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Three CoS2-, NiS2- and (Co,Ni)S2-based thin films were prepared by magnetron sputtering and studied
as catalysts for the oxygen reduction reaction (ORR). Electrochemical assessments indicate that all three
films have significant ORR catalytic activities, with that of (Co,Ni)S2-type showing the best performance
with regard to both open circuit potential (OCP) and current density. The ternary film has an OCP value of
0.89 V vs. the reversible hydrogen electrode, and shows a closer approach to values for Pt than have been
obtained to date for other transition metal chalcogenides. The thin films assessed by electrochemistry
have been characterized by a range of techniques including high-resolution X-ray diffraction, micro-
Raman spectroscopy, atomic force microscopy, X-ray photoelectron spectroscopy and scanning Auger
microscopy. The CoS2-based film has a wrinkled surface, which appears relatively unchanged after an
electrochemical durability test, while the NiS2-like film preferentially loses Ni and the (Co,Ni)S2-like
film (based on nanoparticles with approximate composition Co0.6Ni0.4S2) undergoes a phase separation
(spinodal decomposition). All these films show an excess of S in the as-prepared form and after
electrochemistry; evidence is presented for the possible presence of some polysulfides.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The proton exchange membrane (PEM) fuel cell provides a
promising alternative for future non-polluting vehicle propulsion
and energy conversion devices due to its low greenhouse gas emis-
sions, high efficiency and high energy density [1–3]. However, the
commercialization of PEM fuel cells for automobile use depends
on many factors, including cheaper catalysts for which Pt or Pt-
based alloys are presently used [1]. There are other challenges
with Pt, such as slow kinetics for the oxygen reduction reaction
(ORR) and increasing dissolution as the catalyst particles become
smaller [4,5]. Such challenges provide a motivation for investigat-
ing cheaper materials that display appreciable catalytic activity for
ORR in acidic media (set by the conventionally-used membrane
electrolytes), as well as having a sufficiently high open circuit po-
tential (OCP) for meeting PEM fuel cell requirements (e.g., greater
than 0.8 V vs. reversible hydrogen electrode (RHE)). One direction
for developing non-precious metal catalysts is provided by the use
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of transition metal chalcogenides, and there has been interest in
Chevrel phase compounds formed by Ru, Mo and Se [6], although
the involvement of Ru would not necessarily reduce the cost com-
pared with Pt. The present work has its genesis in observations
by Baresel et al. [7] that transition metal sulfides with spinel and
pyrite structures can be active for ORR, although that was before
the opportunities for PEM fuel cells were fully realized.

This paper focuses on reporting characterizations of model ORR
catalysts formed especially by CoS2- and (Co,Ni)S2-based materials.
The study involves thin films prepared by magnetron sputtering in
order to have defined surface areas so that activities can reason-
ably be related to measured current densities, and to enable direct
comparison with a Pt standard [8]. Electrochemical examinations
for ORR catalytic activity and durability of the thin films were as-
sessed by the rotating disk electrode (RDE) dynamic polarization
and the chronopotentiometric approaches [9]. A key new observa-
tion is that the (Co,Ni)S2 material can demonstrate an OCP and
current density with a better approach to values for Pt, than have
been obtained previously for a transition metal chalcogenide. That
suggested the need to also characterize a comparable NiS2-based
thin film, which established that the OCP for (Co,Ni)S2 is syner-
gistically enhanced compared with performances of the individual
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components alone. Comparative surface and bulk characterizations
of these materials are reported using scanning Auger microscopy
(SAM), X-ray photoelectron spectroscopy (XPS), atomic force mi-
croscopy (AFM), scanning electron microscopy (SEM), micro-Raman
spectroscopy, high-resolution X-ray diffraction (XRD) and energy
dispersive X-ray (EDX) spectroscopy.

2. Experimental

The thin films were deposited on to glassy-carbon substrates
(Tokai Carbon), which had been machined and polished, as de-
scribed previously, to give a working surface area of 1.23 cm2 [8].
Thin films were deposited using a magnetron sputter coater system
(Model V3T, Corona Vacuum Coaters Inc.) with a radio frequency
(13.6 MHz) power supply that varied between 35 and 40 W dur-
ing the sputtering processes [8,10]. Sputter targets for deposition
of the CoS2- and NiS2-based thin films were prepared using com-
mercial CoS2 (99.5% Alfa Aesar) and NiS2 (99.5% Alfa Aesar) respec-
tively, while that for the (Co,Ni)S2-based film used a well-ground
mixture of equal weights of the two commercial samples; each
target was prepared by cold-pressing with approximately 20% by
weight of S powder (99.98% Sigma Aldrich). The Pt thin film was
prepared using direct current (dc) sputtering from a target pre-
pared from Pt foil (99.95% Goodfellow).

Prior to each deposition, the coater system was turbomolecular
pumped to its base pressure of 3.5 × 10−5 Torr. The plasma dis-
charge was operated at 3.5 × 10−3 Torr with a continuous throt-
tled flow of Ar (99.9% purity). To aid the film deposition, a bias
of −180 V was applied to the substrate for the first minute of
each deposition, and this was reduced to −75 V for the rest of
the deposition process. Deposition times were adjusted to give film
thicknesses of about 150 nm.

The electrochemical dynamical polarization measurements were
performed using a jacketed three-compartment electrochemical
cell, RDE rotator (Pine Instruments) and potentiostat (Autolab)
as described previously [8]. The electrolytes were O2-free and
O2-saturated 0.1 M HClO4 (Fisher A.C.S.), and for the RDE ex-
periments the rotation speed was varied from 400 to 2500 rpm.
Prior to each experiment, electrolyte cleanliness was assessed by
comparing the cyclic voltammogram (CV) measured with a stan-
dard Pt RDE (diameter 3 mm, Metrohm) against reference CVs
[11,12]. The potential of the reversible hydrogen electrode (RHE)
was checked by measuring the onset potential of H2 evolution
in the CV of the Pt RDE, and by measuring the potential differ-
ence against a commercial Hg|HgSO4 reference electrode (AMEL).
The CoS2-, NiS2- and (Co,Ni)S2-based electrodes, as well as that
for the Pt thin film, were mounted on an interchangeable RDE
holder; this was specially designed to accommodate the top-hat-
shaped glassy-carbon substrate on which the films were deposited,
and to enable sample transfer between the electrochemical and
surface analysis systems immediately after each experiment. The
chronopotentiometric measurements gave an assessment of rela-
tive stability by monitoring change in potential with time for a
fixed current (unique for each system), chosen such that the ini-
tial potential was 0.6 V. Note: this potential, and all subsequently
quoted in this paper, are relative to the reversible hydrogen elec-
trode (RHE).

Characterizations by SAM and XPS were respectively made with
the Thermo Electron Microlab 350 and Leybold MAX200 systems
described previously [8]. Surface topographies were imaged by
AFM (Molecular Imaging) in the contact mode employing a Si3N4
cantilever. High-resolution X-ray diffraction (HRXRD) data were
collected with a Philips X’Pert (PW 3040) diffractometer (CuKα1
source, resolution 0.01◦) over the range 2–45◦ θ–θ with a scan-
ning rate of 0.01◦ s−1; before each measurement the diffractometer
was calibrated using the standard Si wafer provided by the equip-
Fig. 1. Comparison of cathodic voltammograms for three thin films in 0.1 M HClO4

solutions. The solutions are O2-free for: (a) CoS2 and (Co,Ni)S2 (cannot distinguish
at the scale shown) and (b) NiS2; and O2-saturated for: (c) NiS2, (d) CoS2 and
(e) (Co,Ni)S2. In each case the rotation rate is 2000 rpm and scan rate 5 mV s−1.

ment manufacturer. Micro-Raman spectra were acquired with an
inVia Raman Microscope (Renishaw) with HeNe laser (632.8 nm)
and 50× objective (N.A. 0.75), following details described previ-
ously [13]. EDX spectra were measured with a Thermo Noran liquid
N2-cooled detector attached to the Microlab 350 facility (incident
electron beam 15 keV).

3. Results and discussion

3.1. Electrochemical characterizations

The catalytic nature of CoS2-, NiS2- and (Co,Ni)S2-based thin
films for ORR was examined by slow scan voltammetry with rota-
tion. Fig. 1 compares measurements of cathodic current-potential
(I–V ) curves obtained in O2-free and O2-saturated 0.1 M HClO4
solutions. For all these thin films, larger cathodic currents are
demonstrated in the O2-saturated solution compared with the O2-
free solution, indicating an activity towards ORR. The OCP values in
O2-free solution are 0.74 V, 0.60 V and 0.75 V for CoS2-, NiS2- and
(Co,Ni)S2-based films, respectively, while the corresponding val-
ues in O2-saturated solution are all larger and equal to 0.82 V,
0.80 V and 0.89 V, respectively. At any given potential for the O2-
saturated solution, the cathodic current density decreases in the
order (Co,Ni)S2 > CoS2 > NiS2.

Fig. 2 compares Tafel plots obtained using RDE for these three
thin films in O2-saturated 0.1 M HClO4 solution, after making
mass-transfer corrections, and direct comparisons are shown with
that for the Pt thin film. In each case, the I–V curve was first
scanned from 50 mV positive to OCP then swept cathodically to
0 V vs. RHE. From the Tafel plots in Fig. 2 for the sulfide-based
films it can be seen that the OCP, and the ORR current at 0.8 V vs.
RHE, are largest for the sample of (Co,Ni)S2-type. Even so the ac-
tivity for the latter is still 1.5–2 orders of magnitude lower than
a sputtered Pt thin film, although it is around an order of magni-
tude better than for other transition metal chalcogenide catalysts
investigated to date. All four curves appear to approach a common
diffusion-limited current density at potentials more negative than
0.1 V.

Among the three sulfide-based thin-film catalysts investigated,
the (Co,Ni)S2 sample clearly has both the highest OCP, and the
largest increase in current in O2-saturated 0.1 M HClO4 compared
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Fig. 2. Comparison of Tafel plots of dynamic polarization measurements in
O2-saturated 0.1 M HClO4 for sputtered thin films formed by NiS2, CoS2, (Co,Ni)S2

and Pt. In each case the rotation rate is 2000 rpm and scan rate 5 mV s−1.

Fig. 3. Chronopotentiometric potential vs. time plots at constant current (see text) to
show durability of CoS2, NiS2 and (Co,Ni)S2 thin films in O2-saturated 0.1 M HClO4

solution. In each case the rotation rate is 2000 rpm and scan rate 5 mV s−1.

with when each film is separately measured in the O2-free elec-
trolyte. The addition of NiS2 to CoS2 appears to have a synergistic
effect in relation to ORR compared with the individual compound
components. This highlights the need to characterize these mate-
rials more closely with regard to both bulk and surface properties,
and work along these lines is described below. Furthermore, sta-
bility in acidic environments is another important aspect of elec-
trochemical characterization.

Fig. 3 reports chronopotentiometry results for the three sulfide-
containing thin films. For each film the current at 0.6 V, taken
from the polarization measurement, was applied to the electrode
in O2-saturated electrolyte for 12 h, while potential was moni-
tored. For all three films, after an initial drop in the first 20 min,
no significant decrease was observed, indicating that all three films
remained active over the 12 h period. The magnitude of the initial
drop is greatest for the (Co,Ni)S2-based film, which possibly relates
to the phase separation phenomenon reported in Section 3.3.2 be-
low.
(a)

(b)

Fig. 4. (a) High-resolution X-ray diffractograms measured for the CoS2, NiS2 and
(Co,Ni)S2 thin films after the electrochemical measurements, where peaks associ-
ated with the glassy carbon are marked GC; and (b) a higher-magnification section
for the (Co,Ni)S2 film, where the vertical lines identify positions of peaks for the
CoS2 and NiS2 films as in (a).

3.2. Bulk characterization of thin films after electrochemical
characterization

3.2.1. XRD measurements
High-resolution X-ray diffractograms measured for the CoS2-,

NiS2- and (Co,Ni)S2-based thin films after electrochemical mea-
surements are shown in Fig. 4a. Some broader peaks seen are asso-
ciated with glassy carbon (marked GC), but the characteristic peaks
located at θ = 18.13◦ in the CoS2 pattern and at θ = 17.60◦ in the
NiS2 pattern are in good agreement with the (210) peaks for bulk
CoS2 [14] and bulk NiS2 [15] respectively (the (210) orientation is
often preferred for such films prepared by sputtering). By applying
the Scherrer equation [16] to the characteristic peaks of the CoS2
and NiS2 thin films, the average particle sizes were estimated to be
about 25 and 34 nm, respectively. An additional structure, compris-
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ing of a shoulder near θ = 11.0◦ , is detected in the diffractograms
measured for all three thin-film samples, and this could indicate
the presence of elemental S and/or anionic polysulfide species [17].

The XRD pattern obtained from the (Co,Ni)S2 thin-film sample
shows two small peaks at θ = 17.41◦ and 17.96◦ , and hence dif-
ferences from the characteristic peaks for the CoS2 and NiS2 thin
films (identified by the dashed vertical lines shown in both parts
of Fig. 4). An examination using an XRD simulation package (Pow-
dercell, Powder Cell for Windows, Version 2.4, Federal Institute for
Materials Research and Testing, Germany) excluded the two small
peaks observed for the (Co,Ni)S2 thin film as arising from elemen-
tal components (formed by Co, Ni or S) or from binary compounds
formed by Co and S, or by Ni and S. On the other hand, these
small peaks (Fig. 4b) are within the fingerprint region identified for
recognizing a (Co,Ni)S2 solid solution [18,19]. These low-intensity
peaks indicate that the (Co,Ni)S2-like film has low crystallinity
compared with the CoS2- and NiS2-based thin films, although the
Scherrer equation applied to these peaks suggests that the con-
tributing particles have an average dimension around 40 nm. Such
nanocrystallites are likely interspersed within an amorphous ma-
trix as observed for a related material formed by magnetron sput-
tering from Co and Se [10].

The peak at θ = 17.96◦ is positioned between the (210) peaks
of CoS2 and NiS2 (both have the pyrite structure), which could be
consistent with the (210) peak from a (Co,Ni)S2 solid solution (this
possibility may be supported by the Co–Ni–S phase diagram [20],
although no heating was done during the fabrication process to
equilibrate the system). That hypothesis was pursued according to
the following discussion. Assuming that the experimental peak at
θ = 17.96◦ originates with reflections from the (210) planes of a
pyrite structure, the lattice constant is established to be 5.5860 Å,
a value that can be compared with the two parent lattice constants
(5.5350 Å for CoS2 [14] and 5.6700 Å for NiS2 [15]). If the fam-
ily with formula CoxNi1−xS2 maintains a linear relation between x
and lattice constant (i.e. the ideal Vegard’s law [21]), then x is es-
timated to be about 0.6 for our sample, and consistently Bouchard
et al. reported the value of the lattice constant for Co0.6Ni0.4S2
to equal 5.5861 ± 0.0005 Å [18]. This supports the presence of a
(Co,Ni)S2 solid solution in the thin film, although background data
remain lacking for identifying the origin of the small experimental
peak at θ = 17.41◦ .

3.2.2. Raman characterization
For Raman measurements, the commercial CoS2 and NiS2 sam-

ples used for making the sputtering targets (Section 2) were used
as standards. The Raman spectrum from the commercial CoS2
powder showed characteristic peaks at 287 and 389 cm−1 as well
as structure around 410 cm−1 (Fig. 5). This is in close agreement
with a literature report for CoS2 single crystal [22], with the addi-
tional possibility that the peak at 287 cm−1 may also be associated
with polysulfides [23]. In contrast, the Raman spectrum obtained
from the magnetron-sputtered thin film formed from CoS2 shows
a pronounced peak at 391 cm−1, a broad shoulder at around
410 cm−1 and a peak at 287 cm−1, with a general similarity to the
spectrum obtained from the CoS2 standard. However, there is peak
broadening for the thin film, which appears to relate to disorder
effects [24], since the film was not annealed. According to liter-
ature reports, Raman spectra from polysulfides typically exhibit a
characteristic peak in the range 460–470 cm−1, though other much
weaker peaks at about 425, 260–275 and 280–290 cm−1 have also
been reported [23]. The CoS2-based film does show Raman fea-
tures at 460–470 cm−1, as well as at 287 cm−1, both of which
can be attributed to polysulfides (although the latter feature is also
characteristic of the CoS2 standard). The Raman spectrum of com-
mercial NiS2 (Fig. 5) shows distinctive peaks at 282 and 477 cm−1,
and a shoulder at 488 cm−1. This spectrum is in good agreement
Fig. 5. Raman spectra measured with HeNe laser for the CoS2, NiS2 and (Co,Ni)S2

thin films and compared with those measured for standard CoS2 and NiS2 samples.

with measurements made for NiS2 single crystals [22,25]. The Ra-
man spectrum of the NiS2-based thin film has an asymmetric peak
at 475 cm−1 with a shoulder out to 484 cm−1 and a small broad
peak at 275–288 cm−1, suggesting that the thin film contains the
primary Raman scattering features observed in the NiS2 standard.
However, the asymmetric shoulder below 475 cm−1 is new and
overlaps the region where polysulfides are expected.

The Raman spectrum from the (Co,Ni)S2-based thin film is dif-
ferent from a simple combination of Raman spectra obtained from
the CoS2 and NiS2 types of film. The main Raman peak of (Co,Ni)S2
is centered at 409 cm−1, and between those of the CoS2-based
(391 cm−1) and NiS2-based (477 cm−1) thin films. There is no
evidence in the spectrum for the (Co,Ni)S2 film of significant con-
tributions by peaks at either 391 cm−1 or 477 cm−1, although
some contribution at the former position could be obscured by
the broadening seen in that spectrum. Overall the peak broad-
ening and shift in the main Raman peak for the (Co,Ni)S2-based
film are consistent with that film being amorphous and involving
solid solution formation [21,24], and the latter conclusion is fully
consistent with the spectrum measured for a Co0.9Ni0.1S2 single
crystal [22]. The broad shoulder of the peak at 409 cm−1 overlaps
the region (460–470 cm−1) where Raman transitions for polysul-
fides are characteristically expected.

In principle elemental S could also be present at the sur-
faces of these thin films. Raman spectra of different allotropes of
solid elemental S typically have intense peaks within the region
400–500 cm−1 and multiple intense peaks below 300 cm−1 [23].
Among the more established Raman spectra of solid allotropes are
S8 with major Raman peaks at 151, 221 and 474 cm−1, as well
as S6 with strong Raman peaks at 202, 262, 448 and 471 cm−1

[23,26]. However, Fig. 5 shows no evidence for these, so suggesting
that, according to the Raman analysis, elemental S is not present
significantly on any of the thin films studied here, though the pres-
ence of polysulfides cannot be ruled out.
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Fig. 6. Co 2p, Ni 2p and S 2p spectra measured from the CoS2, NiS2 and (Co,Ni)S2 thin films. See text for details of curve fitting for the S 2p spectra.
3.3. Thin film surface characterization

3.3.1. XPS analysis after ORR activity measurement
The sputtered CoS2-, NiS2- and (Co,Ni)S2-based thin films were

characterized by XPS after ORR activity assessment. XPS showed
their surface regions to be S-rich (with sulfur-to-metal (S/M)
atomic ratios equal to 6.0, 3.5 and 3.8, respectively). The measured
Co 2p, Ni 2p and S 2p spectra for these thin films are reported
in Fig. 6. For the CoS2-based film, the Co 2p photoemission peak
shows a single Co 2p3/2 chemical state at 779.2 eV, whereas the
breadth of the S 2p peak reveals the presence of more than one
chemical state, although the dominant structure corresponds to
a S 2p3/2 component with a binding energy of 162.9 eV. These
values can be compared with the binding energies of 778.1 and
162.6 eV for Co 2p3/2 and S 2p3/2 respectively reported for a CoS2
single crystal [27]. Some conclusions for surfaces of the CoS2-based
thin film are: (i) contributions from elemental S are small or non-
existent (the expected S 2p3/2 binding energy is around 164.0 eV
[28]); (ii) the majority of S atoms exist in a S2−

2 -like chemical state;
and (iii) the Co atoms experience an increased electronegative en-
vironment compared to those atoms within the CoS2 single crystal
(suggested by the shift of 1.1 eV to higher binding energy for Co
2p3/2 in the film).

The binding energies for the XPS peaks from the NiS2-based
film (Ni 2p3/2 853.7 eV, S 2p 162.6 eV) are close to the values
reported for single-crystal NiS2 (Ni 2p3/2 853.6 eV, S 2p 162.7 eV)
[25,27], supporting the conclusion that this film is similar to NiS2
with the pyrite structure. For the (Co,Ni)S2-based thin film, Fig. 6
shows that the Co 2p3/2 and Ni 2p3/2 peak positions line up quite
well with those of the CoS2- and NiS2-based films, although its S
2p structure is centered at 162.9 eV, as for the CoS2-based film.

In summary, these measurements suggest a single chemical
state for Co and for Ni [28,29], but some variation is observed for
the S state. Curve fitting for the latter case is difficult in the ab-
sence of appropriate standards, but our previous experience with
FeS2 (both thin film and mineral samples) may be useful [30]. That
work for S 2p showed one could use 2p3/2 components at the
following binding energies: 161.8 eV for S2−

2 ions (surface) with
less than the full Fe coordination [31], 162.6 eV for S2−

2 ions in
the bulk [32–35], and 163.6 eV for short-chain polysulfides (S2−

n ,
2 < n < 8) [36], supplemented by a broad component at 165.6 eV
associated with energy loss processes [31,36]. The components for
fitting the S 2p spectra in Fig. 6 used the same binding energies,
except the value for bulk S2−

2 was allowed to vary from that of FeS2
(162.6 eV) (the optimized values turned out to be 162.6 eV for the
NiS2-based film and 162.8 eV for both those related to CoS2 and
Table 1
Percentages for different components indicated by curve fitting of S 2p spectra for
the CoS2-, NiS2- and (Co,Ni)S2-based thin films after electrochemistry

S2− (surf) S2− (bulk) poly-S

CoS2 21 66 13
NiS2 13 78 9
(Co,Ni)S2 17 70 13

(Co,Ni)S2). The relative proportions of the three components rep-
resenting different chemical states for the sulfide-based thin films
are summarized in Table 1 (the comparable values for the FeS2-
like thin film after electrochemistry were reported to be 85% bulk
S2−

2 , 8% surface S2−
2 and 7% polysulfides [30]). Sulfate with a bind-

ing energy ∼168 eV or more [28] is not detected at the surfaces of
these thin films.

3.3.2. Characterization after the durability test
Fig. 7 shows scanning electron micrographs for the three thin

films before and after the durability test, which was applied after
the original ORR electrochemical assessment and its associated sur-
face characterization. Fig. 7a shows that CoS2 has a wrinkled sur-
face. This structure remains unchanged after ORR measurements as
well as after the durability test (Fig. 7b), which indicates consid-
erable film stability in the acidic environment. Such morphologies
have been reported previously for magnetron sputtered W and Ti
oxysulfide thin films [37,38]; this form is believed to be associ-
ated with stress relaxation in film formation, particularly where
one component has an enhanced mobility [39]. The wrinkled mor-
phology in the present work appears associated with the high S
content at the surface. Fig. 8 shows a more-detailed image taken
by atomic force microscopy (AFM) for the CoS2 sample, including
a profile scan. The heights of the wrinkles are around 80–100 nm,
while their widths are consistently about 150 nm; the root-mean-
square roughness is estimated at 30 nm. Fig. 9a compares Auger
spectra measured across a selected film area after the ORR anal-
ysis and following the durability test. Both spectra indicate the
presence of Co and S, as well as a KLL signal associated with ad-
ventitious C from handling and a trace signal from O. There is no
significant change in surface composition after the durability test,
supporting the conclusion for the stability of the CoS2-like film in
the acidic solution. In addition to the area analysis, multiple Auger
point measurements confirmed that the surface compositions are
essentially constant in the valleys, tops and sides of the wrinkles,
and that they do not change upon electrochemical testing.

The morphology of the as-prepared NiS2 film (Fig. 7c) is smooth
and similar to the surface of the underlying glassy–carbon sub-
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Fig. 7. Scanning electron micrographs measured from three thin films: (a) CoS2, (c) NiS2 and (e) (Co,Ni)S2 all before the electrochemical durability test; and (b) CoS2, (d) NiS2

and (f) (Co,Ni)S2 all after the durability test.
Fig. 8. AFM topographical image of the wrinkled surface of the CoS2 thin film with
profile for the line scan taken along the horizontal line shown in the image.

strate. Although Auger spectra taken from the film after ORR and
following the durability test are similar (Fig. 9b), the SEM mi-
crograph after the durability test (Fig. 7d) shows more polishing
scratches from the underlying substrate. That suggests some thin-
ning of the film upon dissolution, although the stripping appears
to be uniform.

The surface of the as-prepared (Co,Ni)S2 film (Fig. 7e) is rela-
tively flat with much finer wrinkled features than the CoS2 film.
The morphology of this film remains unchanged after the ORR
analysis, but, following the durability test (chronopotentiometric
measurement), spherical (ball-like) features form on its surface
(Fig. 7f). Surface compositions measured from these micro-regions
using SAM have been compared to those before the durability test
(Fig. 9c). The (Co,Ni)S2 thin film after ORR analysis shows a uni-
form surface composed of Co, Ni and S, with no O, but there is
also adventitious C from handling. However, after the durability
test, the off-sphere region contains Co, S, traces of O, and a larger
C signal. The non-detection of Ni indicates that this element has
been depleted from this region, whereas Auger spectra from the
ball region indicate the presence of Co, Ni and O, with only a trace
of S and C. The difference in intensity of the C signal from the
two adjacent sites (i.e. on and off the sphere) indicates that the
film between the spheres became sufficiently thin for the under-
lying glassy carbon to be detected by Auger electron spectroscopy.
By contrast, only a trace of C is detected from the sphere, due to
its diameter being larger than the Auger probe depth. The Co and
Ni Auger signals from the ball region have shifted to lower kinetic
energies compared with the initial state, consistently with the for-
mation of metal oxide. This surface oxidation has occurred in the
absence of appreciable S, so suggesting that in the as-prepared
state, where oxidation is not apparent, S acts to passivate the sur-
face.

EDX point measurements taken from the off-ball regions do not
detect Ni, so providing an independent confirmation that element
has been removed from those areas during the electrochemical
durability test. Measurements by EDX from the ball region (Fig. 10)
confirm the presence of Co, Ni and S within the bulk, although the
Auger analysis emphasizes that the surface is modified. In sum-
mary, both compositional and morphological changes observed for
the (Co,Ni)S2-like thin film indicate that the electrochemical dura-
bility test causes a separation into two phases. Such a process is
commonly referred to as spinodal decomposition [40].
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(a) (b)

(c)

Fig. 9. Auger electron spectra measured before and after electrochemical durability test (DT) for: (a) CoS2, (b) NiS2 and (c) (Co,Ni)S2 thin films. In (c), spectra measured after
the durability test are compared from on and off the spheres shown in Fig. 7f.
Fig. 10. EDX spectrum measured from a sphere on the surface of the (Co,Ni)S2 thin
film after the durability test.

3.4. Overview

The comparison of the OCP and ORR current densities measured
for the CoS2- and NiS2-based thin films, with those of the corre-
sponding pure crystalline disulfide materials reported in the liter-
ature [7], indicate higher ORR catalytic activity for the thin films.
However, the latter are different insofar as they are composed of
metal disulfide nanoparticles and the S-rich surfaces include a vari-
ety of chemical states. Such differences appear intrinsically related
to the magnetron sputtering method used for fabricating the films.
This is consistent with differences already observed between min-
eral samples of FeS2 and those prepared by magnetron sputtering.
The latter showed higher OCP and higher current density, as well
as an independent indication that polysulfides are present from the
sample preparation [30].

The ternary catalyst (Co,Ni)S2 in the form of a thin film shows
an improvement in ORR catalytic activity compared with the films
of CoS2- and NiS2-types, with the improvement amounting to
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70 mV in the OCP and by a factor of 10 for current density at 0.8 V
(e.g. Fig. 2). The evidence from XRD and Raman spectroscopy sug-
gests that the synergistic effect from adding NiS2 to CoS2 results
in solid solution formation, for which new physical and chemi-
cal properties may be expected [41]. Other factors that have been
proposed for such effects include nanoparticle size and the intro-
duction of a different crystal structure [42]. Nanoparticle size may
be a factor with the (Co,Ni)S2-like thin film, since we may not be
able to distinguish very small particles from amorphous regions,
but XRD from the nanocrystallites is consistent with maintaining
the pyrite structure.

Another factor concerns electronic structure. While geometri-
cally both bulk CoS2 and NiS2 have the pyrite structure, their
electronic characteristics are different insofar as the first has been
described as a half-metal ferromagnet [43], while the second is a
Mott insulator [44]. Further differences may be expected with al-
loying, but their effects on ORR remain unknown, although more
understanding would likely follow from new theoretical studies
(e.g. for the interaction of O2 with mixed disulfides).

As well as the effect on electronic structure for the alloying
of NiS2 with CoS2, another interesting question concerns the role
of S enrichment at the surfaces. It can be concluded from the
electrochemical tests made here that these thin films with S-rich
surfaces are sufficiently conductive (unlike elemental S) to facil-
itate electron transfer for ORR, but the mechanisms involved re-
main unknown, including the nature of the active sites, the role
of polysulfides, and whether the electron transfer primarily occurs
through bonds or through-space tunneling [45–47].

4. Concluding remarks

Since the early 1840s, when Grove and Schoenbein first pre-
sented the acid fuel cell [48], platinum has been the catalyst of
choice. Developing commercially viable fuel cells, however, has
been hampered by the scarcity, and hence the price, of this pre-
cious noble metal. We investigated materials formed from disul-
fides of cobalt and nickel as lower-cost alternatives to Pt for oxy-
gen reduction. It has been demonstrated that the ORR activity
decreases as (Co,Ni)S2 > CoS2 > NiS2 for sputtered thin films
on glassy carbon substrates. Characterization of these films with
XRD indicates that they are nanocrystalline with a pyrite structure,
and that the mixed-metal film involves a solid solution, proba-
bly with some amorphous material. Raman spectroscopy supports
these conclusions and suggests the presence of some polysulfide,
apparently as a result of the sputtering process. XPS and Auger
electron spectroscopy show that each metal is in a single chemical
state, and that there is no detectable elemental sulfur even though
the surfaces are S-rich. These surfaces do not appear to bind oxy-
gen tightly, but they maintain sufficient electronic conductivity to
remain active without the passivation that can occur with an insu-
lating oxide on a metal. While the film formed from CoS2 is stable
for several hours under O2 reduction conditions, the mixed-metal
film degraded, apparently as a consequence of the spinodal de-
composition observed. Nevertheless the activity observed for ORR
suggests that chalcogenide materials may yet provide a fertile field
for investigation in this context.
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