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Oxygen reduction reaction catalyzed by carbon composites
with ruthenium-doped iron oxide nanoparticles

Carbon nanocomposites based on transition-metal oxides
have been recognized as cost-effective catalysts towards
the oxygen reduction reaction (ORR). Herein, RuFe-NC
nanocomposites are synthesized by controlled pyrolysis of a
Fe-Ru-Fe trinuclear complex along with zeolitic imidazolate
framework-8, which feature Ru-doped Fe,O nanoparticles
embedded within a carbon scaffold, and exhibit an ORR
activity in alkaline media rivaling that of commercial Pt/C.
The use of the trinuclear complex facilitates the atomic
dispersion of ruthenium within the Fe,O; nanoparticles, and
charge transfer between the metal centers leads to a high
ORR activity.
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Carbon nanocomposites based on transition-metal oxides have been attracting extensive attention as cost-
effective catalysts towards the oxygen reduction reaction (ORR). However, the activity remains subpar as
compared to state-of-the-art platinum catalysts. One way to enhance the ORR performance is to dope a
second metal into the nanocomposite to manipulate the electronic structure and hence the interactions with
key reaction intermediates. Herein, dual metal (Ru and Fe) and nitrogen codoped carbon (RuFe-NC)
nanocomposites were synthesized by controlled pyrolysis of a Fe—Ru-Fe trinuclear complex along with
zeolitic imidazolate framework-8. The obtained porous nanocomposites consisted of Ru-doped Fe,Os
nanoparticles embedded within a carbon scaffold, and exhibited an ORR activity in alkaline media rivaling that
of commercial Pt/C, which was also markedly better than those of the monometallic counterparts and
nanocomposites prepared with a simple mixture of the individual monometallic compound precursors.
Structural characterization suggests that the use of the trinuclear complex facilitated the atomic dispersion of
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ruthenium within the iron oxide nanoparticles and charge transfer between the metal centers led to a high
ORR activity. Results from this study suggest that rational design of heteronuclear complexes may be a unique
strategy in the structural engineering of carbon-metal nanocomposites for high-performance electrocatalysis.
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Introduction

Fuel cell technologies have been attracting extensive interest
as an integral part of the sustainable economy.' In fuel cell
operation, small molecule fuels are oxidized at the anode and
oxygen is reduced at the cathode, where both reactions neces-
sitate appropriate catalysts so as to boost the electron-transfer
kinetics and produce a sufficiently high current density for
practical applications.>™ Of these, the oxygen reduction reaction
(ORR) at the cathode has been recognized as a major bottleneck
that limits the fuel cell performance, largely because of the
complex reaction pathways and sluggish electron-transfer kinetics.
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Towards this end, platinum-based nanoparticles have been used
extensively as the catalysts of choice for the ORR.*” Yet, the high
cost and low natural abundance of platinum have significantly
hampered the wide-spread application of fuel cell technologies.
Thus, in recent studies, a range of strategies have been developed
to reduce the metal loadings (and costs) and concurrently retain/
enhance the catalytic activity.> > One effective route is to exploit
low-cost 3d transition metals (i.e., Fe, Co, Ni, and Cu) and their
derivatives (i.e., oxides, carbides, and nitrides) as the catalytic
active centers."*™”

Among these various candidates, transition metal oxides
(TMOs) have been extensively investigated with promising
advances.'®>! Nevertheless, it should be noted that the intrin-
sic activity of TMOs has remained mostly uncompetitive to that
of the commercial Pt/C benchmark. For instance, theoretical
studies based on first principles calculations have shown that
the FeOs, CoOs, and NiOs centers are too weak for the adsorp-
tion of O* species, while CrO5; and MnOs are too strong
rendering the desorption of O* difficult, owing to their different
electronic structures.?” Thus, none of these is ideal for ORR
electrocatalysis. To increase their activity towards ORR, a
variety of strategies have been utilized to modify TMOs. For
example, Wu et al.>® grew Fe;O, nanoparticles on N-doped
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graphene aerogel and found that the substrate significantly
increased the onset potential and cathodic current density, in
contrast to those with (undoped) carbon black. Ma et al.** also
observed that with N-doped carbon black, ultrafine FeOq,
nanoparticles exhibited an ORR activity competitive to that of
Pt/C. Fan et al>® showed that the carbon substrate could
benefit FeO, with rapid mass transfer and catalyst stability.

In addition to structural engineering of the substrate, com-
positional manipulation of the oxide materials is another viable
route with dual- or even tri-metal centers, where the metal-to-
metal charge transfer can be exploited for enhanced electrical
conductivity and improved ORR activity. For instance, Gao et al.”®
atomically dispersed Pt on o-Fe,O; and observed a dramatically
enhanced ORR activity with a half-wave potential (E,/,) of +1.05 V
vs. reversible hydrogen electrode (RHE), owning to the strong
electronic coupling of the Pt-Fe atomic pairs. Such a synergistic
effect facilitated the adsorption of O, and dissociation of the O—0
bonds. Wei et al®” found that Ru dopants could facilitate O,
adsorption on Co;0, and significantly improve the ORR activity
with E;/, increased from +0.32 to +0.77 V. In fact, Ru has been
widely utilized as dopants of TMOs in various oxygen-involved
reactions, due to its optimal affinity to oxygen intermediate
species.>*® Theoretical calculations have shown that Ru can serve
as the active sites on SnO, for the adsorption of oxygen species
owning to the delocalization of electrons.”® Dong et al.*® also
showed that Ru could regulate the charge transfer among the
Cr, Co, and oxygen species. That is, the introduction of Ru into
TMOs may tune their electronic structures and improve the ORR
activity due to enhanced interactions with O*.

Herein, nanocomposites based on Ru-doped Fe,O; nano-
particles supported on porous N-doped carbon were prepared
by controlled pyrolysis of a Fe-Ru-Fe trinuclear complex
([(DMAP),Ru"™{(1-NC)Fe™(CN)s},](PPh,),, Ru(LFe),, with DMAP =
4-(dimethylamino)pyridine and PPh, = tetraphenylphospho-
nium)*’ as the metal sources and zeolitic imidazolate
framework-8 (ZIF-8) as the carbon and nitrogen precursor.
The resulting RuFe-NC nanocomposites exhibited a hierarchical
porous structure, with abundant nitrogen dopants in the carbon
scaffold and Ru homogeneously doped into the Fe,O; nano-
particles. By contrast, for the control sample prepared with a
physical mixture of ZIF-8 and individual Fe and Ru metal salts
at equivalent feeds, partial phase segregation was observed
between Fe and Ru. Notably, in alkaline media, RuFe-NC displayed
an ORR activity rivalling that of commercial Pt/C and was the best
among the metal,nitrogen-codoped carbon composites. Results
from this study highlight the significance of pre-designed metal
precursors in spatial control of dual metal oxide nanoparticles in
carbon nanocomposites for high-performance electrocatalysis.

Experimental section

Chemicals

Dichlorotetrakis(dimethylsulfoxide)ruthenium(u) (cis-Ru(DMSO),-
Cl,), tetraphenylphosphonium ferricyanide ((PPh,)s[Fe(CN)g]),
Ru(LFe),, and ZIF-8 were prepared according to methods described
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in the literature.>"*> All other chemicals and reagents were com-
mercially available and used as received without further purifica-
tion. Water was supplied with a Barnstead Nanopure Water system
(18 MQ cm).

Sample preparation

To prepare the RuFe-NC composites, 0.1 g (0.4 mmol) of ZIF-8
was mixed with 0.01 g (0.004 mmol) of Ru(LFe), synthesized
above in 10 mL of hexane under sonication for 10 min and then
under magnetic stirring for 2 h at room temperature. The solid
was then collected by centrifugation at 6000 rpm for 5 min and
dried under vacuum at 50 °C for 12 h. The resulting ZIF-8@
Ru(LFe), precursor was then loaded onto a ceramic boat, which
was transferred to a tube furnace and heated at 900 °C for 2 h
under a nitrogen atmosphere, producing RuFe-NC.

A series of control samples were prepared in the same
fashion: (i) NC by direct pyrolysis of ZIF-8, (ii) Ru-NC by a
mixture of 0.1 g (0.4 mmol) of ZIF-8, 0.002 g (0.004 mmol) of
cis-Ru(DMS0),Cl,, and 0.003 g of DMAP, (iii) Fe-NC by 0.1 g
(0.4 mmol) of ZIF-8 and 0.01 g (PPh,);[Fe(CN)¢], and (iv) RuFe-
NCpix by 0.1 g (0.4 mmol) of ZIF-8, 0.002 g (0.004 mmol) of cis-
Ru(DMSO0),Cl,, 0.003 g of DMAP and 0.01 g of (PPh,);[Fe(CN)g].

Characterizations

Transmission electron microscopic (TEM) measurements were
carried out on a JEOL JEM-2100F electron microscope. Scanning
electron microscopy (SEM) and energy dispersive spectroscopic
(EDS) mapping studies were carried out with an Apreo SEM
microscope. X-ray diffraction (XRD) patterns were acquired with
a Bruker D8 Advance diffractometer with Cu K, radiation (1 =
0.15418 nm). X-ray photoelectron spectra (XPS) were obtained with
a PHI-5400 XPS instrument with an Al K,, source operated at 350 W
and 10~° Torr. X-ray absorption spectroscopy (XAS) measurements
were carried out at 10 K on beamline 4-1 at the Stanford
Synchrotron Radiation Light source using an Oxford liquid helium
cryostat. Nitrogen sorption isotherms were acquired with a
Micromeritics ASAP 2020 porosimetry system at 77.3 K. UV-Vis
absorption spectra were collected on a PerkinElmer Lambda 35
UV-vis spectrometer. Infrared spectroscopic measurements were
conducted with a PerkinElmer Spectrum One FTIR spectrometer.
Inductively coupled plasma-optical emission spectrometry (ICP-
OES) measurements were conducted with an iCap 7400 analyzer.

Electrochemistry

The electrochemical tests were carried out on a CHI 710
electrochemical workstation in a standard three-electrode
configuration. A graphite rod was used as the counter electrode,
a Ag/AgCl in 0.1 M KCl as the reference electrode, and a
polished rotating (gold) ring-(glassy carbon) disk electrode
(RRDE, from Pine Instrument Co.) as the working electrode.
The Ag/AgCl electrode was calibrated against an RHE and all
potentials in the present study were referenced to this RHE.
During the ORR tests, the ring potential was set at +1.5 V vs.
RHE. To prepare the catalyst inks, 2 mg of the samples
obtained above was added into 1 mL of an isopropanol/water
(3:1 v/v) mixture and 10 puL of a 100 wt% Nafion solution.
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The suspension was sonicated to form a homogeneous ink.
20 pL of the ink was then dropcast onto the glassy carbon disk
electrode (surface area 0.246 cm?), dried at room temperature,
and coated with 5 pL of a 20 wt% Nafion solution, corres-
ponding to a catalyst loading of 0.162 mg cm™>. A same loading
of commercial 20% Pt/C was used in the test.

Results and discussion

Synthesis and morphological characterization

The synthetic procedure of the RuFe-NC composite consists of
three major steps, as shown in Scheme 1. The first step is the
synthesis of the Ru(LFe), trinuclear complex by simple reflux-
ing of cis-Ru(DMS0),Cl,, DMAP, and (PPh,);[Fe(CN)e] (Fig. S1-
S3, ESIt),>" where one Ru atom is bridged by two cyanide (CN)
ligands to two Fe centers. Second, rhombic dodecahedral ZIF-8
crystals were synthesized by mixing 2-methylimidazole and zinc
nitrate salts,”>** onto which was adsorbed the Ru(LFe), complex in
hexane. Third, controlled pyrolysis of the ZIF-8@Ru(LFe), mixture
at 900 °C for 2 h in a nitrogen atmosphere led to the production of
porous carbons doped with Ru and Fe (RuFe-NC). Control samples
of RuFe-NC,,x, Ru-NC, Fe-NC, and NC were synthesized in the
same fashion.

The porous structure of RuFe-NC was confirmed by
Brunauer-Emmett-Teller (BET) measurements. As shown in
Fig. 1a, the RuFe-NC, RuFe-NC, Ru-NC, Fe-NC, and NC
samples all exhibited an H,-type hysteresis loop in the N,
sorption isotherms, suggesting the formation of a mesoporous
structure within the carbon matrices, and RuFe-NC shows an
abrupt increase of the adsorbed N, quantity at relatively low
pressures, indicative of a large number of micropores. Notably,
the specific surface area varied markedly among the sample
series, 507.6 m* g~ * for RuFe-NC, 540.2 m* g~ ' for RuFe-NCpiy,
452.3 m”> g~ for Ru-NC, 442.7 m> g~ " for Fe-NC, and only
163.2 m*> g~ ' for NC, suggesting that the metal precursors
actually behaved as effective porogens due to the high thermal
volatility.®® In addition, by the nonlocal density functional
theory (NLDFT), the pore size distributions were then derived
and depicted in Fig. 1b. Both RuFe-NC and NC can be seen to
entail mesopores in the range of 1 to 2 nm, while RuFe-NCy;x
has a large portion of micropores at 0.8 nm. As for both Ru-NC
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Fig. 1 (a) Nitrogen sorption isotherms of RuFe-NC, RuFe-NC,,, Ru-NC,
Fe-NC, and NC, and (b) the corresponding pore size distribution profiles.

and Fe-NC, the micropore fraction was relatively small, in
comparison to the dual-metal counterparts. The RuFe-NC
sample also showed a larger fraction of mesopores and lower
fraction of micropores than NC, as confirmed from the cumu-
lative pore volume in Fig. S4 (ESIT). The enhanced surface area
and porosity of the metal-containing nanocomposites is antici-
pated to facilitate mass transfer and accessibility of the catalytic
active sites,*® as demonstrated below in electrochemical
measurements.

Metal species

Adsorption
q
Pyrolysis

RuFe-NC

Scheme 1 Molecular structure of the Ru(LFe), complex and the synthetic procedure of the RuFe-NC composite. Insets show the photographs of the

products at different reaction stages.
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Further structural insights were obtained from TEM mea-
surements. One can see from Fig. 2a and b that the RuFe-NC
sample partially retained the dodecahedral shape of the ZIF-8
precursor, exhibiting a lateral length of several hundred nm
with an apparent porous structure (as highlighted by the pink
circles in Fig. 2a). At higher magnifications (Fig. 2c and Fig. S5,
ESIT), one can find nanoparticles of ca. 2 nm in diameter that
were encapsulated with a graphitized carbon shell. These
nanoparticles exhibited well-defined lattice fringes, with a d
spacing of ca. 0.220 and 0.235 nm that may be ascribed to the
(113) and (400) facets of Fe,O; (PDF#32-0469, red dashed
circles),*® respectively. It should be noted that no apparent
RuO, or Ru nanoparticles can be found, and both d spacings
are slightly larger than those of standard hematite Fe,O3, likely
due to the doping of Ru into the iron oxide lattices (Fig. S5-S7,
ESIt). Meanwhile, graphitized carbon can be seen to show a
hemispherical shape with a d spacing of 0.338 nm (blue circle),
corresponding to the (002) facet of graphitized carbon (JCPDS
No. 01-0646).>”*® Furthermore, in elemental mapping analysis
(Fig. 2d and Fig. S8, ESIt), it can be seen that Ru was mostly
confined within the dark-contrast nanoparticles, consistent
with the notion that Ru was doped into Fe,O; nanoparticles.
In addition, the RuFe-NC sample was found to consist of ca. 0.9
at% of Fe and 0.3 at% of Ru (Fig. S9, ESIt).

A similar structural morphology was observed with the
Ru-NC (Fig. S10, ESIt), Fe-NC (Fig. S11, ESIt), and RuFe-NCpy
samples (Fig. S12, ESIt). Notably, the RuFe-NC,,,;; composite can
be seen to consist of nanoparticles of ca. 4 nm in diameter
embedded within the carbon sheets (Fig. S13, ESIT). Elemental
mapping analysis of the selected area (Fig. S13, ESIt) showed a

S0nm! MS0nm'

MS0nm!
Fig. 2
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homogeneous distribution of C and N, while the elements of Fe
and O were concentrated in the bright regions in the dark-field
image, suggesting the formation of FeO, nanoparticles. Yet, the
distribution pattern of ruthenium was different from that of Fe,
suggesting partial segregation between these two elements.
Furthermore, EDS measurements (Fig. S14, ESIf) showed that
the RuFe-NC,,;, sample consisted of ca. 0.6 at% of Fe and
0.3 at% of Ru, consistent with the initial feed ratio. A similar
sheet-like structure was observed withe both Ru-NC (Fig. S8, ESIT)
and Fe-NC (Fig. S9, ESIt), which also featured metal oxide particles
with a diameter of around 5 nm on the carbon sheets. Note that
the nanoparticles were all markedly larger in these control samples
than those in RuFe-NC, likely because of the bonding constraint in
the Ru(LFe), complex precursor (Scheme 1) and the geometric
confinement by the micropores (Fig. 1b) in the pyrolytic prepara-
tion of RuFe-NC.

X-ray spectroscopy analysis

XRD measurements were then carried out to examine the graphi-
tization of the samples prepared by high-temperature pyrolysis.
From Fig. 3, all samples can be seen to exhibit two broad
diffraction peaks at 20 ~ 23° and 43°, which can be assigned to
the (002) and (100) facets of graphite (JCPDS No. 01-0646), in good
agreement with results from TEM measurements (Fig. 2c). No
Additional diffraction peaks of metal or metal oxides can be
discerned from the XRD profiles, most likely due to the low
contents as detected in EDS measurements (Fig. S9 and S14, ESI¥)
and the small size of the nanoparticles (Fig. 2 and Fig. S5, ESIt).

XPS measurements were further performed to determine the
elemental composition and valence states of the samples. From

1.0,220m

MS0nm' S0nm "

(a—c) Representative TEM images of RuFe-NC at varied magnifications. The pink circles highlight the microporous structure of the carbon matrix.

(d) Representative TEM image of RuFe-NC and the corresponding EDS elemental maps of Ru, Fe, and O.
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Fig. 3 XRD patterns of RuFe-NC, RuFe-NC,,, Ru-NC, Fe-NC, and NC.
The dashed lines indicate the expected 20 position of the (002) and (100)

diffractions of graphite (JCPDS No. 01-0646). Units on the y-axis have
arbitrary units.
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the survey spectra of RuFe-NC and RuFe-NC,,; in Fig. S15 (ESIt),
the C 1s, N 1s, and O 1s electrons can be readily identified at
ca. 285 eV, 398 eV, and 531 €V, respectively. Fig. 4a depicts
the high-resolution Fe 2p spectra of the Ru(LFe), complex,
RuFe-NC, RuFe-NC,,;,, and Fe-NC, where the Fe 2p3/, peaks of
RuFe-NC (711.51 eV), RuFe-NCp,;; (711.26 eV) and Fe-NC
(711.31 eV) can be found to blue-shift by ca. 2 eV in comparison
to that of the Ru(LFe), complex (709.38 eV), suggesting an
increase of the Fe valence state from Fe(u) in the complex to
Fe(m) in the pyrolytic products.®®*°

As for the Ru 3d spectra in Fig. 4b, RuFe-NC, RuFe-NC,;y
and Ru-NC showed a small shoulder near 280.30 eV, which is
ca. 0.6 eV lower than that of the Ru(LFe), complex (280.90 eV),
suggesting partial reduction (electron enrichment) of ruthe-
nium(u) in the complex precursor after pyrolysis (i.e., the Ru
valence state in RuFe-NC was between 0 and +2).>”*! Notably,
the Ru 3d binding energy of RuFe-NC and RuFe-NC,;; was
ca. 0.15 eV lower than that of Ru-NC (280.45 eV). This observa-
tion, in conjunction with the variation of the Fe(m) 2p;
binding energy of RuFe-NC (711.51 eV) > RuFe-NCyx
(711.26 eV) ~ Fe-NC (711.31 eV), suggests charge transfer from
Fe to Ru in the Fe,O; nanoparticles of RuFe-NC, which dimin-
ished in RuFe-NC,;x due to segregated distributions of Fe and
Ru (Fig. 2 and Fig. S11, ESIf). In fact, metallic Fe was even
found in RuFe-NC,x (706.89 €V, 0.068 at%, Fig. 4a).

In addition, based on the integrated peak areas, the ele-
mental compositions of the samples were also evaluated. The
Fe content was estimated to be ca. 1.97 wt% (0.45 at%) for
RuFe-NC and 2.35 wt% (0.59 at%) for RuFe-NC,;,, close to the
results from ICP-OES (1.69 wt% and 2.64 wt%, respectively)
and EDS measurements (vide ante, Fig. S9 and S14, ESIY).

b

complex p Fe2p
%
|
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(a) High-resolution XPS spectra of the Fe 2p electrons of the RuFe complex, RuFe-NC, RuFe-NC,;. and Fe-NC. (b) High-resolution XPS spectra

of the C 1s and Ru 3d electrons of RuFe complex, RuFe-NC, RuFe-NC,,x, and Ru-NC. Note, the y-axis is logarithmic.
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The corresponding Ru content was ca. 0.50 wt% for RuFe-NC,
somewhat higher than that from EDS analysis (Fig. S9, ESIT),
and 0.34 wt% for RuFe-NC,,;, that was consistent with the EDS
results (Fig. S14, ESIt). This suggests Ru enrichment on the
surface of RuFe-NC as compared to that of RuFe-NCx.

From the C 1s spectra in Fig. 4b, one can see that the
samples all consists of a large amount (284.63 eV, 38.9 at%)
of sp*hybridized C, along with sp* C (285.69 eV) and C=0O/N
(288.80 eV), suggesting successful graphitization of the ZIF-8
precursors.®® The N 1s spectrum of RuFe-NC is shown in
Fig. S16 (ESIT), which can be deconvoluted into four peaks at
398.3 eV for pyridinic N, 399.7 eV for pyrrolic N, 400.8 eV for
graphitic N, and 403.4 eV for oxidized N, with an atomic
content of 2.0, 1.7, 2.0, and 1.2 at%, respectively (6.9 at% in
total). With such abundant pyridinic N and pyrrolic N moieties,
it is possible that part of the Fe species was coordinated to
those N moieties. In fact, from the O 1s spectra in Fig. S17
(ESIT), RuFe-NC can be seen to entail a small metal-O shoulder,
which accounted for 0.20 at% of the sample, corresponding
to 0.13 at% Fe in Fe,03, which suggests that the rest of about
0.32 at% of Fe was in the form of FeN, moieties. Such a metal-
lattice O component was markedly more pronounced with
RuFe-NC,,;x, Wwhich was estimated to be 0.92 at%, ca. 1.75 times
that of Fe in FeO, (0.53 at%), very close to the atomic ratio of 1.5
in Fe,0;. This suggests that the Fe species in RuFe-NC,jx was
mostly in the form of Fe,O; (Fig. S13, ESIf), with a minor
component of metallic Fe and no FeN, moieties.*> These results
are also listed in Table S1-S6 (ESIT).

Further structural insights were obtained in XAS measure-
ments. From the Fe K edge spectra in Fig. 5a, one can see that
RuFe-NC exhibited a similar pre-edge profile and post-edge
oscillations to Fe,O;, suggesting an analogous chemical
environment of the Fe centers. In fact, both RuFe-NC and
(hematite) Fe,O3 can be seen to display a small pre-edge peak
at 7113 eV (magenta arrow) arising from the 1s to 3d forbidden
electric dipole transition, consistent with an octahedral coordi-
nation shell in the samples,"*** in sharp contrast to Fe foil
which featured an intense shoulder in the pre-edge region. The
Ru K edge spectra are depicted in Fig. 5b. One can see that the
main edge energy of RuFe-NC was lower than that of RuO,, but
higher than that of Ru foil, suggesting electron enrichment of
Ru in RuFe-NC in comparison to RuO,. These observations are
consistent with results from the XPS measurements which
suggested Fe to Ru charge transfer in the composites.

The corresponding R space EXAFS spectra are shown in
Fig. 5c and d. One can see that the peak patterns, again, are very
similar between RuFe-NC and Fe,0;. In the Fe R space spec-
trum of RuFe-NC (Fig. 5¢), two main peaks can be identified at
ca. 1.42 and 2.70 A, which can be assigned to the Fe-O/N bonds
and second-shell Fe-Fe/Ru, respectively, in good agreement
with the formation of (Ru-doped) Fe,O; nanoparticles and FeN,
moieties, as suggested in XPS measurements (Fig. 4). From the
fitting results (Fig. S18a and Table S7, ESIt), one can see that
that the Fe-O/N bonds in RuFe-NC possessed a coordination
number of 4.8 with a bond length of 2.00 A, while the Fe-Fe/Ru
linkage featured a coordination number of 2.0 with a bond

© 2022 The Author(s). Published by the Royal Society of Chemistry
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length of 2.95 A. These fitting results are consistent with the
small size and poor crystallinity of the Ru-doped Fe,O; nano-
particles, and the formation of FeN, moieties as speculated in
TEM and XPS measurements (vide ante). In the corresponding
Ru EXAFS data (Fig. 5d), Ru of RuFe-NC displayed an appar-
ently different pattern from those of Ru foil and RuO,. Three
major species can be resolved in RuFe-NC, i.e., Ru-O (shoulder,
ca. 1.3 A), Ru-P (1.81 A), and Ru-Ru (2.61 A). These lengths are
approximately 0.3 A shorter than the realized bond length due
to the well-known phase shift in EXAFS. Ru-doped o-Fe,O; was
used to calculate the FEFF functions of the Ru-O and Ru-Fe
standard paths for EXAFS fitting. Data of the RuFe-NC sample
was fitted by using two distinct structures, Ru-doped o-Fe,O3
and tetragonal RuP3, where the former accounted for ca. 80% in
the sample and 20% for the latter.”> As shown in Fig. S18b and
Table S7 (ESIt), one can see that the Ru-O bond possessed a
coordination number of 2.5 with a bond length of 2.04 A, which
is larger than the typical Ru-O bond length of RuO, (1.98 A)***
and closer to that of M-O bond of hematite. The Ru-Fe path
featured a coordination number of 1.16 and a bond length of
2.99 A, which is smaller than the Ru-Ru bond length in RuO,
(3.3 A) but closer to the one in hematite (2.97 A), suggesting the
successful incorporation of Ru into a-Fe,O3. Note that the low
coordination number of Ru-O (2.51) is strong evidence for
significant disorder in o-Fe,Oj, likely due to the small oxide
particle size and presence of amorphous iron oxide within the
sample. Also, the fact that the peak at ca. 3.2 A observed with
RuO, was absent in RuFe-NC suggests atomic dispersion of Ru
into the Fe,O; nanoparticles, as proposed in the above TEM
and XPS measurements.

Electrocatalytic activity

The ORR activity of the obtained samples was then examined by
electrochemical measurements. All samples displayed a similar
cyclic voltammetric (CV) profile in Nj-saturated 0.1 M KOH that
is free of redox features, most likely due to the low content of
the metal species (Fig. S19, ESIf). From the linear sweep
voltammograms (LSV) acquired in rotating ring-disk electrode
(RRDE) measurements in O,-saturated 0.1 M KOH (Fig. 6a), all
composite samples with metal dopants can be seen to exhibit
an apparently better ORR performance than the metal-free NC,
and the dual-metal samples, RuFe-NC and RuFe-NC,,;, display
a further enhanced performance in comparison with the mono-
metal counterparts of Ru-NC and Fe-NC. Remarkably, RuFe-NC
stood out as the best ORR catalyst among the series. For
instance, Ru-NC exhibited an onset potential (Eqnse¢) of +0.90 V,
ca. 60 mV more positive than that of NC, but the half-wave
potential was slightly inferior (E;/, = +0.62 V vs. +0.64 V). Fe-NC
was significantly more active towards ORR, with an E,pge; Of
+0.94 V and E;, of +0.81 V, which were similar to those of RuFe-
NCpix (though the latter actually showed a much higher diffu-
sion current density of ca. 4 mA cm™ > than other monometal-
doped samples). This suggests that iron oxides played a domi-
nant role in these samples in ORR electrocatalysis.>*”*> Notably,
an even better ORR activity was observed with RuFe-NC, where
the performance (Eonset = 70.99 V, E;, = +0.87 V) was actually

Mater. Adv,, 2022, 3, 4556-4565 | 4561
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highly comparable to commercial Pt/C (Eopser = +1.00 V, Eyjp =
+0.87 V), suggesting the significance of Ru doping in Fe,O;
nanoparticles in enhancing the ORR activity of RuFe-NC likely
due to the Fe-Ru charge transfer. It should be noted that
increasing or decreasing the Ru(LFe), loading in the sample
preparation actually led to a diminished ORR performance,
suggesting that RuFe-NC represented the optimal composite
(Fig. S20, ESIY).

To gain further insights into the ORR electrocatalysis, the
number of electron transfer (n) and H,0,% yield were evaluated
_ 4ip 200ir /N
" ip +ir/N ip +ir/N’
ir and ip are the ring current and disk current, and N is the
collection efficiency of the ring electrode (0.40). One can see
from Fig. 6b that at +0.8 V the n value is ca. 3.98 with an
ultralow H,0,% of 0.65% for RuFe-NC, suggestive of the four-
electron pathway of ORR. The performance of RuFe-NC,,;, was
a close second, with n = 3.98 and a slightly higher H,0,% of
0.95%. Note that these are even better than that of commercial
Pt/C (n = 3.92, Hy0,% = 3.82%). In contrast, a substantially
lower performance was observed with Fe-NC (n = 3.97 and
H,0,% = 1.40%) and Ru-NC (n = 3.88, H,0,% = 5.81%).

and H,0,% = respectively, where

by n

4562 | Mater. Adv, 2022, 3, 4556-4565

In the Tafel plots (Fig. 6¢), RuFe-NC can be seen to display a
Tafel slope of 80.7 mV dec !, which is close to that of Pt/C
(79.0 mV dec™ "), indicating highly efficient electron-transfer
kinetics where the first electron reduction of oxygen was likely
the rate-determining step.*****® Notably, the Tafel slope was
greater for RuFe-NC,;x at 102 mV dec™, and markedly higher
for Ru-NC (189 mV dec ') and Fe-NC (122 mV dec "), indicat-
ing a diminishing ability to cleave the O-O bonds during the
ORR process.*’

The effective electrochemical surface areas of the samples
were then evaluated by the electrode double-layer capacitance
(Cq1). Within the potential range of +0.9 to +1.1 V (i.e., a non-
faradaic region), CVs were acquired at scan rates varied from
10 to 60 mV s~ ' (Fig. S21, ESIY), from which the corresponding
Cq1 was derived. One can see from Fig. 6d that RuFe-NC
possessed the largest Cq) of 25.1 mF cm™2, over two times those
of other samples (ca. 11.6 mF cm ™). This is consistent with the
porous structure as manifested in the above BET and TEM
measurements, which is beneficial to increase the accessibility
to the catalytically active sites.

The robustness of the active sites of RuFe-NC was then
tested by repeated potential cycling between +0.6 and +1.0 V.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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before and after the stability test. (f) Poisoning test of RuFe-NC with EDTA and KSCN treatments.

After 5000 cycles, there were only minimal changes of the
voltammograms (inset to Fig. 6e) and a slight shift of the
diffusion-limited current density (less than 5%) in the corres-
ponding LSV curve, manifesting excellent catalyst durability.
After 10000 cycles, the activity of RuFe-NC decayed somewhat
with a cathodic shift of E,;, by 50 mV (Fig. S22, ESI{), but
remained better than those of a number of relevant catalysts
reported recently in the literature (Table S8, ESIf). Further-
more, the RuFe-NC catalysts exhibited remarkable tolerance
against poisoning species like KSCN or EDTA, where negligible
changes were discerned upon the addition of such poisoning
species into the electrolyte (Fig. 6f). A similar behavior was
observed with RuFe-NC,, (Fig. S23, ESIt). Such an anti-
poisoning property against SCN™ might be due to the unique
structure of the Ru-doped Fe,0; nanoparticles where the O-rich
surface rendered the binding of SCN™ ligands difficult. Mean-
while, as a hexadentate ligand, EDTA mostly chelates mono-
nuclear metal centers, and the minimal impacts on the ORR
performance suggests that Fe single atoms (e.g., FeN,) are
unlikely the dominant active sites.’”®® These results further
confirm that the Ru-doped Fe,O; nanoparticles, rather than the
FeN, moieties, were responsible for the ORR activity, within the
present experimental context.

Mechanistically, the remarkable ORR activity most likely
arose from the Fe to Ru charge transfer in Ru-doped Fe,Os3,
owing to their different electronegativity. In fact, electron
depletion of Fe within Fe,O; has been demonstrated as an
effective strategy to manipulate the spin states of the Fe centers,
generate partially occupied e, orbital and facilitate the adsorption

© 2022 The Author(s). Published by the Royal Society of Chemistry

of 0,.2*°' In the present study, the atomic dispersion of Ru
within RuFe-NC facilitated such charge transfer and hence
enhanced the ORR activity, in contrast to the RuFe-NC,,;, sample
where apparent segregation of Ru and Fe occurred.

In fact, when RuFe-NC was subject to acid leaching with
0.5 M H,SO, at 80 °C for 4 h, the ORR activity was markedly
diminished, with Eypgec = +0.93 V and E,j, = +0.74 V (Fig. 7),
a negative shift of 130 mV as compared to the as-prepared
sample. These results demonstrate, again, the dominant

RuFe-NC
After leaching
— NC

-5 v L v L v L v L v L v L v L v L v L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Potential (V vs. RHE)

Fig. 7 LSV curves of RuFe-NC in 0.1 M KOH before and after acid leaching
treatment, in comparison to that of NC.
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contributions of metal oxide nanoparticles in the RuFe-NC
composite to the ORR activity, with a minor contribution from
the FeN, moieties (as manifested by the leached sample which
contained mainly atomically disperse FeN, moieties but still
outperformed the metal-free NC).

Conclusions

In this study, a trinuclear Ru(LFe), complex was used as the
metal precursor to prepare carbon nanocomposites with
Ru-doped Fe,O; nanoparticles, as confirmed in a range of
microscopic and spectroscopic measurements. The obtained
RuFe-NC nanocomposites exhibited an excellent ORR activity,
with an Egpgee of +0.99 V and an E;,, of +0.87 V, which is
comparable to that of the state-of-the-art Pt/C catalyst. Notably,
the ORR activity was also markedly better than those of the
monometal counterparts and samples prepared with a simple
physical mixture of the relevant metal salts (where partial
segregation of the metal species occurred). This was accounted
for by the Fe to Ru charge transfer in the RuFe-NC composites
that was advantageous for the adsorption of key reaction
intermediates and enhanced electrochemical surface area that
facilitated the accessibility of the catalytic active sites. Results
from this study suggest that rational design of the metal
precursors may be exploited as an effective strategy in manip-
ulating the morphological and electronic structure of carbon
for high-performance electrocatalysis.
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