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A B S T R A C T

Considering the technological importance of the oxygen reduction reaction (ORR) and the cost constraints of
highly catalytically active precious metals, recent research efforts have been focused on designing and syn-
thesizing earth abundant non-precious metal catalysts for this reaction. Among recent advances in this area,
transition metal-nitrogen modified tungsten carbides can be pointed as prominent candidates as ORR electro-
catalysts. Nevertheless, mechanistically understandings of which active sites are responsible for the ORR elec-
trocatalysis on these materials are required for the rational design of suitable materials. In the present work,
various tungsten carbides and iron-nitrogen modified tungsten carbides catalysts are synthesized and in-depth
characterized through various physical and electrochemical techniques towards gaining insights on the ORR
process on these materials in both acidic and alkaline media. High performance materials are developed, with
the most active presenting only a ca. 0.060 V increase in the ORR overpotential, compared to a standard pla-
tinum catalyst in an alkaline medium. The in-depth analyses allowed for suggestions on reaction pathways for
the oxygen reduction on the hybrid Fe/N/WC/C nanomaterials in terms of active sites. These finds might direct
further developments in the research on transition metal-nitrogen modified tungsten carbide materials.

1. Introduction

Tungsten carbide may be referred to as an interstitial alloy, [1]
possessing electronic and catalytic properties known from the group
VIII B precious metals, such as palladium and platinum [2, 3]. Tungsten
carbide tends to present considerable catalytic activity attributed to a
distinct electronic structure promoted by the presence of carbon in the
metal lattice and to its platinum-like characteristic in terms of chemi-
sorption of hydrogen and oxygen [4–6]. Considering its reduced price
versus precious metals [7] and its interesting chemisorption properties,
tungsten carbide has been investigated as hydrogen oxidation and
oxygen reduction catalyst in acidic pHs, with limited studies in alkaline
medium [8].

Given the cost constraints on the use of precious metals to catalyze
the technological oxygen reduction reaction (ORR), recent research
efforts have aimed at a rational design to synthesize non-precious metal
catalysts (NPMCs), based on earth abundant elements. As range of such
NMPCs has been developed, including heteroatom-doped carbonaceous
materials (e.g. N/C), non-precious metal oxides, nitrides, carbides and
transition metal-N/C catalysts, such as FeNx/C [9–11]. Among these,

transition metal-N/C and tungsten carbide catalysts show promising
potential, although at the present stage of development, their intrinsic
electroanalytic activities are low compared to platinum [12–14]. Due to
its low catalytic activity towards the ORR in acid media, compared to
precious metals, tungsten carbide has mainly been investigated as a
support to promote the catalytic activity of precious metals [14].
However, a few recent studies have indicated the high ORR catalytic
activity of transition metal/nitrogen-modified tungsten carbide cata-
lysts, [15–19] although only in alkaline medium.

Despite the high ORR activity of these catalysts at high pH values,
there have been no mechanistic investigations with the aim of under-
standing the active sites responsible for the electrocatalysis of oxygen
reduction, in order to produce suitable materials. Investigations of such
catalysts for the oxygen reduction reaction have mostly been limited to
using alkaline media, in which only nitrogen doped carbon materials
have been shown to present a high catalytic activity, [11] which makes
it difficult to discern the advantage of transition metal-nitrogen mod-
ified tungsten carbide catalysts. In the present work, a series of tungsten
carbide and iron/nitrogen-modified tungsten carbide catalysts were
synthesized and were submitted to an in-depth characterization using
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various physical and electrochemical techniques, in order to gain in-
sights into the oxygen reduction reaction process on these hybrid ma-
terials in both acidic and alkaline media, where suitably ORR active
materials are achieved with about only 0.063 V of difference in the ORR
half wave potential to a standard platinum catalyst in alkaline medium.
Furthermore, the in-depth analyses carried out allowed for propositions
on the oxygen reduction reaction pathways on the hybrid materials in
terms of active sites, which should assist in the rational development of
tailored highly-active ORR transition metal/nitrogen-modified tungsten
carbide catalysts.

2. Experimental

2.1. Synthesis of the catalysts

Analytica grade chemicals were utilized in this work without further
purification. Tungsten carbide was synthesized following a procedure
described in the literature procedure [20]. Briefly, proportional masses
of WO3 (99,5% Sigma-Aldrich) and carbon black (Vulcan XC-72, Cabot-
Corp) at WC:C percentages of 20, 30 and 40% were added to 300mL
and to 100mL of ethanol (98%, PanReac AppliChem), respectively, and
the mixtures were placed in an ultrasonic bath for 1 h. Subsequently,
the two mixtures were combined and then left in an ultrasonic bath for
2 h, after which, this mixture was placed on a hot plate and the tem-
perature was adjusted to 90 °C in order to promote the evaporation of
the solvent. The dried powder was transferred to an alumina boat,
which was placed in a quartz tube and heated in a tubular oven (Model
FT 1300/H, INTI). The temperature of the oven was raised at
5 °Cmin−1 to reach 850 °C, at which it was maintained for 4 h with a
controlled gas atmosphere of CH4/H2 (1:1 v/v) in the quartz tube. After
this heating treatment, the temperature was brought to about 25 °C and
the as synthesized WC/C was passivated for 12 h in an atmosphere
composed of 1% oxygen in an air/argon mixture (1:20 v/v).

As a source of iron and nitrogen sources for the synthesis of FeNx-
WC/C, a metal macrocyclic complex was prepared as follows: 20mL of
a 0.003mol L−1 solution of 2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ
≥99% from Sigma-Aldrich) in 60/40 v/v ethanol and hydrochloric acid
(0.2 mol L−1) was added to 300mL of ammonium iron(II) sulfate
hexahydrate (99% Sigma-Aldrich) 0.050mol L−1 in DI water
(18.2 MΩ cm), where the iron to TPTZ ratio was 1:2.1. Following ad-
dition of the iron salt, the solution became violet, indicating the for-
mation of the [Fe(TPTZ)2]2+ complex, as confirmed by UV–Vis spec-
troscopy (Section 2.2). This solution was left under stirring for 2 h to
complete the complexation and was then stored before further use. For
the synthesis of the FeNx-WC/C catalysts, 1 g of the (WC/C) support was
added to 300mL of ethanol (PanReac AppliChem), together with the
referent aliquot of the [Fe(TPTZ)2]2+ complex corresponding to an iron
to WC/C ratio of 5 wt%. This solution was left under stirring for 24 h,
after which, the temperature of the solution was increased to 90 °C to
evaporate the solvent. The dried solid was transferred to an alumina
boat and placed in a quartz tube in a tubular oven under an inert at-
mosphere of N2 (130mLmin−1). Pyrolysis was carried out for 2 h at
700 or 800 °C, using a heating ramp of 5 °Cmin−1. The material was
allowed to cool to ambient temperature and the catalyst was ready to
use. The synthesized catalysts were denoted WC(20)-FeNx/C(700),
WC(20)-FeNx/C(800), WC(30)-FeNx/C(700), WC(30)-FeNx/C(800),
WC(40)-FeNx/C(700) and WC(40)-FeNx/C(800), where values within
the first parentheses is the weight percentage of WC:C in the support
and the number within the second parentheses is pyrolisis temperature.

2.2. Physical characterization of the catalysts

The formation of the [Fe(TPTZ)2]2+ complex was confirmed by
UV–Vis spectroscopy (UV 3600 from Shimadzu) in a quartz cuvette
with an optical pathway of 1 cm. A typical spectrum obtained is shown
in Fig. S1, which presents a peak at 593 nm with a shoulder at 532 nm,

in suitable agreement with the literature [21]. X-ray diffraction mea-
surements of catalysts were carried out in a Rigaku Rotaflex, model
Ru200B, with the tube at 40 kV and 40mA with a target of Cu
(λ.kα=1,5406 Å), between 10° and 90° at a scan rate of 1° per minute.
Elemental analysis was carried out in a scanning electron microscope
from Zeiss, model LEO 440/20 keV electron beam and equipped with a
EDX microanalyser (Link Analytical, Isis System Series 200) with a SiLi
Pentafet detector. Transmission electron microscopy analyses were
carried out in a 200 kV JEOL-JEM2100 equipment. X-ray photoelectron
spectroscopy results of selected catalysts were obtained in a K-Alpha
XPS from Thermo Scientific with a 180° double focusing hemispherical
analyzer-128-channel detector and an Al Ka Micro-focused X-ray
monochromator. To obtain the XPS spectra, the equipment was pro-
grammed with the following configurations: passage of 20 eV, energy
step of 0.1 eV, and acquisition time of 200ms. The survey and high-
resolution spectra of elements were collected with pass energy and
energy step of 1.0 eV and 0.1 eV, respectively. The XPS results were
fitted using Gaussian-Lorentzian function and Shirley background and
all binding energy of catalyst were adjusted using carbon peak (C 1s) at
284.8 eV. Assignments of the bindings energies resulting from the fit-
tings of high resolution XPS scans were made in accordance to the lit-
erature: [20, 21] for WC and WO3 [22, 23, 24–26] for WO2; [27] for
WS2; [28] for pyridinic, pyrrolic, graphitic and oxidized nitrogen spe-
cies; and [29] for the Fe3+ species.

2.3. Electrochemical measurements

A rotating ring-disk electrode, with a glassy carbon disk (0.196 cm2)
and a gold ring (model AFE6R1AU), a MSR rotator, both from Pine
Instruments, and a bipotentiostat, from Autolab (PGSTAT 30) were
utilized in the electrochemical characterization of the activity of syn-
thesized catalysts towards the oxygen reduction reaction. A three-
electrode glass cell with a reversible hydrogen (RHE) reference elec-
trode with a platinum wire junction to the test solution, and a 2 cm2

gold foil counter electrode was used. Electrolyte solutions were pre-
pared by dilution of concentrated reactants to the necessary degree, or
0.5 mol L−1 H2SO4 (96%, PanReac AppliChem) and 0.1mol L−1 NaOH
(99% Merk) with DI water (18.2MΩ cm). To form the working elec-
trode, the catalysts were deposited on the glassy carbon disk as per a
procedure described in the literature [30, 31]. The temperature of the
electrolyte solutions was maintained at 25 ± 0.1 °C by recirculating
water through the jacket of the electrochemistry glass cell with a
thermostat recirculating bath (Cole-Parmer). Electrolyte solutions were
saturated either with pure oxygen (99.999%, White Martins) or with
pure argon (99.999% White Martins) through a glass tube having a
porous frit tip. To assess the activity of synthesized catalysts towards
the oxygen reduction reaction, steady-stated polarization measure-
ments were carried out potentiostatically at a scan rate of the working
electrode of 1mV s−1 or of 5mV s−1 under a step height of 30mV and a
waiting time of 30 s per step. For assessing (directly) the formation of
hydrogen peroxide in the course of the ORR on the disk, the gold ring of
the RRDE was maintained at 1.5 V, which is a potential sufficient to
oxidize this molecule under mass transport control. The percentages of
hydrogen peroxide formed in the oxygen reduction reaction on the
various catalysts were calculated based on both, disk and ring currents,
and the collection efficiency of the RRDE electrode, according to [32,
33]:

= +n I I I N4 /( ( / ))D D R (1)

= −H O n% 100(4 )/22 2 (2)

where ID is the Faradaic current at the disk and IR the current at the ring
of the RRDE electrode, and N is the collection efficiency of the elec-
trode.
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3. Results and discussion

3.1. Physical characterization

X-ray diffraction patterns of the synthesized catalysts and the
tungsten carbide standard (PDF# No. 89-2727) are shown in Fig. 1a
and b, where the results strongly suggest the formation of the WC
structure in the synthesized materials [34, 35]. It is noteworthy that the
peak at about 25° corresponds to the (002) diffraction line of turbos-
tratic-carbon structures (i.e. carbon black), [36–38], with the intensity
decreasing in the order WC(20)/C < WC(30)/C < WC(40)/C, in
agreement with the increase in the proportion of tungsten carbide to
carbon ratio (Table S1). These tungsten carbides have been used as
starting materials for the syntheses of hybrid electrocatalysts, [28, 39,
40] and for the targeted incorporation of FeNx/C and N/C structures,
which are also known to be suitably active towards the oxygen reduc-
tion reaction in a range of pH values [31, 41–46]. The XRD diffraction
patterns of the synthesized hybrid catalysts (WC-FeNx) are presented in
Fig. 1b, together with the standard patterns for tungsten carbide (PDF#
No. 89-2727) and ferberite (FeWO4, PDF# No. 46.1446) [47]. The
latter was included in this graph because its identified presence was
identified in some of the electrocatalysts, as evidenced by the coin-
ciding lines in the diffractograms. The XRD patterns shown in Fig. 1b
indicated that the WC(30)-FeNx/C(700) electrocatalyst contained the
least amount of FeWO4.

Fig. 1c and d present transmission electron micrographs of the most
ORR active electrocatalysts within its category, along with the re-
spective EDX spectrum used for compositional analysis as insert graph.
The results in Fig. 1c and d clearly indicated that the carbon and WC

particles cannot be distinguished from each other, and that they prob-
ably present not too far sizes. This is in agreement with the values of
crystallite sizes of WC calculated from XRD data using the Scherrer
equation (Table S2), which is close to 10–20 nm, while the average
particle sizes illustrated in the micrograph of Fig. 1d were around
20–30 nm (Fig. S2). This last range is similar to the average size of the
primary particles of the carbon black utilized here (Vulcan XC-72) [48].

Elemental analyses of the WC(30)/C and WC(30)-FeNx/C synthe-
sized materials were performed using X-ray photoelectron spectroscopy
(XPS) for. The results obtained by EDX and XPS are provided in Tables
S1 and 1, respectively. Comparison of the XPS and EDX data was used
to obtain insights into the surface and inner particle chemical compo-
sitions of these catalysts. This comparison was carried out for the cat-
alysts most active for the oxygen reduction reaction, WC(30)/C and
WC(30)-FeNx/C, where the latter presented the least amount of FeWO4

(Fig. 1b), so iron would be minimally present as ferberite particles [41].
In comparison to the EDX results (Table S1), the XPS data given in
Table 1 indicated much smaller amounts of both tungsten and iron on
the surface of the nanoparticles, suggesting that much higher propor-
tions of these transition metals were located in the cores of the particles,
rather than on the surfaces.

Deconvolution of the XPS peaks for tungsten, iron and nitrogen
provided further information about the chemistry of the synthesized
catalysts (Fig. 2). Tungsten was predominantly present as WC in the
WC(30)/C catalyst, which contained a much reduced amount of WOx,
[22, 23, 49–51] which is advantageous since WC is more stable than the
W2C phase in electrolytes over a wide range of pH values [52, 53].
However, during the incorporation of FeNx/C and N/C in the structures,
a significant amount of tungsten is oxidized to WO3 from the original
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Fig. 1. (a) X-ray diffraction patterns of
synthesized tungsten carbides, WC(20)/C,
WC(30)/C and WC(40)/C along with the
WC XRD standard pattern (PDF# 89-2727);
(b) X-ray diffraction patterns of WC-FeNx/C
catalysts, WC(20)-FeNx/C(700), WC(20)-
FeNx/C(800), WC(30)-FeNx/C(700), WC(30)-
FeNx/C(800), WC(40)-FeNx/C(700) and
WC(40)-FeNx/C(800) along with the XRD
standard pattern of ferberite (FeWO4: PDF#
46-1446) and WC (PDF# 89-2727); (c) TEM
image of WC(30)/C with elemental analysis
as inset; and (d) TEM image of WC(30)-FeNx/
C(700) with elemental analysis as inset.
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WC form (Table 1 and Figs. S3 and S4). It should be noted that WO3 is
largely inactive towards the ORR in both acid and alkaline media, and
that it also dissolves in the latter [54–56]. It is noteworthy that most
metal carbides, including WC, have been mostly investigated towards
the hydrogen oxidation reaction and oxygen reduction reaction in
acidic fuel cells. Even though the alkaline media present intrinsic ad-
vantage in ORR kinetics, limited electrocatalytic studies have been
conducted in alkaline solution [8]. Nevertheless, WC has been ex-
tensively investigated as an activity promoter of precious metals to-
wards the oxygen reduction reaction, especially in acidic media [57].
However, least attention has been given to the ORR on the tungsten
carbide itself in terms of reaction mechanism and its implications to the
overall oxygen reduction reaction on, e.g. Pt/WC, which is discussed in
Section 3.2.1 of this work. Furthermore, understanding the origins of
the ORR activity of tungsten carbide prepared with nitrogen sources, in
terms of active sites, is not well stablished or not discussed in the lit-
erature [58–60]. However, this would be important to be understood in
order to rationally design highly active ORR specific active sites, which
is a matter discussed in Section 3.2.2.

Fig. 2e shows a high-resolution N 1s XPS spectrum of the WC(30)-
FeNx/C electrocatalyst tentatively deconvoluted into different bands
corresponding to pyridinic, pyrrolic, graphitic and oxidized nitrogen
[42, 61–65]. These nitrogen species lead to different chemical and
electronic environments of the neighboring carbon atoms, resulting in
different electrocatalytic activities, with the presence of pyridinic and

graphitic nitrogen being considered essential for the ability of the ma-
terial to catalyze the oxygen reduction reaction. However, in recent
work, Guo et al. found that that in an acidic medium, pyridinic nitrogen
was the active site for ORR, rather than graphitic nitrogen, [66] while
in an alkaline medium the catalytic activity was in the order pyridinic-
N > pyrrolic-N > graphitic-N > oxidized-N [67]. Pyridinic and pyr-
rolic nitrogen reduce oxygen via four electrons to water, though gra-
phitic and oxidized nitrogen would reduce oxygen to hydrogen per-
oxide [67, 68]. Deconvolution of the N 1s peaks in Fig. 2e resulted in
percentage distributions of 43%, 5%, 41% and 11% for pyridinic,
pyrrolic, graphitic and oxidized nitrogen species, respectively in the
WC(30)-FeNx/C catalyst pyrolyzed at 700 °C. This distribution differed
slightly from that for the catalyst pyrolyzed at 800 °C (Table 1 and Fig.
S4b). As reported previously, [67] this information is important for
interpreting the ORR activities of these electrocatalysts, since different
percentages of pyridinic and graphitic nitrogen species in the materials
pyrolyzed at different temperatures lead to different ORR catalytic ac-
tivities at different pHs (see Section 3.2.2).

Recent studies of FeNx/C species active for the ORR found that in
acidic media, the FeN4/C type site was the most active, [41, 43, 69, 70]
and that sites of the FeNx/C family were far more active than those of
the metal free N/C family in acid medium [42, 43]. However, in a re-
cent insightful paper by Malko et al. [43] it was shown that both of
these ORR active site familes co-existe in pyrolized Fe/N/C nanos-
tructures, with the results of the electrochemical analysis strongly

Table 1
C 1s, W 4f, N 1s, and O 1s binding energies (eV) and atomic composition (%) of WC/C, WC(30)-FeNx/C(700), and WC(30)-FeNx/C(800) catalysts determined by XPS analyses.

Atomic composition from XPS survey scan

C 1 s O 1 s W 4f N 1 s Fe 2p

WC(30)/C 98.8% 0.9% 0.3% – –
WC(30)-FeNx/C(700) 92.1% 4.6% 0.5% 2.6% 0.4%
WC(30)-FeNx/C(800) 93.1% 3.6% 0.5% 2.1% 0.8%

Data from high resolution XPS scans

WC (W4+ 4f7/2) WC (W4+ 4f5/2) WO2 (W4+ 4f7/2) WO2 (W4+ 4f5/2) WO3 (W6+ 4f7/2) WO3 (W6+ 4f5/2)

WC(30)/C 44% (32.2 eV) 42% (34.3 eV) 3% (35.0 eV) 4% (37.0 eV) 3% (35.9 eV) 4% (38.3 eV)

WC (W4+ 4f7/2) WC (W4+ 4f5/2) WS2 (W4+ 4f7/2) WS2 (W4+ 4f7/2) WO3 (W6+ 4f7/2) WO3 (W6+ 4f5/2)
WC(30)-FeNx/C(700) 8% (32.2 eV) 9% (34.3 eV) 3% (33.2 eV) 2% (35.4 eV) 40% (35.8 eV) 38% (37.9 eV)
WC(30)-FeNx/C(800) 3% (32.2 eV) 5% (34.3 eV) 1% (33.2 eV) 2% (35.4 eV) 43% (35.9 eV) 46% (38.1 eV)

Pyridinic (N 1s) Pyrrolic (N 1s) Graphitic (N 1s) Oxidized (N 1s)
WC(30)-FeNx/C(700) 43% (398.9 eV) 5% (400.3 eV) 41% (400.9 eV) 11% (402.3 eV)
WC(30)-FeNx/C(800) 37% (398.9 eV) 4% (400.3 eV) 49% (400.9 eV) 10% (402.3 eV)

Fe2+ (2p3/2) Fe3+ (2p3/2) Fe2+ satellite Fe3+ satellite
WC(30)-FeNx/C(700) 28% (710.1 eV) 72% (711.9 eV) (715.3 eV) (718.1 eV)
WC(30)-FeNx/C(800) 26% (710.5 eV) 74% (711.8 eV) (715.2 eV) (718.2 eV)
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Fig. 2. X-ray photoelectron spectroscopy (XPS)
spectra of WC(30)/C (a): wide scan spectrum;
and (b) high resolution W4f spectrum with
peaks deconvoluted into WC, WO2 and WO3. For
WC(30)-FeNx/C: (c) wide scan spectrum; (d)
high resolution W 4f spectrum with peaks de-
convoluted into WC, WO3 and WS2; (e) high
resolution N 1s spectrum with the peaks de-
convoluted into pyridinic, graphitic/quaternary
and oxidized nitrogen species; (f) high resolu-
tion Fe 2p spectrum with peaks deconvoluted
into Fe2+ and Fe3+ species.
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suggesting that the metal-free N/C family of active sites could be solely
responsible for the ORR catalytic activity of the pyrolized Fe/N/C na-
nostructures in an alkaline medium (pH > ~10). Therefore, here the
XPS peaks for iron in the WC(30)-FeNx/C electrocatalysts were decon-
voluted into different bands in Fig. 2f corresponding to the peaks at
about 710.1 eV and 711.9 eV, which probably reflected the presence of
surface Fe2+ and Fe+3 respectively, [71–74]. As reported by Zhou et al.
[75] for a catalyst based on iron oxide, the peaks at 715.3 eV and
718.1 eV corresponded to satellite peaks of Fe2+ and Fe3+, respec-
tively. The total amounts of iron was 0.4% in the WC(30)-FeNx/C(700)
catalyst and 0.8% in the WC(30)-FeNx/C(800) catalyst, indicating that
the percentage of Fe2+ and Fe3+ species are relatively small, but si-
milar in both materials, see Table 1. Even though, the latter electro-
catalyst exhibited more surface iron than the former, as well as a
smaller amount of nitrogen (2.1%), compared to the material pyrolyzed
at 700 °C (2.6%).

3.2. Electrochemical characterization

3.2.1. ORR activities of the tungsten carbides - WC(x)/C
Data in Fig. 3 present the electrochemical responses of the tungsten

carbides in a supporting electrolyte of aqueous sulfuric acid saturated
with either oxygen or argon. In absence of oxygen (CV) responses (inset
in Fig. 3) indicated an absence of redox features of the WC/C nano-
material in the potential range considered, while addition of O2 clearly
led to the appearance of oxygen reduction currents. The upper limit of
the potential scan was limited to 0.8 V in order to minimize the oxi-
dation of WC [52, 53]. The electrocatalytic activities of the WC(x)/C
nanomaterials towards the oxygen reduction reaction are illustrated in
Fig. 3 through the rotating ring-disk technique at 400 rpm for a
1.0 mgcat cm−2

disk (the inset shows the corresponding results for a
0.1 mgcat cm−2

disk catalyst layer). The results indicated that WC(30)/C
presents higher mass catalytic activities compared to WC(20)/C and to
WC(40)/C, as evidenced by the larger currents in the disks containing
the same catalyst loading. Fig. 3b shows the effect of the WC(30)/C
loading on the release of hydrogen peroxide from the disk electrode. At
a low catalyst loading, the percentage of peroxide reaching the ring
approached 100% (see also Fig. S5), suggesting that the oxygen re-
duction reaction on this layer occurred according to a peroxide
pathway. Nevertheless, at a high catalyst loading, the percentage of
peroxide was drastically reduced, as observed in acidic media for all the
tungsten carbides investigated in this work in acid medium. It is in-
teresting to note that a ten times increase in the catalyst loading, from
0.1 mgcat cm−2

disk to 1mgcat cm−2
disk (seen inset in Fig. 3a) lead to a ten

times increase in current density at about 0.1 V vs RHE, from
~0.15mA cm−2

disk to ~1.5 mA cm−2
disk. At a first glance, this proportion-

ality between catalyst loading and current density could have been
related to the greater active surface resulting from a higher catalyst
loading. However, the results shown in Fig. 3b strongly suggested that
the oxygen reduction on the tungsten carbides followed a peroxide
pathway, as confirmed by the ring current for the thinner catalyst layer
electrode. In the case of a thick electrode (1mgcat cm−2

disk), a significant
fraction of the hydrogen peroxide produced could undergo further de-
composition, implying that the overall number of electrons involved in
the ORR would depended on the thicknesses of the catalyst layer
(Fig. 3b) [13]. This observation evidences that not all the catalytic sites
in the thick actually electrode are really participated in the electro-
catalysis of the ORR.

Data in Fig. 3 and the preceding discussion importantly contribute
to the limited understanding of the ORR mechanism on WC, [76] which
is suggested here to proceed via a two electrons pathway followed by a
decomposition reaction. Furthermore, these results suggest that at po-
tentials of a fuel cell cathode, between about 0.7 V–0.8 vs RHE, oxygen
reduction occurring on WC active sites would produce deleterious
H2O2, e.g. on Pt/WC-C catalysts.

3.2.2. WC(x)-FeNx/C: impacts of loading and pyrolysis temperature
impacts on ORR activity

The data shown in Fig. 4 compare the electrocatalytic activities of
the WC(x)-FeNx/C catalysts towards the oxygen reduction reaction in
aqueous sulfuric acid as supporting electrolyte. The catalysts presented
various nominal percentages of tungsten carbide (WC(20)/C, WC(30)/C
and WC(40)/C) and different pyrolysis temperatures (700 and 800 °C)
were employed to incorporate N/C and FeNx/C active sites [77] in the
WC/C structures. The curves in Fig. 4a show the ring-disk currents of
the three most active ORR catalysts, prepared at different temperatures
of pyrolysis. The hydrogen peroxide oxidation currents on the ring
evidence two oxidation peaks, while for the most active catalyst
(WC(30)-FeNx/C(700), the ORR currents in the disk started to approach
the limiting current at E < 0.4 V, for the reduction of oxygen to water.
The inset in Fig. 4a shows the percentage of hydrogen peroxide pro-
duced from the reduction of oxygen on the most active WC-FeNx/C
catalysts. Similar trends can be seen from comparison of these data with
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rate (v) of 1 mV s−1; w=400 rpm, T= 25.0 ± 0.1 °C.
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those in Fig. 3b for the same catalyst loading (1.0 mgcat cm−2
disk). How-

ever, in the former case, there was an H2O2 oxidation peak at about
0.2 V vs RHE (inset of Fig. 4a), which was not seen for the latter data
(Fig. 3b) nor for other Metal-Nx/C catalysts [13, 31, 41–43, 78]. These
results suggest the co-existence of different active sites on iron-nitrogen
modified tungsten carbide catalysts.

The results for all WC(x)FeNx/C materials pyrolyzed at 700 and
800 °C are shown in Fig. 4b and c. Similar trends can be seen for all the
catalysts, with a greater mass of catalyst on the disk resulting in a
smaller amount of hydrogen peroxide detected in the ring, as also ob-
served in Fig. 3b. However, in contrast to the data for the WC/C cata-
lysts (Fig. 3), the results of Fig. 4 indicated that a ten times increase in
the mass loading of the FeNx/C-containing catalysts led to slightly over
a two times increases on the ORR limiting current densities measured at
ca. 0.1 V vs RHE (Fig. 4b and c, and Fig. S6). This suggested that an
additional reduction process contributed to the overall reduction cur-
rent measured for the thicker electrode layers. This result is in contrast
to that on pure WC catalysts (Section 3.2.1), where no further reduction
reactions were seen, besides the primarily reduction of oxygen to hy-
drogen peroxide. This contrast between WC-FeNx/C and WC/C catalysts
suggests that additional active sites are present in the iron-nitrogen
modified tungsten carbide nanomaterials, which would reduce hy-
drogen peroxide to water and would most probably be of the type FeNx,
given that WC were not apparently active for this reaction (Section
3.2.1) and that N/C moieties would be protonated and inactive in acid
[43, 79].

In a recent work using high mass transport rates (fuel cell mode) and
employing an electrokinetic model, Lopes et al. [13] suggested that the
ORR on Metal-Nx/C catalysts might proceed according to a 2e− re-
duction mechanism producing H2O2, at potentials more positive than
approximately ~0.750 V vs RHE. The peroxide was subsequently

reduced to water at lower potentials. On FeNx/C active sites, as pointed
out by Choi et al. [79] the extent of the second reduction reaction is
influenced by the effectiveness of the mass transport of the H2O2 away
from the electrode, which depends on the thickness of the catalyst layer
(as in Fig. 4) and the electrode potential. The results illustrated in
Fig. 4b/c indicate that for these hybrid catalysts, oxygen was first re-
duced to hydrogen peroxide at high potentials on both WC and FeNx

sites. However, the rate of peroxide reduction then increased when the
electrode potential approached the standard potential for the reduction
of H2O2 to water [13, 79], with the percentage of peroxide formed on
the thick catalyst layers diminishing to ca.< 10% and being associated
with a limiting current for the complete reduction of oxygen to water.
Therefore, the present results suggested that the overall oxygen re-
duction reaction on the WC-FeNx/C catalysts proceeded according to a
2e−+2e− reduction mechanism [13]. This process would first involve
the reduction of oxygen to hydrogen peroxide on both ORR active sites,
namely WC and FeNx. However, the second reduction reaction would
involve either a further reduction of hydrogen peroxide to water on the
FeNx active site (N/C would be protonated and inactive in acid [43,
79]), or its disproportionation to produce water and oxygen that could
again be reduced again to hydrogen peroxide. However, considering the
trends in the percentages of hydrogen peroxide as a function of the
electrode potential (Figs. 4 and S5) suggested that the chemical dis-
proportionation was less important than the direct reduction of H2O2 to
water.

Higher ORR catalytic activities were observed for the materials
prepared using a higher pyrolysis temperature (Fig. 4b and c), notably
for WC(20)-FeNx/C and WC(40)-FeNx/C. Consequently, there was a
reduction in the amount of hydrogen peroxide detected on the RRDE
ring, as clearly observed for the catalyst loading of 0.1 mgcat cm2

disk.
However, this trend was not followed in the case of the WC(30)-FeNx/C
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catalyst, for which pyrolysis at 700 °C resulted in slightly higher ORR
activity, compared to pyrolysis at 800 °C (Fig. 4b and c). Analysis of the
elemental compositions of these materials (Table 1 and Table S1) re-
veled differences in the contents of tungsten, nitrogen and iron con-
tents. The WC(30)-FeNx/C(800) catalyst contained a smaller content of
WC and nitrogen, though a higher concentration of iron in comparison
to the WC(30)-FeNx/C(700) material. A reduction in the WC active site
on the surface of the catalyst would lead to a diminished ORR activity,
which is also the case for a smaller content of nitrogen required for the
formation of FeNx/C sites that are most active in the ORR in an acidic
medium [41]. The results also suggested that the WC(30)-FeNx/C(700)
nanomaterial contained a higher proportion of these active sites [43],
hence explaining its higher ORR activity. The fact that FeNx/C species
are also highly active towards the reduction of peroxide to water, [13]
could help to explain the smaller percentage of peroxide produced on
the WC(30)-Nx/C(700) catalyst, compared to the Fe-free catalyst
WC(30)-Nx/C(800), at a catalyst loading of 0.1 mgcat cm−2

disk (Fig. 4b and
c). This result further suggest that FeNx/C active sites would be the
responsible for the reduction of hydrogen peroxide to water on iron-
nitrogen modified tungsten carbide nanomaterials, while WC would
reduce O2 to H2O2. The pseudo-limiting current density for the ORR on
the WC(30)-Nx/C(700) catalyst with a 1.0 mg cat cm−2

disk loading was
higher than that for the WC(30)-Nx/C(800) electrocatalyst. This was
consistent with the higher activity of this material for the reduction of
peroxide, as corroborated by its higher pyridinic nitrogen content,
which is directly related to FeNx/C active sites.

Comparison of the ORR activities of the selected catalysts in acidic
and alkaline media provided further insights into the oxygen reduction
reaction process on the iron-nitrogen modified tungsten carbide nano-
materials. Fig. 5a and b show stead-state polarization curves for the
reduction of oxygen on the disk, together with the corresponding cur-
rents for the hydrogen peroxide oxidation on the ring, for RRDE ex-
periments conducted in acid (0.5 mol L−1 H2SO4) and alkaline
(0.1 mol L−1 NaOH) media on different catalysts, or the WC(30)/C, the
WC(30)-FeNx/C(700), and an Fe-free material, named as WC(30)-Nx/
C(700). It can be seen that as the pH increased, there was a clear trend
of increasing catalytic activity of the materials, though the limiting
current measured is generally similar, denoting a similar reduction
mechanism in both pHs. It is also noted a single broad peak corre-
sponding to H2O2 formation (insets in Fig. 5a and b), with intensity that
depended on the catalyst. The WC(30)-Nx/C(700) catalyst showed the
greatest shift in ORR activity with pH. The low activity of this elec-
trocatalyst in an acidic medium can be understood by considering that
WC (Fig. 2) and N/C species are not highly active for the ORR at low
pHs, [43] and that the ORR active tungsten carbide is largely oxidized
to inactive WOx species following the incorporation of nitrogen by
pyrolysis (see the XPS data in Table 1). On the other hand, it has been
proposed that N/C active sites are solely for the high ORR activity
observed for Metal-Nx/C catalysts at alkaline pHs, [43] which would
explain the high activity of the WC(30)-Nx/C(700) electrocatalyst
(Fig. 5b). The results shown in Figs. 5 and S7 indicated that the ORR
kinetics in acid and alkaline media improved with the incorporation of
FeNx and N/C species in WC/C. The results presented here for WC, WC-
N/C and WC-FeNx/C materials suggest that a significant portion of this
improvement could be explained by the presence of the FeNx moiety in
an acidic medium and the N/C moiety at alkaline pH (the high ORR
activity in the latter case is further highlighted in Fig. S7). Given the
notable activity of the WC(30)-FeNx/C(700) catalyst (Fig. 5), a com-
parison with a reference platinum on carbon (Pt/C) catalyst was per-
formed (Fig. 5). This analysis showed that the ORR half-wave potential
difference between the hybrid catalyst and Pt/C was ca. 0.060 V in an
alkaline medium and of ca. 0.356 V in an acidic medium. These values
indicate the promising ORR activity of this class of catalysts and to the
high activity of the hybrid material developed here, compared to the
few similar materials described in the literature [15–19].

The measured ring currents and hydrogen peroxide percentages

(Fig. 5a and b) could be used to gain further insights into the ORR
process on these hybrid materials. In an alkaline medium, a three times
reduction in the peroxide formation was observed when FeNx species
were introduced into WC(30)-Nx/C(700) to produce the WC(30)-FeNx/
C(700) electrocatalyst (see inset of Fig. 5b), and a similar trend was also
observed in an acidic medium (Fig. 5a). These data suggest that in an
alkaline medium, the N/C species also efficiently catalyze the reduction
of hydrogen peroxide to hydroxide, indicating that the 2e−+2e−

mechanism is also operates, at least partially, in an alkaline medium.
Therefore, the incorporation of FeNx and N/C moieties on WC/C
structures would seem to be a suitable strategy for reducing the release
of hydrogen peroxide and producing materials active in the ORR in
both acidic and alkaline media.

Fig. 6 shows Tafel curves for the oxygen reduction reaction on the
WC(30)/C and WC(30)-FeNx/C(700) catalysts at two catalyst loadings
in acid and alkaline media. These graphs were constructed by cor-
recting the current densities by mass transport processes [33]. Results
in Fig. 6a highlights the much smaller ORR activity of the WC(30)/C
material, particularly for the electrode with the smaller load. On the
other hand, results in Fig. 6b stress the much higher activity of the
WC(30)-FeNx/C(700) catalyst in the alkaline media. In addition, the
Tafel values of 160–380mV dec−1 (Fig. 6) were distinct to those ob-
served for platinum catalysts (60–120mV dec−1) indicating the oc-
currence of distinct reaction mechanisms and/or differences in terms of
number of electrons, reaction order, and/or rate determining steps for
the catalysts used in acid or alkaline electrolytes [80, 81].

Fig. 5. ORR polarization responses in the disk and corresponding hydrogen peroxide
oxidation in the ring for the WC(30)/C, WC(30)-Nx/C(700), WC(30)-FeNx/C(700) and
20wt% Pt/C catalysts in (a) 0.5mol L−1 H2SO4; (b) 0.1 mol L−1 NaOH; (c) percentage of
H2O2 obtained from the ring currents (see Fig. S6) for WC(30)-FeNx/C(700) catalyst, in
both 0.5 mol L−1 H2SO4 and 0.1mol L−1 NaOH electrolytes. RRDE experiments per-
formed at a scan rate (v) of 1mV s−1; w=400 rpm, T= 25.0 ± 0.1 °C.
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4. Conclusions

Tungsten carbides and transition metal-nitrogen modified tungsten
carbide nanomaterials were synthesized and their electrocatalytic ac-
tivities were evaluated for the oxygen reduction reaction. In-depth
analyses using various physical and electrochemical techniques pro-
vided insights into the oxygen reduction processes on these materials in
both acidic and alkaline media. Suitably ORR active materials were
obtained that showed a difference of only about 0.060 V in the ORR
half-wave potential in an alkaline medium, compared to a standard
platinum catalyst. The results suggested that the oxygen reduction on
the tungsten carbides proceeded according to a peroxide pathway and
that a significant fraction of the hydrogen peroxide produced might
undergo further decomposition along its diffusion through the catalyst
layer of WC/C. The data obtained for the hybrid WC-Fe/C catalysts
suggested that a significant portion of the ORR improvement observed
upon incorporating FeNx and N/C species on WC/C nanomaterials
could have been due to the FeNx moiety in acidic medium and to the N/
C moiety in alkaline pHs, with the reaction mainly following a 2e-
+ 2e- oxygen reduction mechanism. Each reduction step is suggested to
occur on distinct active sites, where in acidic pH, the first process would
occur on both WC and FeNx ORR sites.
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