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and Hirofumi Daiguji b

TiO2 layers codoped with N and P formed on S-doped TiN are recently developed platinum-group metal

(PGM)-free catalysts (N, P-TiO2/S-TiN) for the oxygen reduction reaction (ORR) in acidic media.

Conventional Pt-based catalysts lack durability as the necessary carbon supports are oxidized at high

potentials (>1.0 V) during startup and shutdown. N, P-TiO2/S-TiN catalysts do not require carbon

supports and are expected to tolerate oxidation at high potentials. However, N, P-TiO2/S-TiN loses ORR

activity during startup or shutdown at potentials >1.0 V due to removal of N- and P-atoms. We therefore

report a new pathway to enhance durability and ORR activity of N, P-TiO2/S-TiN. By annealing N, P-

TiO2/S-TiN with NH4F under N2, ORR active anatase/rutile TiO2 hetero-phase junctions are produced in

bulk with remaining TiN supports, and the surface O-atoms in the TiO2 lattice are substituted by S2−. S-

doped TiN-supported N, P, S-tridoped TiO2 exhibits the highest ORR activity among reported oxide/

oxynitride catalysts, although the ORR activity of the N, P, S-TiO2/S-TiN catalyst remains lower than that

of state-of-the-art carbon-based catalysts. The N, P, S-TiO2/S-TiN catalyst exhibits superior durability

among PGM-free catalysts as the anionic dopants are not removed after 5000 potential cycles (1.0–1.5

V), leading to a 0.02 V reduction in half-wave potential.
1. Introduction

The global transport sector currently accounts for one-quarter
of energy consumption overall, and is responsible for approxi-
mately 40% of carbon emissions from end-use sectors.1 In 2021,
road vehicles emitted 5.9 gigatons of CO2, representing three-
quarters of all CO2 emissions from the transport sector.1 By
the end of 2020, the total number of vehicles globally reached
1.5 billion, including 1.1 billion passenger vehicles and 0.4
billion buses or trucks.2 Government regulations to limit
emissions from passenger vehicles are becoming increasingly
stringent, and some countries and regions plan to phase out
passenger vehicles powered by the conventional internal
combustion engine (ICE) between 2025 and 2040.3

Polymer electrolyte fuel cells (PEFCs) have emerged as
a promising alternative to ICEs in light-duty passenger vehicles
for journeys over 300 miles,4 as well as in mid- to heavy-duty
vehicles.5 Although PEFC-powered passenger vehicles have
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been available since 2014, they still constitute a small
percentage of the current market share. At present, carbon-
supported platinum (Pt/C) and platinum-cobalt (PtCo/C) cata-
lysts are the most common means to catalyze the hydrogen
oxidation reaction (HOR) at the anode and the oxygen reduction
reaction (ORR) at the cathode of PEFC catalyst layers, respec-
tively.5,6 Cathode platinum loading is typically four-times higher
than that of the corresponding anode due to the slower kinetics
of ORR compared with HOR.7 The high platinum loading
requirement is assumed to be the greatest cost barrier to the
widespread adoption of fuel cell vehicles (FCVs).8 Therefore,
efforts have been made over the last two decades to reduce the
amount of platinum required in PEFCs by an order of magni-
tude, to ∼20 g per 128 kW class passenger vehicle.4,6 However,
a further reduction to ∼6 g per vehicle is necessary to make
PEFC-powered passenger vehicles affordable and allow them to
become widespread.7

In addition to the high costs, carbon-supported platinum-
based catalysts currently lack stability, with the instability of
platinum/platinum-alloy catalysts and corrosion of carbon
supports being identied as major challenges in improving the
durability of PEFC stacks.8 In an ideal PEFC, the anode and
cathode reactions would be described as follows (eqn (1) and
(2)):

HOR at anodes: H2 / 2H+ + 2e− (1)
J. Mater. Chem. A, 2024, 12, 11277–11285 | 11277
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ORR at cathodes: O2 + 4H+ + 4e− / 2H2O (2)

During the startup or shutdown of PEFCs, the anode is
contaminated with oxygen molecules originating either from
the cathode or the air. Later, the contaminating oxygen mole-
cules are reduced to water as the anode Pt/C catalyzes the ORR
(eqn (2)), giving rise to a counter cathode potential of up to
∼1.5 V via a reverse current decay mechanism.9 Carbon blacks
in a PtCo/C cathode are oxidized via eqn (3) at such high
potentials.

C + 2H2O / CO2 + 4H+ + 4e− (3)

The PtCo nanoparticles on the carbon supports can no
longer be used once the carbon supports are corroded. To avoid
this issue, carbon supports are usually protected by system-level
measures, such as reducing the cathode air ow rate during
shutdown to minimize O2 diffusion to the anode and injecting
a small amount of H2 to the anode during FCV off-time to react
with O2 contaminants.10 However, as these measures further
increase the cost of FCVs, considerable efforts have been made
over the last two decades to develop carbon-free materials as
supports for platinum or platinum alloys.11–14

The high loading of expensive and scarce platinum catalysts
and the low durability of carbon supports are the major moti-
vations to seek cathode catalysts that do not use platinum-
group metals (PGMs) or carbon supports. Researchers in the
PGM-free catalyst community have developed so-called M/N/C
catalysts, which are graphitic carbons with abundant defects
doped with N and one or two metals (M); typically Fe,15–20 Co,21

or Mn.22 The highest activity reported to date has been seen with
Fe/N/C catalysts, although durability remains an issue, as
explored in the literature. The formation of carbon dioxides by
the oxidation of carbon species has been experimentally veri-
ed, even at potentials below 1.0 V,16,18,21 and is regarded as one
of the pivotal causes of the degradation of M/N/C catalysts. To
minimize carbon oxidation, a recent standardized protocol for
evaluating the activity of M/N/C catalysts has limited the upper
potential to 0.925 V, which is lower than that for automotive
carbon-supported platinum-cobalt catalysts (0.95 or 1.0 V).20

The equilibrium potential in eqn (3) with respect to a standard
hydrogen electrode is 0.207 V, and the reaction rate in eqn (3) is
accelerated at high potentials. Thus, even when M/N/C catalysts
are used, the system-level measures for protecting the carbon
blacks of PtCo/C catalysts, as mentioned above, are also
necessary.

Oxide/oxynitride-type catalysts containing group IV or V
metals have been less well studied in the eld of PGM-free
catalysts owing to their low conductivity when compared with
M/N/C catalysts; a property which also acts as a barrier for
activity evaluation.23 Zirconium oxynitride (ZrOxNy) nano-
particles have shown the best activity in this type of catalyst
aer being supported on conductive multiwall carbon nano-
tubes (MWCNTs). However, as MWCNTs were found not to be
sufficiently conductive, carbon blacks were added to ZrOxNy-
MWCNT catalysts to enhance the conductivity in the catalyst
11278 | J. Mater. Chem. A, 2024, 12, 11277–11285
layer.24 Nevertheless, the resulting durability was still insuffi-
cient, even below 1.0 V.24

We have thus shied our attention toward nitrogen-doped
titanium dioxide (TiO2) layer catalysts formed on conductive
titanium nitride (TiN) particles without employing any carbon
supports.25–29 Various control experiments conrmed that both
the activity and conductivity of the catalyst originated from TiN,
not from the carbon residues of the urea precursor.25,26 Recently,
P- and N- atoms were codoped into the surface TiO2 layer on
TiN.27,28 This led to enhanced activity and durability due to the
augmented surface phosphorous doping level, and the catalyst
exhibited no degradation aer repeated load cycling tests at
potentials of 0.6 and 1.0 V.28 Since the catalyst was free from
carbon supports, there was no corrosion of carbon support as
shown in eqn (3); however, aer startup/shutdown tests in
which the potential was cycled between 1.0 and 1.5 V, the
activity deteriorated signicantly due to removal of surface P-
and N-atoms.27,28 In particular, a large number of N-atoms
substituting for O-atoms in the TiO2 lattice were removed
aer 5000 cycles.28 Thus, high-cost measures to maintain the
potential below 1.0 V are still necessary for the utilization of P-
and N-codoped TiO2 catalysts (hereaer denoted as N, P-TiO2/S-
TiN as bulk TiN contains sulfur species from the precursor,
which is described later), despite the absence of carbon
supports.

Here, we report a new strategy for the dramatic enhancement
of both ORR activity and startup/shutdown durability above
1.0 V by introducing (1) hetero-phase junctions from two
different TiO2 phases (anatase and rutile in bulk) and (2) a new
dopant (S-atoms which substituted for O-atoms in the surface
TiO2). This approach resulted in higher ORR activity and
durability than reported for other oxide/oxynitride catalysts. In
particular, durability during startup/shutdown cycles ranks the
highest among the PGM-free catalysts, which opens the door to
signicantly reducing the production and operating costs of
FCVs.
2. Experimental methods
2.1. Catalyst synthesis

The N, P-TiO2/S-TiN catalysts were synthesized using a recently
reported solution phase combustion route,28 and the details of
catalyst synthesis and characterization methods are described
in S1; ESI.† Briey, powders of titanium oxysulfate, urea, and
hypophosphorous acid solution were mixed in 1.0 mol dm−3

hydrochloric acid solution at room temperature. The mass ratio
of urea to titanium oxysulfate-derived TiO2 was set at 100. The
atomic ratio of phosphorous to titanium was set at 0.2, which is
the optimized value for the activity.28 The dispersion was then
heated with continuous mixing, followed by drying. The dried
powders were pyrolyzed at 1173 K for 2 h under N2 gas. Then the
obtained catalysts and ammonium uoride (NH4F) powders
were ground in an agate mortar and annealed under N2 gas at
various temperatures and for different durations to yield TiO2

catalysts doped with N-, P- and S-atoms; hereaer denoted as N,
P, S-TiO2/S-TiN.
This journal is © The Royal Society of Chemistry 2024
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2.2. Characterization

The bulk and outermost surface structures of catalysts were
investigated by analyzing X-ray diffraction (XRD) patterns and
ultraviolet (UV)-Raman spectra, respectively. The chemical
states of the catalysts were determined by X-ray photoelectron
spectroscopy (XPS). The peak shis due to surface charge were
corrected using the binding energy of C 1s (284.8 eV), origi-
nating from the hydrocarbon contaminants in the spectrometer
or air. The morphology of the N, P, S-TiO2/S-TiN catalysts was
investigated by transmission electron microscopy (TEM)
images. Elemental compositions were evaluated using energy
dispersive X-ray spectroscopy (EDS).
2.3. ORR activity, selectivity, and durability measurements

Rotating disk electrode (RDE) and rotating ring disk electrode
(RRDE) voltammograms were obtained to evaluate the ORR
activity and selectivity, respectively, of the catalysts. The mass
fraction of Naon in the catalyst layer was set at 0.05 and the
catalyst loading was set at 0.86mg cm−2 unless otherwise noted.
A conventional three-electrode cell was used for the room-
temperature electrochemical measurements performed in
0.1 mol dm−3 H2SO4. Aer sequentially bubbling O2 and N2 for
1800 s, RDE and RRDE voltammograms were recorded by
applying a disk potential (E) of 0.05–1.2 V versus the reversible
hydrogen electrode (RHE) at a scan rate of 5 mV s−1 and
a rotation speed of 1500 rpm. The ring potential was main-
tained at 1.2 V to obtain RRDE voltammograms used to calcu-
late the hydrogen peroxide yield, XH2O2

. The ORR was measured
by j = jO − jN, the difference between the current per unit
geometrical area, S, of the disk electrode obtained in N2 (jN = IN
S−1) and in O2 (jO = IO S−1).
3. Results and discussion
3.1. Catalyst synthesis and crystal structure, morphology

Fig. 1(a) schematically depicts the synthesis of the N, P, S-TiO2/
S-TiN catalysts (see also S1; ESI†) and the roles of dopants and
supports. First, N, P-TiO2 layer catalysts were formed on S-TiN
by the pyrolysis of precursor powders prepared from titanium
oxysulfate, urea, and hypophosphorous acid using the previ-
ously reported solution phase combustion route.28 The N, P-
TiO2/S-TiN catalysts were then mixed with NH4F and annealed
under N2 gas. The surface N, P-TiO2/S-TiN was etched during
NH4F-annealing due to the decomposed HF from NH4F. Sulfur
species inside the bulk TiN appeared on the surface as substi-
tutional dopants for TiO2. Furthermore, the bulk TiN was
oxidized to display hetero-phase junctions with two TiO2 poly-
morphs: anatase and rutile.

The effect of the NH4F-annealing on the bulk crystal struc-
tures of the catalysts was evaluated using XRD patterns, as
shown in Fig. 1(b). Similar to previous studies on N, P-TiO2/S-
TiN (Fig. S1, ESI†),27,28 a single TiN phase is observed before
NH4F-annealing. Both anatase and rutile TiO2 phases appear
aer the NH4F-annealing at 1223 K under N2 gas. The process is
as follows: NH4F decomposes at∼398 K to produce NH3 and HF
gases.30 Subsequently, part of the TiN reacts with HF to form
This journal is © The Royal Society of Chemistry 2024
TiF3 at elevated temperatures in the range 473–573 K.31 TiF3 is
not a stable chemical, and the results shown in Fig. 1(b) indicate
that it reacts with trace O2 molecules contaminating the N2 gas
during annealing to form anatase/rutile TiO2. Indeed, the single
TiN phase persists even when the gas owing during annealing
was changed to 10% v/v H2/Ar (Fig. S3, ESI†). Thus, the N2

atmosphere is necessary to produce a mixture of anatase/rutile
TiO2 and TiN phases during the annealing with NH4F. The
crystal structure of N, P, S-TiO2/S-TiN on the top surface is
different from the bulk, as shown in Fig. 1(c). As the ORR is
a surface reaction, it was evaluated using ultraviolet (UV)-
Raman spectroscopy, which is highly sensitive to surfaces.32

Five clear peaks are observed at ∼145, 198, 401, 521, and
636 cm−1, which are assigned to the Eg, Eg, B1g, B1g, and Eg
vibrationmodes of anatase TiO2, respectively.32,33 A weak peak at
∼441 cm−1 is an Eg vibration mode of rutile TiO2.33 The absence
of peaks from TiN indicates that the surface of TiN was oxidized
to form TiO2 layers. The morphology of these different phases
in N, P, S-TiO2/S-TiN was characterized using TEM. Clear lattice
fringes with interplanar distances of 0.35 and 0.25 nm are
observed at the inner cores in Fig. 1(d) and S4 (ESI),† which
correspond well to the (1 0 1) plane of anatase and rutile TiO2,
respectively. These two phases are directly connected to each
other via a hetero-phase junction, as indicated by the circle. In
addition, the outer surfaces indicated by the dashed lines are
disordered to show no clear fringes. Such disordered surfaces
are known to promote ORR activity of N, P-TiO2/S-TiN28 and N-
TiO2/S-TiN.34 Other plane combinations of anatase (1 0 1)-rutile
(1 1 0) and anatase (1 0 1)-TiN (2 0 0) are displayed in Fig. S4
(ESI),† and these different phases are also directly connected to
each other via the hetero-phase junction. These results indicate
that the bulk of the N, P, S-TiO2/S-TiN is composed of anatase/
rutile TiO2 and TiN and contains hetero-phase junctions
between anatase and rutile or anatase and TiN. On the other
hand, the outermost surface consists mostly of TiO2.
3.2. Chemical states

The oxidized outermost surface is also veried by XPS, as shown
in Fig. 1(e). The Ti 2p level splits into Ti 2p3/2 and 2p1/2 sublevels
to display doublets at three different binding energies. In the Ti
2p3/2 region, the highest peak at∼459 eV is assigned to Ti-atoms
in the TiO2 lattice while weak shoulders at ∼457 and ∼455 eV
are assigned to those in N-doped TiO2 and TiN, respectively.35,36

Thus, the surface is mostly TiO2 phases, which is consistent
with the results of UV-Raman analyses. Four different chemical
states are observed from the doped N-atoms. The highest peak
at ∼401 eV is assigned to interstitial N-atoms in TiO2, while two
peaks at ∼399 and ∼397 eV are substitutional N-atoms in
TiO2.37–39 The peak at a low binding energy of ∼396 eV is
assigned to N-atoms in TiN.35,36 Therefore, most of the N-atoms
on the surface are embedded in the TiO2 lattice. In the P 2p
region, a peak is observed at ∼134 eV, which is assigned to
cationic pentavalent phosphorous atoms (P5+) which
substituted for Ti-atoms in TiO2.40 No peaks are observed at
∼129 eV, indicating the absence of anionic phosphorous atoms
(P3−). These chemical states were also observed in our previous
J. Mater. Chem. A, 2024, 12, 11277–11285 | 11279
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Fig. 1 (a) Schematic diagram for the synthesis of N, P, S-TiO2/S-TiN and the roles of dopants and S-TiN supports, (b) X-ray diffraction (XRD)
patterns of (top) N, P, S-TiO2/S-TiN after NH4F-annealing at 1223 K and (bottom) N, P-TiO2/S-TiN before NH4F-annealing, (c) Ultraviolet (UV)-
Raman spectrum, (d) transmission electron microscopy (TEM) image, and (e) X-ray photoelectron (XP) spectra of N, P, S-TiO2/S-TiN.
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works on N, P-TiO2/S-TiN without the NH4F-annealing used in
this study (Fig. S2, ESI†),27,28 although an unexpected difference
is observed in the S 2p spectrum. The clear doublets at ∼164
and ∼166 eV are the S 2p3/2 and 2p1/2 peaks, respectively, of
divalent anionic sulfur atoms (S2−) substituted for O-atoms in
the TiO2 lattice, while the smaller peaks at ∼168 and ∼170 eV
with higher binding energy are the S 2p3/2 and 2p1/2 peaks,
respectively, which are tetravalent cationic sulfur atoms (S4+)
substituted for Ti-atoms in TiO2.41,42 The binding energy of
anionic sulfur species doped into TiN is lower than that
observed in Fig. 1(e), ∼163 eV,43 ruling out the presence of such
species on the surface of N, P, S-TiO2/S-TiN. Unlike N-doped
TiO2, no clear peak shis in the Ti 2p regions have been re-
ported for TiO2 doped with S2− and S4+.41 In XPS, no peak was
detected from the S 2p region in the previous N, P-TiO2/S-TiN
catalysts without NH4F-annealing (Fig. S2, ESI†)27,28 or in the
11280 | J. Mater. Chem. A, 2024, 12, 11277–11285
current N, P-TiO2/S-TiN before NH4F-annealing (Fig. S5, ESI†).
However, sulfur species were detected on EDS in the N, P-TiO2/
S-TiN before NH4F-annealing, with an atomic ratio of sulfur to
titanium of 0.075 ± 0.007. These results indicate that sulfur
species from titanium oxysulfate precursors are absent on the
top surface before NH4F-annealing but present in the lower
layers, since XPS is much more surface sensitive than EDS. As
mentioned above, NH4F should decompose to form NH3 and
HF gases during annealing30 and the latter product, HF, is
a well-known etchant. During annealing, the sulfur-free surface
of N, P-TiO2/S-TiN was etched with HF to expose S-atoms from
inside N, P-TiO2/S-TiN to the surface. Indeed, the TiN content
inside N, P-TiO2/S-TiN was decreased with increasing mass ratio
of NH4F to N, P-TiO2/S-TiN (Fig. S6, ESI†). The TiN is necessary
to give the catalyst conductivity and to improve the ORR activity
(Fig. S6, ESI†); however, aer NH4F-annealing, the surface is
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Rotating disk electrode (RDE) voltammograms and (b)
hydrogen peroxide yield versus potential (XH2O2

– E) curves of N, P, S-
TiO2/S-TiN catalyst after NH4F-annealing at 1223 K and N, P-TiO2/S-
TiN catalyst. The N, P-TiO2/S-TiN catalyst's curves were reproduced
with permission.28 Copyright 2020, American Chemical Society. The
scans were performed in N2 andO2 atmospheres at a rotation speed of
1500 revolutions per minute (rpm) and a cathodic scan rate of −5 mV
s−1 in 0.1 mol dm−3 H2SO4 solution.
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an N, P, S-tridoped TiO2 phase. NH3, another product of NH4F-
decomposition, further decomposes to N2 and H2 at high
temperatures, which would be expected to produce a reducing
atmosphere, and most of the surface S-atoms are in the reduced
state, S2−, rather than the oxidated state, S4+. The EDS analyses
on N, P, S-TiO2/S-TiN revealed that an atomic ratio of uorine to
titanium is at 0.000 ± 0.000. These results and F 1s spectrum
shown in Fig. 1(e) indicate that there are no uorine species in
the bulk or surface of N, P, S-TiO2/S-TiN. Another possible role
of the subsurface TiN is to “support” facilitating ORR process.
Seitokaldani et al. reported that TiN (2 0 0) facet showed a high
activity for both (i) converting OH intermediate to water mole-
cules and (ii) removing the produced water molecules during
ORR by using a density functional theory (DFT) calculation.44

These two steps are necessary for the ORR aer the rst disso-
ciative adsorption of O2 molecules which proceeded on the
surface N, P, S-TiO2. Particularly, the step (ii) could proceed
faster on TiN (2 0 0) facet than the N, P, S-TiO2 as TiO2 is
hydrophilic in general. Therefore, TiN could support ORR by
both giving the catalyst conductivity and helping the process,
particularly by removing the produced water molecules.

3.3. ORR activity and selectivity

The NH4F-annealing conditions such as temperature, duration,
N2-gas ow rate, andmass ratio of NH4F to N, P-TiO2/S-TiN were
systematically optimized to maximize the ORR activity (Fig. S6
and S7, ESI†). The RDE voltammograms of the optimized N, P,
S-TiO2/S-TiN and previously reported N, P-TiO2/S-TiN28 are
shown in Fig. 2(a). The j from N, P, S-TiO2/S-TiN outperforms N,
P-TiO2/S-TiN at any E. The half-wave potential (i.e., E where half
of the maximum j is obtained) has been used to measure the
ORR activity of catalysts, and hereaer is denoted as E1/2. The
E1/2 of N, P, S-TiO2/S-TiN reached 0.72 V, which is 0.08 V higher
than that of N, P-TiO2/S-TiN, and higher than that of any other
carbon-support-free, or even carbon-supported, oxide/
oxynitride catalysts reported to date, including ZrOxNy-
MWCNT24 (Table S1, ESI†). If ORR proceeds via a two-electron
reaction, hydrogen peroxide is produced (eqn (4)).

O2 + 2H+ + 2e− / H2O2 (4)

The produced H2O2 molecules decompose membranes and
a peruorosulfonate ionomer in catalyst layers to deteriorate
the performance of PEFCs.45 The H2O2 yield measured by RRDE
voltammograms, XH2O2

, is plotted as a function of E in Fig. 2(b).
Less than half of XH2O2

is obtained from N, P, S-TiO2/S-TiN when
compared with N, P-TiO2/S-TiN at E $ 0.6 V, which is an oper-
ating potential range for FCVs.46 Therefore, N, P, S-TiO2/S-TiN
displays higher ORR activity and selectivity toward the four-
electron reaction than those of previously reported N, P-TiO2/
S-TiN. The N, P, S-TiO2/S-TiN was synthesized by annealing N, P-
TiO2/S-TiN and NH4F under N2 gas. The NH4F-annealing
produced etchant HF to (1) convert a single TiN phase of N, P-
TiO2 to a mixture of anatase/rutile TiO2 and TiN phases of N, P,
S-TiO2/S-TiN and (2) expose S-atoms from the inside of N, P-
TiO2/S-TiN to the surface of N, P, S-TiO2/S-TiN, where they
This journal is © The Royal Society of Chemistry 2024
mostly substituted for O-atoms in the TiO2 lattice. In previous
reports of carbon-support-free N, P-TiO2/S-TiN or N-TiO2/S-TiN
synthesized via the solution phase combustion route used in
this study,27,28 all XRD patterns displayed a single TiN phase,
while the surface was rutile TiO2 phase according to Raman
analyses with a visible laser (Fig. S1, ESI†). When the owing gas
was N2 during the NH4F-annealing, anatase/rutile TiO2 phases
appeared in N, P, S-TiO2/S-TiN due to oxygen contaminants in
N2 owing in the tube furnace. However, when the ow gas was
changed to 10% v/v H2/Ar instead of N2 with an identical gas
ow rate, the oxygen contaminants were reduced by H2, leaving
a single TiN phase (Fig. S3, ESI†). As a result, much lower
activity was observed when the ow gas was 10% v/v H2/Ar gas
than when N2 was used (Fig. S3, ESI†). These results indicate
that a new active site could be formed in the anatase/rutile TiO2

phases of N, P, S-TiO2/S-TiN, which is in contrast to previously
reported N, P-TiO2/S-TiN and N-TiO2/S-TiN catalysts. Anatase/
rutile hetero-phase junctions have recently been used to
enhance the electrocatalytic activity of TiO2 for the oxygen
evolution reaction (OER)47 and the selective nitrate reduction to
J. Mater. Chem. A, 2024, 12, 11277–11285 | 11281
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ammonia.48 Since the conduction band minimum of rutile is
higher than that of anatase, electrons are transferred from rutile
to anatase and rutile becomes positively charged.47,48 The posi-
tively charged site acts as a Lewis acid, attracting and dissoci-
ating the O-atoms of the O2molecule,49 which is the rst step for
the ORR. Furthermore, the d-band center of Ti in rutile relative
to the Fermi level is upshied by the electron transfer to
anatase. In general, the upshi/downshi of d-band center of
transition metals strengthens/weakens the interaction between
the metal and intermediates formed during the catalytic
reactions.50–54 When the interaction between reaction interme-
diates and the catalyst is too strong, the desorption of the
intermediates or the next reaction step becomes the rate
determining step to delay the overall reaction. On the other
hand, too weak interaction also delays the reaction. An
optimum adsorption strength of intermediates for various
catalytic reactions on several PGM and PGM-free catalysts has
been suggested; hydrogen evolution reaction (HER) on P-doped
TiO2 supported Ru cluster catalyst,50 ORR on various binary/
ternary oxide supported Pt catalysts,51 ORR on activated N-
doped porous carbon supported Pt skin shell covered on
Pt3Co bimetallic core catalyst,52 ORR and OER on Co3O4 shell
covered on Co core catalyst53 and ORR on Zn–N–C catalyst.54

Four-electron (eqn (2)) and two-electron ORR (eqn (4)) in acidic
media have been assumed to proceed via several elementary
steps described by eqn (2a)–(2e) and (4a)–(4c), respectively on
conventional catalysts55,56 and oxynitride catalysts.57

Four electron ORR

O2 þ */O*
2 (2a)

O*
2 þHþ þ e�/HO*

2 (2b)

HO*
2 þHþ þ e�/H2OþO* (2c)

O* + H+ + e− / HO* (2d)

HO* + H+ + e− / H2O + * (2e)

Two electron ORR

O2 þ */O*
2 (4a)

O*
2 þHþ þ e�/HO*

2 (4b)

HO*
2 þHþ þ e�/H2O2 þ * (4c)

where * is the active site. Aer the adsorption of O2 molecules
on the positively charged rutile surface of N, P, S-TiO2/S-TiN,
a peroxy intermediate HO2 is produced in both four electron
and two electron ORR processes (eqn (2b) and (4b)). When the
interaction between HO2 and * is too weak or too strong, it
inhibits the breaking of O–O bonding in the HO2 to delay ORR
process to favor two electron reactions. Cheng group recently
reported that positively charged Zn atoms in their Zn–N–C
catalyst facilitate the adsorption of O2 and reaction intermedi-
ates by the upshi of the d-band center of Zn to promote elec-
tron transfer and enhance the intrinsic ORR activity in alkaline
11282 | J. Mater. Chem. A, 2024, 12, 11277–11285
media.54 Although the ORR pathway is different between the
alkaline media and acidic counterparts used in this study, the
HO2 intermediate is also produced during ORR in alkaline
media. Therefore, the mechanism similar to the positively
charged Zn atoms in Zn–N–C catalysts reported by Cheng group
is expected for positively charged rutile TiO2. As the rutile at
hetero-phase junctions interacts with HO2 strongly owing to the
upshi of d-band center of Ti as electrons are transferred from
the rutile to anatase, it could facilitate adsorption of HO2 to
enhance ORR activity and selectivity towards four electron
reaction (eqn (2b) and (2c)). In contrast, anatase directly con-
nected to rutile via the hetero-phase junction is expected to
interact with HO2 weaker than the rutile as the d-band center of
Ti in anatase downshied owing to the transferred electrons
from rutile. If the interaction between rutile and HO2 is too
strong, ORR can proceed on anatase in the vicinity of rutile due
to the weaker adsorption strength of anatase than rutile.
Therefore, one possible mechanism for the enhancement of
ORR activity on N, P, S-TiO2/S-TiN could be hetero-phase junc-
tion formation. Another new product by NH4F-annealing,
substitutional S2− doping into surface TiO2, could enhance
the electrical conductivity of surface TiO2, which has been used
in S2−-doped TiO2 for sodium ion battery anodes41 and N3−, S2−

codoped TiO2 for high-rate lithium ion battery anodes.42

Indeed, N, P-TiO2/TiN synthesized from sulfur-free titanium
source shows higher Tafel slope and lower ORR activity than N,
P, S-TiO2/S-TiN even aer the NH4F-annealing under the
conditions identical to those of N, P, S-TiO2/S-TiN (Fig. S8,
ESI†). Another role of sulfur is to inhibit the complete phase
transition of anatase to rutile at the high annealing temperature
to leave anatase/rutile hetero-phase junctions, which are active
toward ORR. Sulfur-doping is known to increase the anatase
content in TiO2 synthesized via both a low temperature hydro-
thermal route58 and a high temperature annealing route.59

Similar to these previous reports, anatase content in N, P, S-
TiO2/S-TiN is higher than rutile counterpart even aer the high
temperature NH4F-annealing at 1223 K as shown in Fig. 1(b).
Therefore, substitutional S2− doping indirectly tuned the
strength of ORR intermediates with TiO2 as mentioned above by
forming the anatase/rutile hetero-phase junctions to keep the
anatase phase aer the NH4F-annealing. Precise control of the
adsorption strength of ORR intermediates by for example,
controlling the amount of oxygen vacancy53 is our next research
topic. The grain size of TiO2 is also reported to be decreased by
sulfur-doping to increase the surface area.58

Based on the results obtained in this study and previous
studies on N, P-TiO2/S-TiN,27,28 the roles of three dopants, N, P
and S are proposed as follows. Substitutional N3− and P5+

dopants have promoted ORR selectivity and activity, respec-
tively of N, P-TiO2/S-TiN.28 Aer NH4F annealing used in this
study, the surface TiO2 is doped with S2− anions. The S2−

substituted for O-atoms in TiO2 to increase both the surface
conductivity and anatase content, which is the origin of the
signicantly enhanced ORR activity and selectivity towards four
electron reaction via forming the anatase/rutile hetero-phase
junctions. S-doped TiN “supports” both the bulk conduc-
tivity60 and facilitating ORR via removing water from the active
This journal is © The Royal Society of Chemistry 2024
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sites continuously44 even aer the durability tests, which are
shown in the next subsection.
3.4. Durability against fuel cell startup and shutdown
protocol

As N, P, S-TiO2/S-TiN catalysts are free from carbon supports,
they are expected to be tolerant to the high potentials faced by
FCVs during startup and shutdown. The durability of N, P, S-
TiO2/S-TiN, which showed the highest activity level, was inves-
tigated using the common protocol for FCVs proposed by the
Fuel Cell Commercialization Conference in Japan (FCCJ) in
2011.46 The E was cycled between 1.0 and 1.5 V at 0.5 V s−1 to
simulate the startup/shutdown of FCVs.46 The RDE voltammo-
grams before and aer 5000 cycles are shown in Fig. 3. To
compare the startup/shutdown durability of N, P, S-TiO2/S-TiN
catalyst with other limited number of non-PGM catalysts re-
ported to date, the cycle number was selected at 5000 as most
works performed below 5000 of startup/shutdown cycles (Table
S2, ESI†). Excellent durability within the stringent protocol is
observed from N, P, S-TiO2/S-TiN, showing only a 0.02 V
decrease in E1/2 aer 5000 cycles, which is one-quarter of that
shown by N, P-TiO2/S-TiN under identical conditions (0.08 V).28

As mentioned in the introduction, carbon oxidation leads to
a severe loss of activity in both PtCo/C and PGM-free catalysts.
Most studies into PGM-free catalysts investigated durability
with a protocol based on <1.0 V (typically between 0.6 and 1.0 V).
A limited number of publications have investigated durability to
potentials >1.0 V, with a comparison of changes in E1/2 during
potential cycling provided in Table S2 (ESI†). State-of-the-art Fe/
N/C catalysts display signicant E1/2 losses, and oen show no
limiting current plateaus. The durability of N, P, S-TiO2/S-TiN to
the startup/shutdown protocol ranks the highest among PGM-
free catalysts. While the initial activity of N, P, S-TiO2/S-TiN
Fig. 3 RDE voltammograms of N, P, S-TiO2/S-TiN after NH4F-
annealing at 1133 K before (solid curve) and after (dashed curve) 5000
potential cycles between 1.0 and 1.5 V vs. reversible hydrogen elec-
trode (RHE) at 0.5 V s−1 in 0.1 mol dm−3 H2SO4 solution. Before and
after 5000 cycles, the scans were performed in N2 and O2 atmo-
spheres at a rotation speed of 1500 rpm and a cathodic scan rate of
−5 mV s−1 for evaluating the activity. For reference, RDE voltammo-
grams of N, P-TiO2/S-TiN before (dash dotted curve) and after (dash
double dotted curve) 5000 cycles are also shown with permission.28

Copyright 2020, American Chemical Society.

This journal is © The Royal Society of Chemistry 2024
(E1/2 of 0.72 V) is still lower than that of state-of-the-art M/N/C
catalysts,19,21,22 its durability against startup/shutdown cycles
remains the highest. A similar durability was also observed for
two other N, P, S-TiO2/S-TiN catalysts synthesized under
different conditions (Fig. S9, ESI†). The extent of titanium ions
dissolved from all three N, P, S-TiO2/S-TiN catalysts in the
electrolyte solution aer 5000 cycles, as shown in Fig. 3 and S9
(ESI),† was below the detection limit of the inductively coupled
plasma (ICP) spectrometer, indicating excellent stability of N, P,
S-TiO2/S-TiN in bulk. The bulk stability suggests the excellent
durability of S-TiN supports. Although the surface conductivity
of N, P, S-TiO2/S-TiN is signicantly enhanced by S2−-doping
into TiO2 as discussed in the previous subsection, S-TiN
supports should be the origin of bulk conductivity as a well-
known metallic nitride, TiN displays 17 orders of magnitude
higher electrical conductivity than that of the semiconductor
TiO2.60 The stable activity shown in Fig. 3 and S9† and the ICP
analyses on the electrolyte solution aer the tests indicate that
S-TiN did not dissolve to keep the conductivity during the 5000
startup/shutdown cycles.

The surface stability was next examined by XPS, as shown in
Fig. 4. The Ti 2p, N 1s and S2− peaks in the S 2p spectra
remained unchanged aer 5000 cycles, indicating that these
surface chemical states are highly stable. Due to the use of
Naon in the catalyst layer, the stability of S4+ cannot be eval-
uated for the N, P, S-TiO2/S-TiN catalyst aer 5000 cycles
because the contribution of the sulfonate group of Naon
and N, P, S-TiO2/S-TiN cannot be separated. The P 2p spectrum
changed to indicate loss of P5+ aer 5000 cycles. These results
suggest that at least the Ti-atoms and anionic dopants which
substituted for O-atoms in the TiO2 lattice are stable. In
previous studies on N, P-TiO2/S-TiN, the Ti 2p, N 1s and P 2p
spectra all changed signicantly during 5000 cycles from 1.0 to
1.5 V, with the loss of N- and P-atoms from the surface of the
TiO2 lattice.27,28 Chen et al. reported that oxidative annealing of
the N-doped TiO2 in air stabilized N-atoms in the TiO2 lattice.61

Although air-annealing reduced the amount of nitrogen in
TiO2, the surviving N-atoms were stable and were not removed
during the photocatalytic oxidation of ethylene under highly
oxidizing conditions. As a result, the Ti 2p and N 1s spectra of
the N-doped TiO2 did not change signicantly during the
photocatalytic oxidation of ethylene, and no signicant change
in photocatalytic performance was observed.61 In the work of
Chen et al.,61 the oxidant that removes the N-atoms from the
Fig. 4 XP spectra of N, P, S-TiO2/S-TiN catalyst before (solid curves)
and after (dashed curves) 5000 potential cycles between 1.0 and 1.5 V
vs. RHE at 0.5 V s−1 in 0.1 mol dm−3 H2SO4 solution. The N, P, S-TiO2/
S-TiN catalyst after 5000 cycles contains Nafion ionomer used in the
catalyst layer.
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TiO2 lattice without the air-annealing was photogenerated
holes (2N3− + 6h+ / N2) produced by visible light irradiation
from a 500 W Xe-arc ramp.62 This differs from the oxidant used
in this work; i.e., high potential sites in acidic media. However,
one reason for the stabilization of N-atoms in the TiO2 lattice
of N, P, S-TiO2/S-TiN is that NH4F-annealing oxidatively forms
the TiO2 phases from TiN, during which N-atoms are
embedded in the TiO2 lattice. The results from Chen et al.61 and
this study suggest that to avoid oxidation of the doped TiO2-
based materials during the oxidative catalytic conditions, an
oxidative annealing of the material before use will be an
effective pathway. Indeed, these phases are sufficiently stable
that the XRD patterns remain unchanged aer ORR (Fig. S10,
ESI†). This is similar to the phase stability of oxynitride pho-
tocatalysts during photocatalytic reactions.62 Furthermore, the
morphology of N, P, S-TiO2/S-TiN did not change signicantly
during the 5000 cycles (Fig. S11, ESI†) which indicates the
structural stability.

4. Conclusions

N, P-TiO2 layer catalysts formed on S-doped TiN were annealed
with NH4F under N2 gas to dramatically improve their ORR
activity and durability against startup/shutdown cycles for FCVs.
NH4F-annealing oxidized the N, P-TiO2/S-TiN, resulting in the
formation of S-doped TiN-supported N, P, S-tridoped TiO2 cata-
lysts. The anatase and rutile TiO2 appeared in the bulk, with the
remaining TiN during NH4F-annealing forming hetero-phase
junctions that produced positively charged ORR active sites.
The NH4F-annealing exposed sulfur species from inside the core
to the surface, forming anionic S2−-substituted TiO2 with
enhanced ORR activity. The E1/2 aer NH4F annealing improved
by 0.08 V, reaching 0.72 V, which is higher than that of any other
oxide/oxynitride catalyst reported to date. Although the improved
E1/2 is still lower than that of state-of-the-art M/N/C catalysts,
the N, P, S-TiO2/S-TiN exhibited excellent durability against
startup/shutdown cycles. Aer 5000 cycles at high potential
between 1.0 and 1.5 V, the decrease in E1/2 was only 0.02 V, which
is among the highest durability of any PGM-free catalysts. The
anionic dopants and Ti-atoms on the surface are stable, are not
removed even aer 5000 cycles, and remain active. Simple NH4F-
annealing with the formation of hetero-phase junctions as well as
S2− substitution of O-atoms in TiO2 lattice has been shown to be
a new route to improve both ORR activity and startup/shutdown
durability and reduce the cost of FCVs. In the proposed mecha-
nism for the enhanced activity and durability, ORR starts from
the O2 adsorption on positively charged rutile TiO2 followed by
smooth adsorption/desorption of reaction intermediates at the
hetero-phase junction formed by the S2−-substitution. Validation
of the proposed mechanism, precise control of S2− doping level
and stabilization of P5+-dopants could further enhance the ORR
activity, and these are our next research topics.
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