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Abstract
This work investigates the influence of different nitration protocols of a carbon black, the addition of tungsten carbide (WC), and
the presence of iron, in terms of the catalytic activity of electrocatalysts containing Fe-Nx moieties towards the oxygen reduction
reaction (ORR) in acidic and alkaline media. The synthesized materials were characterized using X-ray diffraction (XRD),
Raman spectroscopy (Raman), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and cyclic voltammetry (CV) with a rotating ring-disk electrode (RRDE), in addition to
durability tests. In acidic media, the performance of the catalysts varied according to the type of nitration protocol, the presence of
iron, and the heat treatment temperature, which is accompanied by variations in the ORR mechanism. In alkaline electrolyte, the
electrocatalysts presented higher performances, with only an ~0.04-V difference relative to that of a standard platinum on carbon
catalyst. The number of electrons transferred per oxygen molecule, the amounts of hydrogen peroxide generated in the ORR, the
effect of catalyst loading, and the presence of iron in the catalysts were investigated with the aim of understanding the ORR
mechanism and assisting in the production of high-performance and durable materials. Finally, the two best electrocatalysts were
submitted to a standard durability test, which evidenced promising high stability at both pHs.
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Introduction

The oxygen reduction reaction (ORR) is an important and
complex electrochemical reaction that takes place in fuel cells
and in metal/air battery systems, among other devices. For
such systems, a most efficient catalyst for the promotion of
this reaction consists of Pt nanoparticles supported on a

suitable high surface area carbon powder. Different types of
carbon blacks, activated carbon, and graphite have been used
as supports for noble metal catalysts. These supports present
primary roles in defining both the activity and the stability of
the catalyst/active site. The surface properties of these sup-
ports determine the degree of dispersion of the noble metal
nanoparticles, with a heterogeneous carbon surface leading to
the greatest surface area.

Several studies have shown that the treatment of carbon
supports with nitrogen species, i.e., HNO3 and NH3, can dra-
matically increase the catalytic activity of electrocatalysts to-
wards the ORR [1–5]. This is promoted by the introduction of
nitrogenous groups and modification of the carbon with oxy-
gen species, which may also promote the introduction of ni-
trogen [1–5]. This is given by the basic character of the car-
bon, associated with the resonance of the π bonds of the aro-
matic carbon ring [5–7], which may favor the attack of oxygen
moieties by free radicals such as NH2, NH, H, and N that are
produced by decomposition of ammonia at high temperatures,
which in turn further promotes the formation of nitrogen
groups on the carbon surface [5, 8, 9].
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Recent studies have highlighted tungsten carbide as a
promising support of noble metal catalysts towards the ORR
in acid media [10, 11], since it is stable, cost-effective, and
tolerant to poisoning by H2S and CO poisonings [12–15].
However, in order to reduce the costs associated with the use
of noble metals and to develop cheap and active
electrocatalysts for the ORR, tungsten carbides have also been
tentatively tested in conjunction with promising non-precious
metal catalysts, such as Fe [16] and/or Co [17], together with a
nitrogen source, in a carbonaceous matrix and produced by
pyrolytic treatments at temperatures varying in the range of
600 to 1000 °C [18–22]. Although several studies have been
carried out using N-doped carbon electrocatalysts, there have
been no studies investigating this treatment applied to
tungsten carbide materials for use as non-noble catalysts.

In this work, different non-noble metal hybrid materials
formed by tungsten carbide/N-doped carbons and non-noble
metal structures (Fe-Nx or NC) were evaluated as
electrocatalysts for the ORR. To this end, tungsten carbide/
N-doped carbons were prepared by first doping a carbon black
powder with nitrogen groups, followed by the impregnation of
a tungsten precursor and its carburization. This was followed
by incorporation of an iron complex, after which the compos-
ite was thermally treated for activation and stabilization of the
Fe-Nx species. Various physical techniques such as X-ray dif-
fraction (XRD), Raman spectroscopy (Raman), energy-
dispersive X-ray spectroscopy (EDX), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS) were employed for the characterization of the catalysts.
Electrochemical tests were carried out to determine the cata-
lytic activities of the hybrid electrocatalysts towards the ORR
in acid and alkaline electrolytes, in addition to cyclic volt-
ammetry and durability assays.

Experimental Section

Synthesis of the Supports

Tungsten carbide/N-doped carbon supports were synthesized
in two steps, as shown in Fig. 1a. In the first step, the N-doped
carbon was performed by three different procedures. In the
first of these steps, carbon nitriding was performed by means
of a typical route [2]. Briefly, 0.50 g Vulcan XC 72 carbon
(Cabot-Corp) was added in 100 mL of HNO3 (65%; PanReac
AppliChem) and the mixture was heated at reflux at 80 °C for
6 h. After reflux, the suspension was filtered, washed with
plenty of Milli-Q water, and the obtained material was dried
at 78 °C. In the second treatment, 0.50 g of Vulcan XC 72 was
weighed and transferred to an alumina boat. The material was
treated in a tubular furnace (model FT 1300/H, INTI) at
950 °C (5 °C/min) for 30 min, under a NH3 (99.9999%;
White Martins) atmosphere and a gas flow of 50 mL/min;

and then, the support was cooled down to room temperature
(the rate of 10 °C/min) [4]. The third nitrogenating treatment
consisted of a combination of the first two procedures; the N-
doped carbon was as described in treatment 1 followed by
treatment 2.

In the second step, suitable amounts of tungsten oxide VI
(WO3) and synthesized N-doped carbons (CN) were added in
300 and 100 mL of an hydroalcoholic solution (60% ethanol
in water, v/v), respectively. The solutions were maintained
separately in an ultrasonic bath for 1 h, and later mixed and
kept in an ultrasonic bath for another 2 h. After impregnation
of precursors, the solvent was evaporated at 90 °C and the
resulting powder was macerated and carburized, as described
in the literature [23]. For carburization of WO3, the obtained
powders were transferred to an alumina boat, placed in a
quartz tube, and treated in a tubular furnace, which was heated
using a ramp of 50 °C/min until reaching 850 °C and remain-
ing at this temperature for 4 h under an CH4/H2 atmosphere,
1:1 in volume (99,999%; White Martins), under a flow of
80 mL/min. The obtained material was cooled down to room
temperature and passivated in a stream of 1 vol% O2/Ar for
12 h at 25 °C. All tungsten carbide/N-doped carbons were
synthesized to contain 30 wt.% of WC:C, since at this W/C
content, the higher electrochemical performance for ORR of
in alkaline medium was reported [16]. Synthesized supports
prepared by treatments 1, 2, and 3 (see Fig. 1) were designated
here as WC@CN-HNO3, WC@CN-NH3, and WC@CN-
HNO3-NH3, respectively.

Synthesis of the Catalysts

The three types of synthesized supports were used to obtain
six catalysts, according to the description below and illustra-
tions in Fig. 1b, c. Firstly, the cationic complex [Fe(TPTZ)2]

2+

was synthesized by a procedure already described in the
literature [24], using as nitrogen and metal ion sources the
precursors 2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ; ≥
99%,) and (NH4)2 Fe(SO4)2.6H2O (≥ 99%), respectively.
Initial solutions were a mixture of 3.3 × 10−3 mol/L of the
binder (TPTZ) solubilized in 20.0 mL of 60/40% vol. of an
hydroalcoholic solution, where 3.0 mL of 0.2 mol/L of HCl
was used to facilitating the solubilization of the binder. In
another container 0.05 mol/L of the iron precursor salt
(NH4)2 Fe(SO4)2 6H2O was solubilized in 300 mL of Milli-
Q (18.2 MΩ/cm) water, maintaining the relation Fe:TPTZ in
1:2.1. The solution of ferrous salt (colorless) was added to the
ligand solution immediately after the change of coloration to
violet, indicating the formation of the complex ion [Fe
(TPTZ)2]

2+, which was maintained under magnetic stirring
for 2 h.

After preparing the [Fe(TPTZ)2]
2+ complex solution, the

support was added in a proportion of 1.00 g of tungsten
carbide/N-doped carbons to 5 wt.% Fe, and maintained under
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mechanical stirring for 24 h. Then, the suspension was left at
80 °C in a thermostatic bath for solvent evaporation. The dry
powder was transferred to an alumina boat and placed in a
quartz tube in a tubular furnace for the pyrolytic treatment.
Before start heating, the system was saturated with N2 with a
flow of 130mL/min for 10min; after this period and under the
same N2 flow, the temperature was raised at a rate of 5 °C/min
up to the final temperature (700 or 800 °C), remaining there
for 2 h. Finally, the system was cooled down to room temper-
ature. The synthesized catalysts were named here as
WC@FeNx/CN-HNO3(700), WC@FeNx/CN-HNO3(800),
WC@FeNx/CN-NH3(700), WC@FeNx/CN-NH3(800),
WC@FeNx/CN-HNO3-NH3(700), and WC@FeNx/CN-
HNO3-NH3(800). All reagents used in this work were analyt-
ical grade, without further purification, and solutions/
washings were performed using purified Milli-Q (18.2 MΩ/
cm) water.

Physical Characterizations

The structures of the synthesized catalyst powders were deter-
mined by XRD in a Rigaku Rotaflex® (model Ru200B) dif-
fractometer, operating at 40 kV/40 mA, source of Cu:λ.Kα =
15,406Å, in the range 10 °C to 90° (2θ) with a scanning speed
of 1°/min. To determine the degree of graphitization of tung-
sten carbide/N-doped carbons and electrocatalysts, a Raman
spectrometer, model T64000 from a Scientific HORIBA, with
CCD detector cooled in liquid N2 with a resolution of 2 cm

was employed. All Raman signals were recorded in a spectral
range of 1000–1800 cm. The elemental analysis was per-
formed by EDX using LINK ANALYTICAL (Isis System
Series 200) EDX equipment, with SiLiPentafe detector,
coupled to an Electronic Microscope (ZEISS LEO 440
(Cambridge, England)). TEM analyses were realized in a
JEOL-JEM2100 microscope at 200 kV. The oxidation states
of the elements W, Fe, N, O, and C were determined by XPS
using a K-alpha X-ray XPS system (Thermo Scientific),
micro-focused Al-Kα X-ray source of 1486.6 eV, and a
180° focusing hemispherical analyzer 128-channel detector.
The XPS results were adjusted using a Gaussian-Lorentzian
function and Shirley background, and the catalyst binding
energies were calibrated taking the carbon peak (C 1s) at
284.8 eVas reference.

Electrochemical Characterizations

The electrocatalytic activity of the catalysts for the ORR was
evaluated in a three-electrode electrochemical cell, using a
Pine Instrument (AUTOLAB-PGSTAT 30) bipotentiostat. A
reversible hydrogen electrode (RHE) and a gold plate, 2 cm2

of area, were used as reference and counterelectrodes, respec-
tively. A rotating ring-disk electrode (RRDE; Pine
Instruments, AFE6R1AU), composed by a gold ring and a
glassy carbon disk, with a geometric area of 0.196 cm2, to
which a film of the catalysts was prepared by dropping a
suspension of the corresponding material, was employed as

Fig. 1 Schematic illustration of the synthesis processes subdivided into steps, where a refers to the synthesis of the N-doped carbons and tungsten
carbide/N-doped carbons, b refers to the preparation of the iron complex [Fe(TPTZ)2]

2+, and c refers to the synthesis of the hybrid electrocatalysts
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working electrode. The catalytic suspension was prepared
from mixtures of 13.0 mg of the material, 2 mL of isopropyl
alcohol (Sigma-Aldrich, ≥ 99%), and 30 μL of Nafion solu-
tion® (5% Nafion® in Isopropanol; Sigma-Aldrich), and left
in an ultrasonic bath for 1 h until complete homogenization.
Aliquots of 3 and 30 μL were added on the electrode surface,
corresponding to a catalyst loading of 0.10 and 1.0 mgcat/cm

2-

disk, respectively. The electrolytes used in the electrochemical
measurements were a 0.5 mol/L of H2SO4 solution and a
0.1 mol/L NaOH solution, saturated either with O2 or Ar (both
White Martins; 99.999%) according to the experiment. The
temperature was maintained at 25.0 ± 0.1 °C by a flow of
water along the jacket of the electrochemical cell, whose tem-
perature was controlled by a Cole-Parmer thermostat. Cyclic
voltammetry in an Ar-saturated electrolyte was used for the
characterization of non-faradaic and faradaic processes related
to specific characteristics of the surface chemical composition
of the catalysts. For studies of the catalytic activity of the
different catalysts against the ORR, the electrolyte was satu-
rated with pure oxygen and the scanning rate of the working
electrode potential was 1 mV/s. The ring was polarized at
1.5 V vs RHE for the determination of the amount of hydro-
gen peroxide produced during the ORR in the disk. The num-
ber of transferred electrons and the percentage of hydrogen
peroxide produced were obtained using the RRDE measure-
ments and Eqs. (1) and (2), respectively [19].

n ¼ 4ID= ID þ IR=Nð Þð Þ ð1Þ
%H2O2 ¼ 100 4−nð Þ=2 ð2Þ
where iD and iR are the disk and ring currents and N is the ring
collection efficiency (N = 0.36) [25].

Stability tests were conducted as described in reference
[26]. A polarization curve with a scanning rate of 1 mV/s
and a rotating velocity of 400 rpm was performed for the
ORR, after saturation with O2 for 30 min. Then, the system
was saturated with argon for 30 min and 5000 cycles of cyclic
voltammetry (CV) between 0.60 and 1.0 V (vs RHE) were
performed to evaluate the catalyst stability. At the end, a new
ORR polarization curve was obtained, under the same
conditions.

Results and Discussion

Physical Characterization

The chemical composition of the catalysts was first analyzed
by EDX. The results (Table S1) show that the catalysts initial-
ly treated with NH3 present lower mass/mass percentage of
Fe. In all other cases, within the sensitivity of the EDX tech-
nique, results indicate that the Fe contents are reasonably

closed to the nominal value (5 wt.%). The large deviation seen
for WC@FeNx/CN-NH3(800) can be considered an excep-
tion, but the causes of the event is still unclear.

XRD, Raman, TEM, EDX, and XPS analyses were per-
formed to further investigate the composition, structures,
and morphologies of the synthesized materials. Figure 2a
shows the diffraction patterns of the tungsten carbide/N-
doped carbons. Firstly, it is important to note that the
diffractograms of the tungsten carbide/N-doped carbons ex-
hibited a shoulder at 25° (2θ), which refers to the (002)
plane of the hexagonal carbon black structure [16, 27–31].
In addition, diffraction patterns related to the hexagonal
phase of the tungsten carbides (WC; PDF# 89–2727) were
also observed for these materials (Fig. 2), with intense and
sharp peaks indicative of high WC crystallinity [13, 16, 32].
It is notable that there are no significant changes in the
carbide XRD peaks caused by the three different types of
N-doping carbon protocols.

Figure 2b shows the diffraction patterns of the hybrid Fe-
Nx-containing catalysts synthesized under various pyrolysis

Fig. 2 aX-ray diffraction patterns of the synthesized tungsten carbide/N-
doped carbons WC@CN-HNO3, WC@CN-NH3, and WC@CN-HNO3-
NH3, together with theWC standard XRD pattern (PDF# 89–2727). bX-
ray diffraction patterns of WC@-FeNx/CN-HNO3(700), WC@-FeNx/
CN-HNO3(800), WC@-FeNx/CN-NH3(700), WC@-FeNx/CN-
NH3(800), WC@-FeNx/CN-HNO3-NH3(700), and WC@-FeNx/CN-
HNO3-NH3(800), together with the XRD patterns for ferberite standard
(FeWO4: PDF# 46–1446) and the WC standard (PDF# 89–2727)
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temperatures, together with the patterns of WC (PDF# 89–
2727 [13, 16, 32]) and ferberite (FeWO4; PDF# 46–1446
[31]) standards. The presence of these two phases in the pre-
pared materials is clearly denoted by these results, with the
formation of ferberite (FeWO4) being somewhat higher for
those materials treated at 800 °C, as reported previously
[16]. Estimations of the crystallite sizes of WC and FeWO4

species were performed using the Scherrer equation, as shown
in Table S2 [33]. Results show that the WC crystallite sizes in
the supports (WC@CN-HNO3, WC@CN-NH3, WC@CN-
HNO3-NH3) are in the range from 12 to 15 nm, which is
essentially the same as for tungsten carbide prepared from
bare carbon [16]. During the incorporation of the Fe-Nx spe-
cies, there is a tendency of increasing the crystallite sizes of
WC, reaching 15–20 nm in these materials, but no clear rela-
tionship between the pyrolysis temperature and the WC crys-
tallite sizes could be established. The calculated FeWO4 crys-
tallite sizes were in the range of 40–45 nm.

Figure 3a–f illustrates TEM images of the Fe-Nx-based
catalysts prepared at different pyrolysis temperatures, i.e.,
700/800 °C. In these cases, images evidence that the N-
doped carbon WC/C structure was similar to that reported
previously for bare WC/C [12, 16], where differentiation be-
tween the WC and C phases was not possible due to the
similarities in contrast of the constituent particles. On the other
hand, images of the catalysts prepared with the NH3-treated
support evidenced the presence of rod/needle-type structures,

distributed all over the catalyst sample (see also Figs. 3a–d
and S2). These phases could have been formed by the growth
of FeWO4 structures, as directly evidenced by XRD data
(Fig. 2). Formation of amorphous structures composed of
HxWO3, as proposed previously [34] may be disregarded
due to the clear crystalline aspect of the needles/rod observed
in the images. Furthermore, the sizes of these rod/needle crys-
tals (40–50 nm wide and 50–200 nm long) were compatible
with the FeWO4 crystallite sizes calculated from XDR data
(Table S2). In the case of the HNO3-treated carbon, the parti-
cles of ferberite present almost spherical shapes, while for the
HNO3-NH3-treated sample the needle or spherical structures
are less defined, but the presence of rod-shaped ferberite par-
ticles is still evident.

An important analytical technique used to characterize the
degree of order/disorder of carbonaceous materials is the
Raman spectroscopy [35]. Here, this technique was first used
to investigate the graphitization of the carbon after the nitra-
tion steps with HNO3, NH3, and HNO3-NH3, and the incor-
poration of WC. Figure 4a, b shows the Raman spectra of the
synthesized supports and catalysts, respectively. Peaks in the
region 1344–1351 cm correspond to characteristic vibrations
of sp2-hybridized aromatic ring carbon atoms (D-band), while
the peaks in the range 1585–1588 cm are attributed to the E2g
mode scattering by the elongation of the sp2 hybridization of
the carbons in the aromatic ring (G-band) [35, 36]. So, the
integrated intensity ratio of these bands (ID/IG) has been used

Fig. 3 TEM images of the Fe-Nx-containing catalysts at twomagnifications. a, bWC@FeNx/CN-NH3(700). c, dWC@FeNx/CN-HNO3-NH3(700). e, f
WC@FeNx/CN-HNO3(800)
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to evaluate the degree of defects in the structure of carbona-
ceous materials. The wave numbers of the D- and G-bands,
together with the degrees of disorder of the materials, are
provided in Table S3 [35, 37].

The data in Fig. 4 and Table S3 show that the nitration
protocol resulted in changes in the degree of disorder of the
carbon-based catalyst structures. The degree of disorder,
which in the present cases comes from defects in the carbon
structure after doping with N and/or incorporations of O, can
be measured by the (ID/IG) ratio, that for tungsten carbide/N-
doped carbon materials (Fig. 4a), follow the order WC@CN-
HNO3-NH3 <WC@CN-NH3 <WC@CN-HNO3, indicating
that ruptures of the graphitic networks were mainly caused
by the treatments with nitric acid and ammonia.

Figure 4b shows the Raman spectra utilized to determine
the degree of graphitization of the catalysts after incorporation
of the FeNx structures. The effects of the nitration procedure
and the pyrolysis temperature may modify the structure of the
carbonaceous materials, changing the degree of disorder [38].
The integrated intensity ratio (ID/IG; Table S3) suggest that the
effect of nitration with HNO3 on the degree of disorder was
greater for catalysts treated at temperatures of 800 °C, while
that for NH3 is observed at 700 °C. The mixed HNO3-NH3

treatment resulted in high degrees of disorder at both temper-
atures. It can be noted that changes in the aromaticity disorder
in the carbon atomic structures can be first caused by incor-
poration of nitrogen and or/oxygen atoms into the structure
along the different initial carbon treatments. Addition of
[Fe(TPTZ)2]

2+ followed by the carburization of this compos-
ites (at 700 °C or 800 °C) may turn the understanding of the
situation even more complex. This strongly challenges a sys-
tematization of the causes of the aromaticity disorder observed
for the different final catalyst samples.

XPS was used to investigate the chemical composition and
the oxidation states of the W, N, Fe, and C atoms, in the
surface of the WC@FeNx/CN-HNO3(800), WC@FeNx/CN-
NH3(700), and WC@FeNx/CN-HNO3-NH3(700) catalyst
nanoparticles, which presented higher electrochemical perfor-
mances for the ORR (see the BElectrochemical Investigations
of the ORR^ section). Figure 5a shows theXPS survey spectra
of these catalysts, while Table S4 presents the atomic compo-
sitions in terms of the W, N, Fe, C, and O components, as
obtained from these analyses. The carbon treated with
HNO3-NH3 presented a higher oxygen percentage (10.4%),
as compared to values of 6.7% and 6.1% for the catalysts
treated with only with HNO3 or NH3, respectively. This is in
agreement with previous work, where it was found that in
addition to nitrogen groups, treatment of carbon with HNO3

and NH3 species introduce oxygenated groups on the surfaces
of the materials [1, 5]. Here, the balance of different trends
regarding the incorporation of N or O in the materials evi-
dences larger incorporation of O in WC@FeNx/CN-HNO3-
NH3(700) and larger introduction of N in the WC@FeNx/
CN-NH3(700) catalyst.

Figure 5b–f shows the results for the deconvolution of
the high-resolution XPS spectra of the electrocatalysts to
give the W 4f, N 1s, Fe 2p, O 1s, and C 1s binding
energies, respectively. For nitrogen (Fig. 5c), five peaks
were fitted and these were assigned to the presence of N-
pyridine, Fe-Nx, N-pyrrole, N-graphitic, and N-graphitic
oxide species [39–42]. The N species with the higher per-
centages were the N-graphitic and N-pyridine types, con-
sidered to be active nitrogen centers for the ORR in acidic
and alkaline media, respectively [16, 43, 44]. The total
nitrogen content was found to be highest for the HNO3

treatment (1.9%), followed by the NH3 (1.3%) and the

Fig. 4 Raman spectra of a the N-
doped carbon substrates and b
electrocatalysts prepared under
different conditions

Electrocatalysis (2019) 10:134–148 139



HNO3-NH3 (1.2%) treatments. Correlations considering
the contents of nitrogen species, pH, and catalytic activity
are discussed in the BElectrochemical Investigations of the
ORR^ section.

In the case of tungsten, the spectra were deconvoluted into
six well-defined peaks for the three electrocatalysts investigat-
ed (Fig. 5b). The atomic percentages of the elements
(Table S4) pointed to the presence of WO3, WO2, and WC

Fig. 5 X-ray photoelectron spectroscopy (XPS) spectra of the WC@-
FeNx/CN-HNO3(800), WC@-FeNx/CN-NH3(700), and WC@-FeNx/
CN-HNO3-NH3(700) electrocatalysts. a Wide scan spectrum. b High-
resolution W4f spectrum with peaks deconvoluted into WC, WO2, and
WO3. c High-resolution N 1s spectrum with the peaks deconvoluted into

pyridinic, pyrrolic, graphitic/quaternary, and pyridinic-oxidized nitrogen
species. d High-resolution Fe 2p spectrum with peaks deconvoluted into
Fe2+ and Fe3+ species. eHigh-resolution O 1s spectrum. fHigh-resolution
C 1s spectrum
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species. The large amount of tungsten oxides is probably part-
ly related to the reaction of tungsten with oxidized iron species
and/or water, so it could have been associated with the pres-
ence of ferberite (FeWO4) [16, 44], as indicated by the XRD
and TEM results. Figure 5d shows the deconvolutions of the
XPS spectra for Fe 2p at low (Fe 2p3/2) and high-energy or-
bitals (Fe 2p1/2). The peak at approximately 710.7–710.8 eV

in the Fe 2p3/2 region was attributed to Fe2 + [44], possibly
associated with FeO and FeWO4. Two other peaks were also
observed, at 712.7–712.8 eV (Fe 2p3/2) and 725.4–725.6 eV
(Fe 2p1/2), associated with Fe3+, suggesting the formation of
the Fe-Nx structures, whose N-graphitic electrons are coordi-
nated to Fe [45, 46]. Finally, satellite peaks present at 715.9–
716.5 eV and 718.9–719.2 eV were associated with Fe2+ and
Fe3+, respectively [46–50].

In the case of oxygen (Fig. 5e), for the three
electrocatalysts, the deconvolution resulted in four functional
groups coherent with the presence of carbonates C–O–C
(530.6–531.2 eV), carboxylate C–OH and C–O–C (532.4–
532.6 eV), carboxylate C–O (533.9 eV), and adsorbed water
(535.0–535.2 eV) for the three electrocatalysts [35, 51]. A
specific band at 531.7 eV, corresponding to the C=O bond,
appeared for the catalyst treated with HNO3, suggesting the
formation of an acid functional group [5].

Deconvolution of the XPS spectra for C 1s resulted in
several peaks attributed to the sp2 hybridization of carbon
atoms (284.8 eV), the sp2 hybridization of carbon in C=N
(285.6–285.7 eV) bonding, and C–O (286.2–286.3 eV),
C=O (287.2–287.4 eV), O–C=O (289.2–289.4 eV), and car-
bonate (2912–291.4 eV) species [35, 36]. The catalysts inves-
tigated had high carbon contents and C–C sp2 hybridization
values above 60% (Table S4), indicative of their suitable elec-
tronic conduction [52, 53], in agreement with the Raman data
and the results of the electrochemical analyses.

Electrochemical Investigations of the ORR

The tungsten carbide/N-doped carbon supports were charac-
terized by cyclic voltammetry in acid electrolyte (0.50 mol/L
H2SO4) saturated with Ar or O2 at 20 mV/s between 0.1 and
0.8 V vs RHE. The upper limit potential was restricted to
0.8 V to avoid any possibility of WC oxidation, as observed
for non-doped WC/C catalysts [54, 55]. The results for the N-
doped carbonWC/C supports in argon or oxygen atmospheres
are shown in Fig. S2. The CV responses for these substrates in
an Ar atmosphere indicated an absence of redox peaks at the
two catalyst loadings used (0.10 and 1.00 mgcat/cm

2
disk).
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�Fig. 6 a Polarization curves of the oxygen reduction reaction on the
WC@-FeNx/CN-HNO3(700), WC@-FeNx/CN-HNO3(800), WC@-
FeNx/CN-NH3(700), WC@-FeNx/CN-NH3(800), WC@-FeNx/CN-
HNO3-NH3(700) , and WC@-FeNx /CN-HNO3-NH3(800)
electrocatalysts in 0.50 mol/L of H2SO4, at a loading of 1.0 mgcat/
cm2

disk. b, c Results of RRDE experiments to obtain the ORR
polarization responses and corresponding hydrogen peroxide
percentages for the best electrocatalysts of a WC@FeNx/CN-
HNO3(800), WC@FeNx/CN-NH3(700), and WC@FeNx/CN-HNO3-
NH3(700) at a loading of b 0.10 mgcat/cm

2
disk and c 1.0 mgcat/cm

2
disk,

compared to a 20 wt% Pt/C catalyst from E-TEK. RRDE experiments
performed at a scan rate (v) of 1 mV/s and RRDE rotation rate (w) of
400 rpm in 0.50 mol/L of H2SO4 as electrolyte and with the temperature
controlled at 25.0 ± 0.1 °C. RRDE disk electrode area of 0.196 cm2
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However, in the presence of oxygen, reduction currents were
recorded for all materials, evidencing ORR catalytic activity
in all cases. The magnitude of reduction currents and values of
onset (Eo) for the ORR varied according to the nitration treat-
ment, for both catalyst loadings, indicating following se-
quence regarding the activity for the ORR: HNO3-NH3 >
HNO3 > NH3.

Figure 6a compares polarization curves for the oxygen re-
duction reaction in the H2SO4 electrolyte for WC/Fe-Nx-con-
taining catalysts presenting different carbon doping degree/
groups, prepared with different nitrogenous species (HNO3,
NH3, and HNO3-NH3) and treated at different pyrolytic tem-
peratures (700 and 800 °C). These results evidence higher
ORR catalytic activity for the electrocatalysts pyrolyzed at
700 °C, as reported before for non-functionalized carbons
[16]. An exception was the catalyst nitrided with only
HNO3, which presented better performance when treated at
800 °C. In the overall, the electrocatalytic activities of the
materials in acidic media follow the order: NH3 (700 °C) <
HNO3-NH3 (700 °C) < HNO3 (800 °C), with half-wave po-
tentials at 0.515 V, 0.570 V, and 0.592 V vs RHE, respectively,
at a loading of 1.0 mgcat/cm

2. This order approximately
followed those of nitrogen, iron, and Fe-N contents in these
catalysts, as measured by XPS (Table S4). This is consistent
with the presence of the Fe–N–C structures that are reported to
be the most activity centers for the ORR in acid media [56].
Here, it is also noted that there is a tendency of a decrease in
the ORR activity with the increase of the crystallite size of
ferberite. However, this happens in parallel with the effect of
other synthesis parameters, e.g., nitration of carbon and for-
mation of surface species, which may make a discussion
around the ORR activity as due exclusively to ferberite not
solidly grounded.

In the WC/Fe-Nx-containing materials, the contents of WC
in the catalyst particle surfaces are of the order of 10 at.%, with
the rest beingWOx, as evidenced byXPS (Table S4). All these
components are featureless in the potential ranges used here
for the ORR investigation, as evidenced by the absence of
redox features in the results of Figs. 6 and 7. The results also
indicated that the most promising electrocatalysts for reducing
oxygen, in terms ofmass activity (RRDEs presenting the same
mass of materials), were WC@FeNx/CN-HNO3(800),
WC@FeNx/CN-NH3(700), and WC@FeNx/CN-HNO3-
NH3(700). Finally, it is noteworthy that further increasing
the pyrolysis temperature did not enhanced the ORR activity
on the electrocatalysts, as illustrated in Fig. S3.

These more active selected electrocatalysts were further
investigated using different loadings, in the presence or ab-
sence of Fe, and these results obtained by using the RRDE
technique are shown in Fig. 6b, c. It is seen that an increase of
the non-precious metal catalyst loading on the disk of the
RRDE electrode (see Fig. 6b, c) was accompanied by an in-
crease of the oxygen reduction currents and a decrease of the

hydrogen peroxide oxidation currents. Another interesting
trend was observed for the ring currents (insets Fig. 6b, c),
which denote a decrease of the percentage of H2O2 at less
positive potentials (reflecting lower extents of hydrogen per-
oxide reduction rates at E < ~0.7 V vs RHE).

Recently, Lopes et al. [57] has shown that the ORR on
metal-Nx/C catalysts might proceed according to a 2e− reduc-
tion mechanism to H2O2 at potentials less positive than
~0.75 V vs RHE, and according to a 4e− reduction mechanism
to H2O at potentials more positive than ~0.75 V vs RHE. As
pointed out by Choi et al. [58], the extent of the reduction of
H2O2 to water on metal-Nx/C catalysts is related to the
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Fig. 7 RRDE oxygen reduction reaction polarization responses on the
disk and corresponding hydrogen peroxide oxidation on the ring for the
catalysts: WC@FeNx/CN-HNO3(800), WC@FeNx/CN-NH3(700), and
WC@FeNx/CN-HNO3-NH3(700) catalysts in alkaline electrolyte at
catalyst loadings of a 0.10 mgcat/cm

2
disk and b 1.0 mgcat/cm

2
disk RRDE

experiments performed at a scan rate (v) of 1 mV/s and RRDE rotation
rate (w) of 400 rpm in 0.1 mol/L NaOH as electrolyte and with the
temperature controlled at 25.0 ± 0.1 °C. RRDE disk electrode area of
0.196 cm2
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effectiveness of the transport of H2O2 away through the cata-
lyst layer. This means that at high catalyst loadings, there is a
higher probability of the H2O2 being reduced to water. These
features were in agreement with the ORR on the non-precious
metal catalysts synthesized in this work, as shown in Fig. 6b,
c. Therefore, in acidic media, the oxygen reduction reaction
on the catalysts presented in Fig. 6 seems to proceed bymeans
of a 2e− + 2e− reduction mechanism within the potential win-
dow studied. As shown recently for this class of catalysts
without carbon nitration [16], the activity of WC/WOx cata-
lysts for the ORR in acid media is not so high, but it is effec-
tively not negligible in the potential range where the reaction
takes place in the WC@FeNx nitride materials (Fig. 6b, c). In
this way in acidic media is likely here the reaction first in-
volves a reduction of oxygen to hydrogen peroxide on both

active sites (WC and FeNx), followed by a second reduction
reaction of peroxide to water on FeNx sites. This is also co-
herent with the recent observation that in acid media WC
reduces oxygen to H2O2 and that N/C sites are protonated
and inactive in acidic media [58]. In summary, at the higher
catalyst loading, there is a substantial decrease of hydrogen
peroxide formation, showing that under this condition, the
thickness of the layer could determine both the catalytic activ-
ity and the reaction mechanism, by providing a greater num-
ber of active sites and a longer residence time during which
the H2O2 reduction could take place [16, 57].

The role of the metal in the structure of metal-N/C
electrocatalysts is a matter of ongoing discussion. Two possi-
bilities have been reported for the role of the transition metal
iron. The first one is that the active site is formed by Fe-N4/C
and Fe-N2/C structures [59, 60]. The other possibility is that
during the heat treatment the metal catalyzes the formation of
active sites, but it is not part of the active site [59, 60]. To
investigate such behavior, the three best electrocatalysts were
prepared with a nitrogen chelating group (TPTZ; see the
BSynthesis of the Catalysts^ section), in the absence of iron.
The scheme of the synthesis is shown in Fig. S4, while the
results of EDX analyses, confirming the absence of this metal,
are presented in Table S5. The electrochemical responses of
these materials towards the ORR at high catalyst loadings
(1.00 mgcat/cm

2
disk) in acid medium (0.5 mol/L of H2SO4)

are shown in Fig. S5. It is seen that the three catalysts show
reduced catalytic activities that were well below those of the
catalysts with iron at the same loading (Fig. 6). These results,
together with literature data [3, 19, 22, 61], indicate that iron is
fundamental in obtaining a significant ORR catalytic activity
at low pHs. Importantly, comparison of the ORR polarization
data for the catalysts prepared with iron (Fig. 6) and without
iron (Fig. S5) evidence that theWC and N/C sites were far less
active than FeNx sites towards the ORR in acidic media,
irrespectively of the type or content of surface species (see
the XPS data in Table S4).

It is well known that hybrid electrocatalysts present differ-
ent behaviors in acid and alkaline environments. Here, the
most active electrocatalysts in acid electrolyte, WC@FeNx/
CN-HNO3(800) , WC@FeNx/CN-NH3(700) , and
WC@FeNx/CN-HNO3-NH3(700), were also investigated in
terms of their ORR activities in alkaline media 0.1 mol/L of
NaOH. The polarization curves (Fig. 7) show that compared
to the results obtained in acid, at high pH, there was a lower
effect of the catalyst loading on the ORR. The reaction onset
potentials (for a catalyst loading of 1.00 mgcat/cm

2
disk) were

higher in alkaline medium and located at 0.82, 0.88, and
0.88 V vs RHE for WC@FeNx/CN-HNO3(800) ,
WC@FeNx/CN-NH3(700), and WC@FeNx/CN-HNO3-
NH3(700), respectively, with no correlation with the nitrogen
or iron contents of the samples (Table S4). It was recently
shown [16] that WC is suitably active for reducing oxygen

Fig. 8 Mass-transport corrected Tafel plots for the ORR on selected
catalyst at high catalyst loadings in a acid and b alkaline media
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to hydrogen peroxide in alkaline media. Furthermore, Liu
et al. [62] showed that the catalytic activity of N/C sites to-
wards the ORR in alkaline media follows the order pyridinic-
N > pyrrolic-N > graphitic-N > oxidized-N. In addition,
Malko and Kucernak [63] have proposed a significant outer
sphere electron transfer component for the ORR on Fe-N/C
catalysts in alkaline media. From these findings, together with
the XPS data (Table S4) and the ORR results (Fig. 7), it is
apparent that the oxygen reduction reaction on iron-containing
catalysts in alkaline media depends on many active sites and
mechanisms of similar importance.

Insets in Fig. 7a, b show the percentage of H2O2 generated
in the ORR on the selected catalysts demonstrating the little
variation in the formation of this species at different catalyst
loadings. Along with the limiting currents (similar to that of
Pt/C), results denote that these electrocatalysts reduce oxygen
predominately to water in alkaline electrolyte, in agreement
with literature findings [22]. Figure S6 shows the ORR elec-
trochemical response of selected electrocatalysts synthesized
in the absence of iron at two catalyst loadings of 0.10 mgcat/
cm2

disk and 1.00 mgcat/cm
2
disk, in alkaline electrolyte

(0.1 mol/L NaOH). In contrast to the data obtained in acid
medium (Fig. S5), the electrocatalysts prepared without iron
were significantly active towards the ORR in alkaline media.
Results for the catalysts without iron in the structures contain-
ing nitrogen species provide three important information.
Firstly, their high catalytic activities at the two loadings (with
similar onset potentials, above 0.8 V vs RHE) evidenced the
important role of the N/C andWC structures for the ORR [16,
56, 57]. However, since the activities of the electrocatalysts
with iron are still higher than those without iron, other active
sites, besidesWC and N/C, were likely to exist in the presence
of this metal [56]. These were probably associated with Fe-Nx

sites by means of an outer sphere electron transfer process
[63], given that OH− ions are strongly bound to the iron center
in Fe-Nx sites in alkaline media [56]. The second point is that

at 0.1 mgcat/cm
2, the ORR curves of the electrocatalysts did

not seem to steadily reach the theoretical limit current for the
4e− mechanism. The third point is that the ORR on the cata-
lysts prepared in the absence of iron produced high ring oxi-
dation currents (~40 H2O2% at 0.5 V vs RHE; inset to
Fig. S6a). These results suggested that a higher content of N
was not enough to result in an ORR activity comparable to the
activities of electrocatalysts containing iron in their structure,
even at high loadings (Fig. S6b). Furthermore, from compar-
ison of the data for the catalysts prepared with (Fig. 7) and
without iron (Fig. S6), it turns evident that the iron-containing
catalysts reduce oxygen predominantly to OH− in alkaline
media, at potentials below ~0.7 V vs RHE. On the other hand,
catalysts prepared without iron reduced oxygen predominant-
ly to H2O2 at this pH (Fig. S5a) and in the same potential
region.

Figure 8 shows Tafel lines for the oxygen reduction reac-
tion on different catalysts in acid and alkaline media, plotted
after correcting the current densities for mass transport pro-
cesses [19]. The results shown in Fig. 8a clearly evidences the
much lower ORR activities of the Fe-Nx-containing materials,
in acid media compared to Pt/C. In contrast, the results shown
in Fig. 8b revealed the significantly improved activities of the
same materials in the alkaline electrolyte. Table 1 summarizes
the obtained values of Tafel slopes for the ORR ion the
WC@FeNx/CN-HNO3(800), WC@FeNx/CN-NH3(700), and
WC@FeNx/CN-HNO3-NH3(700) electrocatalysts at high
loadings in acid and alkaline electrolytes. Data related to the
number of electrons (n) obtained at 0.7 V and using Eq. (1)
and the percentage of hydrogen peroxide (%H2O2) are also
included.

Tafel coefficient values (Table 1) of ~128 mV, ~132 mV,
and ~140 mV/dec (acid medium) and ~117, ~120, and
~85 mV/dec (alkaline medium) were calculated for the ORR
on the WC@FeNx/CN-HNO3(800), WC@FeNx/CN-
NH3(700), and WC@FeNx/CN-HNO3-NH3(700) catalysts,

Table 1 Electrochemical parameters for the ORR on selected catalysts at a loading of 1.00 mgcat/cm
2
disk at a potential of 0.7 V vs RHE in acid and

alkaline media

Catalyst Number of
electrons

Percentage of H2O2 (%) Tafel (mV/dec)

n ¼ 4iDj j
iDj jþ iR=Nð Þ H2O2 %ð Þ ¼ 100

2iR
N

iDj jþ iR
Nð Þ

� �
Log ¼ i�iDð Þ

iD−ið Þ
h i

H2SO4 (0.5 mol/L)

WC@FeNx/CN-HNO3(800) 3.98 0.93 128

WC@FeNx/CN-NH3(700) 3.99 0.46 132

WC@FeNx/CN-HNO3-NH3(700) 3.98 1.19 140

Pt/C(20)-Etek 3.99 0.30 123

NaOH (0.1 mol/L)

WC@FeNx/CN-HNO3(800) 4.00 0.11 117

WC@FeNx/CN-NH3(700) 3.99 0.32 120

WC@FeNx/CN-HNO3-NH3(700) 4.00 0.07 85

Pt/C(20)-Etek 3.99 0.21 81
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respectively. These values are in the same range as those ob-
served for platinum catalysts (120 mV/dec) at potentials
where the electrode surface presents low coverages of oxy-
genated reaction intermediate species on Pt [39]. This similar-
ity might indicate the occurrence of similar reaction mecha-
nisms and/or reaction order, and rate determining steps on
both types of electrodes in acid or alkaline electrolytes, at least
when nitrogen-doped Fe-Nx-containing catalysts are consid-
ered [39, 57]. On the other hand, results in Table 1 show
values of n close to 4 for the ORR on the selected catalysts.
This was consistent with the low levels of hydrogen peroxide

measured at 0.7 V vs RHE (Figs. 6c and 7) and with the earlier
findings of Lopes et al. that FeNx/C catalysts reduced oxygen
to water at potentials above ~0.75 V vs RHE (note that this
potential varies with temperature and with the concentration
H2O2 near the active sites [57]).

Stability Tests of the Best Electrocatalysts

For an electrocatalyst to be considered viable for practical
applications, it must present suitable catalytic activity and re-
main stable for an extended period of time. Here, a prelimi-
nary investigation of the electrocatalyst stability was per-
formed with the most representative materials in acid
(WC@FeNx/CN-HNO3(800)) and alkaline (WC@FeNx/CN-
HNO3-NH3(700)) electrolytes. The electrodes were cycled
between 0.6 and 1.0 V (vs RHE) at a scan rate of 50 mV/s,
for 5000 cycles in acid or alkaline electrolytes, following a
testing protocol described in the literature [26]. Despite that
oxygen-saturated electrolytes offer a broader perspective, the
aging text conducted here was made in absence of oxygen.We
consider that these results is valid as an initial approach for
separating the effect of electrode potential from those related
to the presence of O2, particularly regarding the corrosion of
carbon on the Fe–N–C active sites in acidic media and onWC
and C–N species in alkaline media.

Figure 9 shows the ORR polarization results obtained be-
fore and after the durability test in acid and alkaline electro-
lytes. Suitable performance and stability were evidenced by
small differences in the ORR polarization curves before and
after the potential cycling. This indicated that these
electrocatalysts could be considered promising for practical
applications [64] due to their high catalytic activity and
stability.

XPS analyses of the catalysts were performed before and
after the durability tests in order to gain insights on the degra-
dation process affecting their activity for the ORR. Table 2
presents the relative variation in the atomic composition of the
materials after and before the durability tests of catalysts, as
presented in Fig. 9. A clear trend in the XPS data is the in-
crease in the relative oxygen content, loss of carbon, and ox-
idation of tungsten. Even though relatively significant, these
changes have not significantly affected the ORR activity of
the materials, in agreement with the fact that WC is less active
than FeNx/N-C moieties towards the ORR [16], given that
there is an increase in the relative amount of the later com-
pared to the former species after the durability test.
Considering iron, data in Table 2 evidence a relative increase
in the content of this element in both catalysts after the dura-
bility tests. This fact might be associated with the great loss of
carbon, possibly through its oxidation to CO2, which would
increase the relative amount of other elements. Nevertheless,
the appearance of an XPS peak relative to Fe–N suggests
occurrence of such corrosion processes of the catalyst surface
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Fig. 9 Oxygen reduction reaction polarization curves obtained before and
after the potential cycling durability tests for the catalysts a WC@FeNx/
CN-HNO3(800) in 0.5 mol/L H2SO4 and b WC@FeNx/CN-HNO3-
NH3(700) in 0.1 mol/L NaOH. Catalyst loading: 2.0 mgcat/cm

2
disk.

Oxygen reduction reaction polarization curves performed at a scan rate
(v) of 1 mV/s and RRDE rotation rate (w) of 400 rpm in electrolytes with
the temperature controlled at 25.0 ± 0.1 °C. RRDE disk electrode area of
0.196 cm2
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leading to the exposure of more surface iron. This fact could
explain the suitable stability of the catalyst activity in acidic
media, whereas in alkaline media the relative increase in WC
and C–N species, after the durability test (Table 2), could
explain the stability of the catalyst, given that these species
have been shown to be suitably active towards the ORR in this
pH range in comparison to Fe–N species [16, 56, 63].

Conclusions

Tungsten carbide/N-doped carbons and iron-containing hy-
brid electrocatalysts were synthesized and evaluated as poten-
tial catalysts for the oxygen reduction reaction in both acid and
alkaline media. The materials were thoroughly characterized
by XRD, TEM, EDX, Raman spectroscopy, and XPS, in ad-
dition to cyclic voltammetry and ORR polarization response
analyses using the RRDE technique. The performance of the
best catalysts varied according to the type of nitration proto-
col, the presence of iron, and the heat treatment employed.
The high performance of the synthesized electrocatalysts in
an alkaline medium was demonstrated by only a 0.04-V dif-
ference in the ORR polarization response, relative the com-
mercial ETEK Pt/C catalyst. The number of electrons trans-
ferred per oxygen molecule varied according to pH and cata-
lysts, following different reduction mechanisms. In addition,
in acid medium, the catalyst loading influences the type of
reaction mechanism (from a 2e− to a 2e− + 2e−), with the pres-
ence of iron being essential in order to produce materials with
high catalytic activity (at low pH) and selective (high pH)
materials, indicating a strategy to increase the electrocatalyst
performance. In an alkaline medium, iron also influenced (al-
beit to a lesser extent) the performance of the materials in
catalyzing the ORR, with this metal being crucial in promot-
ing a reduction mechanism towards OH− and dramatically
decreasing the formation of deleterious H2O2, compared to
iron-free catalysts. Under a standard durability test protocol,
the best electrocatalysts presented a reduced degradation and
promising long-term stability for practical applications, where
XPS data suggested corrosion of carbon leading to further

exposure of ORR active sites, which would support the suit-
able longevity of the catalysts.
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Atomic composition (%) of W 4f, N 1s, Fe 2p, C 1s, and O 1s of the catalysts WC@FeNx/CN-HNO3(800) and WC@FeNx/CN-HNO3-NH3(700) after
and before the stability test, as determined by XPS analyses
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