05 M H,SO,
agueous solution containing H,O, for the H,O, reduction reaction
(HPRR). These solution resistances were obtained via
electrochemical impedance spectroscopy at +0.5 V vs RHE using
an ac amplitude of 10 mV in the frequency range from 1 kHz to 1
Hz with 8 points/decade (Biologic SP-240). A carbon rod was
used as the counter electrode. As a working electrode, a catalyst-
modified glassy carbon (GC) disk (5 mm in diameter) was used in
a rotating ring-disk electrode (RRDE) tip, specifically a Pt ring.

For the electrode preparation, a GC disk was sonicated in
ethanol for 5 min, polished with 1.0 y m diamond suspension
(Maruto Instrument), followed by 0.25 um diamond suspension
(Maruto Instrument), and then sonicated in Milli-Q water for 5 min.
A catalyst ink containing 2.0 mg of a catalyst, 40 uL of ethanol,
160 pL of Milli-Q water, and 1 pL of 5% Nafion 117 dispersion was
mixed with the homogenizer with a minimum power output and
50% duty cycle for 4 min in an ice-water mixture. The catalyst ink
(13 pL) was drop-cast on the GC disk placed in the RRDE tip
rotating at 500 rpm and dried at 500 rpm for 50 min at room
temperature or for 10 min in a hot air stream produced by a hair
dryer. The loading density of the catalyst was 0.66 mgca. cm™ for
standard electrochemical measurements. For the HPRR, the
catalyst ink dropcast on GC screw (5 mm in diameter, M4, Tokai
Carbon) was heated at 418 K for 5 min to improve the adsorption
between the catalyst film and the GC surface.?? Without this
heating treatment, the catalyst film was easily peeled off from the
GC during HPRR measurements. The prepared ink was used
within 24 h.
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The ring electrode was electrochemically cleaned in a 0.05 M
H,SO,4 aqueous solution under Ar at a sweep rate of 100 mV s
in the potential range of +0.05 and +1.0 V vs RHE for 50 cycles
before use. This cleaning process was done in a different
electrochemical cell from the cell used for the electrochemical
measurements shown in the data to minimize the contamination.

Linear sweep voltammograms for the ORR were recorded at
a sweep rate of 10 mV s in a 0.05 M H,SO,4 aqueous solution at
pH 1 under oxygen, applying a potential of +1.2 V vs RHE to the
ring electrode. The collection efficiency (N) of the ring electrode
was experimentally determined to be 0.20% and this value was
used for the calculation of H,O, yields using the following
equation:

H,O, yield (%) = (2001x/N)/([Ip| + I=/N)

where Ig, Ip, and N are the ring current, disk current, and collection
efficiency (N = 0.20), respectively. For the HPRR measurements,
LSVs were recorded at 10 mV s in a 0.05 M H,SO4 aqueous
solution containing 2.5 mM H,O, under Ar. The concentration of
H,O, was determined by the titration using a 5 mM KMnO,4
aqueous solution.

For durability tests of the catalysts, potential steps of square-
waves between +0.6 and +1.0 V vs RHE with a dwell time of 3 s
at each potential were repeated for 10000 times in a 0.05 M
H>SO. aqueous solution under oxygen.

To calculate the maximum mass-based site density (SDmass)
for (Cu,Fe)-N-CNT, cyclic voltammograms of (Cu,Fe)-N-CNT
were recorded in a 0.05 M H,SO, aqueous solution under Ar to
extract peak current densities of redox couples of redox-active
metal species such as Fe'"/Fe'" and Cu'/Cu' based on
extrapolated baselines.®¥ The extracted peak current densities
allowed us to calculate faradic charge densities associated with
redox reactions. The charge densities can be converted to the
number of redox-active sites in the catalyst immobilized on the
electrode using the Faraday constant (F = 96500 C mol™), the
Avogadro constant (Na = 6.02x10%® mol™), and the catalyst
density (0.66 mgca. cm~2).

Catalyst utilization factors were calculated as percentages of
redox-active metal sites based on the SDmass in the total metal
amount.'5¢281 The total metal amounts in the catalysts were
determined by ICP-AES.

Based on mass-based kinetic current densities (juin) that was
determined in Koutechy-Levich plots and SDpass, turnover
frequencies (TOFs) of the catalyst at +0.8 V vs. RHE were
determined using the following equation:

o Jrin X Ny
1 1\ —
TOF(esite™1s™1) = Fx SDpons
where F and N, indicate Faraday constant (F = 96500 C mol™)
and the Avogadro constant (Na = 6.02x10%% mol™), respectively.



Electron transfer rate constants of k;°, k.°, and k:° and
intrinsic currents of 1,°, 1,°, and Is° for the ORR and HPRR were
determined using the Nabae model.*®! The details on the data
analysis can be found in the literature.®213 | SVs for the ORR and
HPRR of catalysts with different catalyst loading amounts (0.66,
0.40 and 0.20 mgca:. cm~2) were recorded using a RRDE at 1600
rpm.

Physicochemical Characterization

Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) data were collected on an ICP-AES spectrometer ICPE-
9000 (Shimadzu Corporation). For the sample preparation for
ICP-AES, the catalyst was added in a 1 M HNOj3 aqueous solution
and then left at room temperature overnight. The residue was
removed with a membrane filter (0.45 um) and then the filtrate
was diluted with Milli-Q water to prepare sample solutions in 0.1
M HNO; aqueous solution.

Elemental analysis was done at Global Facility Center,
Hokkaido University.

STEM images were taken by using JEM-2000FX (JEOL).
HAADF-STEM and energy-dispersive X-ray spectroscopy (EDS)
mapping images were obtained on a JEOL JEM-ARM200F
instrument at 80 kV.

N, adsorption and desorption isotherms of the catalysts were
recorded at 77 K using a BELSORP mini Il (MicrotracBEL) to
determine its specific surface area based on the
Brunauer—-Emmett-Teller (BET) analysis. The sample was
pretreated at 423 K under vacuum for 24 h before measurements.

CO pulse chemisorption measurements for (Cu,Fe)-N-CNT
were performed at 193 K using BELCAT Il (MicrotracBEL) based
on a method previously reported.?” For pretreatment, the catalyst
was heated at 323 K for 30 min in a gas stream of helium (purity:
99.99995%) with 20 sccm, followed by heating at 873 K for 70 min
under helium, cooled down to 193 K, and then kept at 193 K for
10 min under helium. For CO cryo chemisorption measurements,
a gas mixture of 10.3% CO in helium was used.

Synchrotron-radiation-based 5’Fe Méssbauer spectroscopy of
57Fe-enriched (Cu,Fe)-N-CNT and Fe—-N-CNT was performed at
room temperature at the beamline BL11XU of SPring-8.5% The
powdery catalyst was fixed with a velocity transducer (WissEL
MVT-1000) and oscillated in the sinusoidal velocity mode at 10
Hz. Downstream of the transducer, the transmission X-rays were
finely monochromatized with a 15.4 neV bandwidth by a pure
nuclear Bragg reflection from a 5’FeBO; crystal near the Néel
temperature to obtain the 5’Fe Mossbauer spectra. For data
collection, each sample required 12 h.

5"Fe Mdossbauer spectra of 5’Fe-enriched (Cu,Fe)-N-
CNTwesioz Were recorded on a conventional constant acceleration
spectrometer (Topologic Systems) using a source of 5Co/Rh in a
transmission mode at a lab-based radioisotope facility. The
isomer shift values were given relative to a-Fe at room
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temperature. MoOssbauer spectra were fitted with the least-
squares fitting program, MossWinn 4.0.

XAS of the catalysts and reference samples was performed
at a beam station of BL12C in Photon factory, KEK. The XAS data
were collected at room temperature in the fluorescent mode using
a seven-element silicon drift detector (SDD). Two nickel-coated
Si(111) total reflection mirrors were used to remove higher
harmonic light for the XAS in the Fe K-edge region. To remove
elastic X-rays, Mn and Ni filters (pt = 3) were inserted between
the sample and the detector for the XAS measurements in the Fe
and Cu K-edge regions, respectively. For the in situ XAS
measurements, a three-electrode spectro-electrochemical flow
cell was used.¥ Catalyst-deposited gold/Kapton filmsE3l or
carbon films (Permafoil, 0.1 mm in thickness, TOYO TANSO)®“
were used as the working electrode and the window material. As
a counter electrode, a glassy carbo rod (R-3, OD: 3mm, L: 100
mm, BAS) was used. For the preparation of the working electrode,
about 25 pL of catalyst ink was drop-cast twice (in total 50 pL of
catalyst ink) on the window materials and then heated at 418 K
for 5 min. A Pt wire and Ag|AgClI reference electrode (sat. KCI)
were used as the counter and reference electrodes, respectively.
A potentiostat of an lvium CompactStat (lvium Technologies) was
used to control potentials to the working electrode. All in situ XAS
measurements were performed in a 0.05 M H,SO, aqueous
solution.

The molar ratios of Fe'' to Fe' and Cu'" to Cu' were
determined by linear combination fitting analysis using software
package of Athena (Demeter 0.9.24),1% and then the reduction
potentials were calculated by Nernst equation as follows:

E = E® + (RT/nF)In(aox/ared)

where E is the applied potential, E® is the formal potential, R is
the gas constant, T is the temperature (T =298 K), n is the number
of electrons transferred in the reaction (n = 1), F is the Faraday
constant, and aox and areq are the chemical activity of oxidized
and reduced species, respectively.

Extended X-ray absorption fine structure (EXAFS) oscillation
values, x(k), in the k range from 3 A to 12 Al were extracted
from XAS data. The k3y(k) values were Fourier-transformed into
R-space, followed by the inverse Fourier transform into k-space
using the following equations and software package REX2000
(Rigaku):#!

kXN;F;(kj)exp(—2k?a?)
k3x(k)=sgz]_ L I%7 sin(2k;r; + ¢ (k)
J
2mAE,; 1
k] = (kz —TI)Z

$2, N, rj, AEqj and oj indicate the amplitude reduction factor, the
coordination number, the bond length, the energy difference
between the calculated and experimental threshold energies, and
the Debye-Waller factor for the jth coordination shell, respectively.
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Cu, Fe, N-doped carbon nanotubes, (Cu,Fe)-N-CNT, was prepared using a silica coating method as electrocatalysts for the oxygen
reduction reaction (ORR) in acidic media. (Cu,Fe)-N—CNT shows H,O, yields of <1% for the ORR. Physicochemical measurements

reveal that bimetallic doping gives an impact on kinetic parameters rather than thermodynamic ones.
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