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The corrosion of the support in proton-exchange membrane fuel cells (PEMFCs) is a major obstacle to their
development. In this study, we combined the excellent corrosion resistance and strong metal-support
interaction (SMSI) provided by titanium nitride (TiN) with the excellent conductivity of carbon to
construct a TIN@QC composite support composed of a TiN core and a porous carbon nanolayer shell.
The composite TIN@QC support exhibited a higher corrosion resistance than the carbon support during
testing at 1.2 V (vs. RHE) for 400 h. Based on X-ray photoelectron spectroscopy and density functional
theory calculations, the improved corrosion resistance originated from the excellent corrosion resistance
of titanium nitride itself and SMSI between Pt and N in TiN. Overall, the high corrosion resistance of the
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Proton-exchange membrane fuel cells (PEMFCs) convert
chemical energy into electrical energy directly through an
electrochemical reaction." However, the degradation of the
catalyst caused by the corrosion of the cathode catalyst support
limits the commercial development of fuel cell vehicles
(FCVs).>® Carbon materials are commonly used as supports in
commercial applications because of their good conductivity.*
However, the poor corrosion resistance of carbon materials
leads to catalyst degradation.” Thus, upon FCV start-up and
shut-down, the carbon support suffers an instantaneous
potential jump to 1.2 V (vs. RHE) under low pH, high temper-
ature, and high humidity, leading to the severe corrosion or
dissolution of the carbon support and the rapid deterioration of
the catalyst.®

Due to its excellent corrosion resistance and strong metal-
support interaction (SMSI), titanium nitride (TiN) has attracted
research attention as a catalyst support for PEMFC cathodes.”
TiN is considered to be the most promising carbon-free support
material.* Many studies have been reported on TiN supports.®
Based on first-principles calculations, Lim found that compared
to graphite or graphene supports, the TiN crystal surface has
a higher adsorption energy with Pt, resulting in greater electron
overlap.'® Liao et al. reported that Pt nanoparticles (NPs) and
transition metal nitride (TMN) exhibit SMSI; thus, Pt adheres
strongly to Pt NP and TMN supports, which facilitates stability.’
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TiN@C support can significantly improve PEMFC durability.

Lee et al. prepared single-atom Pt on the surface of TiN NPs (Pt/
TiN) as an oxygen reduction reaction (ORR) catalyst and ob-
tained good durability."* Pan et al. prepared hollow porous TiN
nanotubes as an ORR catalyst support and found that the
dendrite nanocrystals on the surfaces of the TiN nanotubes
could re-capture and re-nucleate the Pt species that dissolved in
the electrolyte. Accelerated degradation test results indicated
that this support significantly enhanced the corrosion resis-
tance of the catalyst, which is of great significance for main-
taining the electrochemical activity."> Although the conductivity
of TiN is good, it does not meet the high conductivity require-
ments for a catalyst support.*'* Therefore, the development of
a TIN@C support that combines the excellent corrosion resis-
tance and SMSI of TiN with the superior conductivity of carbon
is of great significance for improving ORR catalyst durability.
In this study, we investigated TiN@C as a highly durable
catalyst support for PEMFCs. The core-shell TIN@C support,
which consists of TiN coated with a porous carbon layer, was
synthesized using a simple one-step method from commercial
TiO, NPs and guanidine hydrochloride (GuHCl) as precursors.
We verified the high conductivity of TIN@C using the four-
probe method. Rotating disk electrode tests showed that
compared with Pt/C whose support is Vulcan XC-72, Pt loaded
on TiN@C showed less corrosion at 1.2 V (vs. RHE). Based on X-
ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) calculations, the excellent durability arises from
the strong interaction between Pt and N in TiN.
TiN@C-supported Pt NPs were synthesized using a simple
one-step method, as shown in Fig. 1. TiO, is a common
precursor for the carbothermal synthesis of TiN, and GuHCl is
a common and cheap source of N and C. The N and C released
from GuHCI at high temperature formed a porous carbon layer
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Fig. 1 Schematic diagram showing the synthesis of the Pt/TiN@C
catalyst.

on the surface of the TiN NPs, which were nitrogenized from
TiO,, to form the porous carbon-coated TiN@C support. Pt
obtained by ethylene glycol (EG) reducing H,PtClg was
uniformly loaded on the surface of TIN@C, and the Pt/TiN@C
catalyst was finally synthesized via a microwave-EG method.
The Pt load of the catalyst was determined by inductively
coupled plasma-optical emission spectrometry to be 9.05 wt%.

Fig. S11 shows the X-ray diffraction patterns of the TIN@C
support and Pt/TiN@C catalyst. The diffraction peaks at 26
values of 36.82°, 42.77°, 62.08°, 74.41°, and 78.43° correspond
the (111), (200), (220), (311), and (222) crystal planes of face-
centered cubic (fcc) TiN, respectively (PDF#87-0628)."> The
diffraction peaks at 26 = 39.76°, 46.24°, 67.45°, and 81.29°
correspond to the (111), (200), (220), and (311) planes of crys-
talline Pt, respectively (PDF#04-0802), demonstrating the pres-
ence of Pt in Pt/TiN, Pt/TIN@C, and Pt/C.'® The relatively weak
peak around 24° indicates the presence of a small amount of
carbon in the TIN@C samples."”

Fig. 2 presents a typical transmission electron microscopy
(TEM) image of the synthesized TiN@C support and Pt/TiN@C
catalyst. The particles of TIN@C in the TEM image are ellip-
soidal with an average size of 29.05 £+ 6.28 nm in Fig. 2a. Based
on the high-resolution TEM image shown in Fig. 2b, the crystal
plane spacing of the core component was 0.211 nm, corre-
sponding to the (200) plane of TiN (PDF#87-0628). This indi-
cates that TiO, transformed into TiN at high temperature. The
surface layer of the TiN NP was coated with a thin and ununi-
form carbon layer as shown in the energy-dispersive X-ray
spectroscopy (EDS) diagram line scan in which the position of
C peak and Ti peak were different, Fig. 2c. The thickness of the
coating layer reached approximately 1 nm, and the number of
coating layers reached 3-4 with a crystal plane spacing of
0.365 nm. Overall, the particles have core-shell microstructures
with TiN as the core and the carbon layer as the shell. The
excellent conductivity of the support material is critical for
transferring electrons for ORR at the three-phase reaction site.
The carbon layer is conducive to the improvement of electrical
conductivity; the resistances of Vulcan XC-72, TiN, and TiN@C
were measured using a four-probe instrument to be 1.68 x 10",
4.79 x 10*, and 1.25 x 10" S m ™", respectively (Fig. S21). The
presence of the surface carbon layer obviously increased the
overall electrical conductivity by three orders of magnitude,
which greatly increased the electrical conductivity of the TiN
NPs. The particle size of the Pt NPs on the TIN@C support was
limited to 2.81 + 0.41 nm (Fig. 2d-g), which is smaller than that
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Fig. 2 The picture of microstructure. (a)-(c) TiN@C. (d)-(h) TEM
images of the Pt/TiN@C. (i) Schematic diagram of the Pt/TiN@C.

of commonly reported 3-5 nm."® More interestingly, in the EDS
line scan (Fig. 2h), Ti peak was closer to Pt peak than C peak.
The Pt NPs were deposited at the location where the carbon
layer was connected with TiN on the surface as shown in the
Fig. 2i. The highly stable TiN support firmly anchored the Pt
NPs, and the carbon layer connected the Pt NPs into a conduc-
tive network, which greatly improved the durability of the
catalyst.

XPS can be used to analyse the elemental electronic structure
of the catalyst surface.” All peaks in this study were calibrated
to the C 1s peak (284.6 eV). The full XPS spectrum of TiN@C
(Fig. 3a) shows obvious peaks of Ti, C, N, and O. The existence of
O also confirms that the surface of TiN was easily oxidized
(Table S17).** Fig. 3b shows the N 1s spectra. The N 1s binding
energy (BE) of the TiN and TiN@C Ti-N species are located at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS and DFT model diagram. XPS spectra of TiN, TiN@C, Pt/C,
Pt/TiN, and Pt/TiN@C: (a) all spectra, (b) N 1s spectra, and (c) Pt 4f
spectra. (d) Atomic model of a single Pt atom at an N site on top of TiN
(left), atomic model of a single Pt atom on graphite (center), and
a schematic diagram of Pt NPs deposited at the boundary between TiN
and the carbon layer (right).

399.00 and 396.85 eV, while those of Pt/TiN@C are located at
399.43 and 397.28 eV. The BE of Pt/TiN@C is offset by 0.43 eV in
the direction of higher BE. The BE of the Ti-O-N N species in
TiN, TIN@C, and Pt/TiN@C is located at 396.00 eV. In contrast,
the BEs of the Pt 4f peaks in the Pt/TiN spectra are decreased by
0.64 eV (from 74.15 to 73.51 eV for Pts, and from 71.46 to
70.82 eV Pt;;,) compared to those of the Pt/C catalyst (Fig. 3c).
But because of carbon layer, the offset of Pt 4f peak of Pt/TiN@C
is 0.1 eV less than Pt/TiN. These shifts in BE for TiN and Pt
indicate changes to the distribution of electrons and thus the
electronic structure of the catalyst surface.” It is reported that
the d-band center of TiN supported Pt is lower than that of
carbon supported Pt, which proves stronger adsorption from
the perspective of projected density of states PDOS." In other
words, there is a strong interaction between Pt and TiN.** It is
worth noting that due to the Pt/TIN@C special struct in Fig. 2i,
the BE of Pt loaded on TiN@C is less than that of the Pt/TiN,
that is, the electronic structure and SMSI still exists. Previous
study have pointed out that there is a strong interaction
between Pt NPs and transition metal nitrides,*” and the smaller
Pt NPs we prepared are more conducive to produce and
strengthen the SMSIL.*>* Based on the change in BE between Pt
and N, the interaction between Pt and TiN mainly originates
from the interaction between Pt and N. The SMSI makes the
diffusion barrier of Pt on the support surface higher. This
strong interaction would result in the strong anchoring of Pt
NPs, which would help prevent Ostwald ripening and keep the
Pt NPs from falling off the catalyst.>*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To better understand the interaction between Pt and N in the
TiN@C support, DFT calculations were carried out based on
slab models.?*?® A detachment energy Eqetachment Was defined to
describe the energy required to remove the Pt atoms from the
support:

Edetachment = Esupport - EPl/supporl

where Ep/support aNd Eguppore Fepresent the energy of Pt/TiN or Pt/
C and the energy of bulk TiN or graphite, respectively.’® More
computational details are included in the ESI.T According to the
calculations, the detachment energy of Pt/TiN was over twice
that of Pt/C (Fig. 3d and Table S21). Therefore, in the process of
Pt NPs nucleation and growth, the Pt/TiN system in which Pt
nucleates and grows on the surface of TiN part of TIN@C has
lower energy than the Pt/C system in which Pt nucleates and
grows on the surface of porous carbon layer shell, so the first
system is more stable. That's to say, since the interaction
between the Pt NPs and TiN is much stronger than that between
the Pt NPs and the carbon layer, Pt will preferentially nucleate
and grow at the surface of TiN. Pt NPs tends to nucleate and
grow on the surface of TiN exposed by porous carbon layer shell,
and most Pt NPs nucleates on the surface of carbon also
migrates to TiN. Therefore, the structure of Pt NPs deposited at
the combination of TiN and porous carbon layer was formed.
This structure not only ensures that Pt NPs are firmly anchored
on the TIN@C support surface by SMSI between Pt and N in TiN,
it also forms a conductive network through the carbon layer,
which greatly improves the activity and durability of the
catalyst.

Fig. 4 shows the electrochemical test results of TIN@C sup-
ported Pt NPs with different precursor ratio. Obviously, when
the ratio is 1 : 10, the carbon layer shell thickness is moderate
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Fig. 4 The picture of electrochemical test. (a) Cyclic voltammetry
curves tested in Np-saturated 0.1 M HCLO, at a scan rate of 50 mV s ™%,
(b) Linear sweep voltammetry curves of Pt/TIN@QC at different ratio
obtained in 0.1 M HCIO4, at a scan rate of 10 mV s, (c) Mass activity
(MA) and half wave potential of different ratio prepared Pt/TiN@C. (d)
Electrochemical active surface area (ESCA) and specific activity (SA) of
different ratio prepared Pt/TiN@C.
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and has a good porous structure, so that Pt NPs can grow firmly
at the position where the carbon layer and TiN are combined,
and the sample obtains the best catalytic activity. The MA is
154.28 mA mgp, ' and ECSA is 69.18 m” g~ . The smaller Pt NPs
are more likely to interact with the TIN@C support. At the same
time, the stronger interaction between Pt NPs and support is
also more conducive to controlling the smaller Pt particle size.
The larger surface area exposed because smaller particle size is
the main reason for the larger ECSA. Lager MA can be attributed
to the influence of carbon layer morphology and thickness.
When the proportion of GuHCI is relatively small, the coating
carbon thickness of TiN surface is thin, which can not form
a good conductive network, so poor activity. When the propor-
tion of GuHCI is big, the carbon layer is thick and loses the
porous structure, which is not conducive to the nucleation and
growth of Pt NPs. The Pt NPs that lose anchoring are easy to
migrate and dissolve at a high potential, resulting in the failure
of the catalyst. Based on the optimal ratio of 1 : 10, Fig. S3 and
S41 show the linear sweep voltammetry curves of the Pt/TiN@C,
Pt/TiN and Pt/C samples measured in 0.1 M O,-saturated HCIO,
at a speed of 1600 rpm and the cyclic voltammetry curves in N2-
saturated HClO, at the speed of 50 mV s L Benefitting from the
improved conductivity imparted by the carbon layer in the
TiN@C support, the conductive network formed by the surface
porous carbon layer effectively connects the Pt NPs anchored on
the surface of TiN, resulting in a catalyst with good catalytic
activity and long service life. The MA of Pt/TiN@C is far higher
than that of Pt/TiN (86.65 mA mgp '), and the half-wave
potential of Pt/TiN@C (0.857 mV) was 39 mV higher than that
of Pt/TiN (0.818 mV).

To evaluate the electrocatalytic activity and degradation
performance of the prepared samples, we have carried out
a series of electrochemical tests, as shown in Fig. S57 and 5.

The current-time method is a way to evaluate the corrosion
resistance of a PEMFC catalyst support;* the corrosion current
indirectly represents the level of corrosion at 1.2 V (vs. RHE) and
500 rpm because, during FCV start-up and shut-down, the
instantaneous maximum potential of the cathode can reach
1.2 V (vs. RHE), resulting in severe support corrosion.>® Thus,
the level of corrosion at 1.2 V is of high practical significance.
Although similar methods have been used to test carbon
support in the previously reported work, the test time is
generally short, the rotating speed is zero, and the corrosion is
slow. Therefore, the support corrosion cannot be fully
explored.” However, to the best of our knowledge, no TiN/C
composite materials have been tested in half cells for 400 h at
500 rpm, which mimics the practical working conditions of
a PEMFC.

As shown in Fig. S5,1 the corrosion current of Pt/C increased
with time from the minimum value of 2.5 pA cm™2 to the
maximum value of 5 A cm™?, in agreement with a previous
report.®>® Vulcan XC-72 support surfaces are composed of carbon
and oxygen-containing functional groups.®® The carbon on the
surfaces of the initial carbon particles is highly graphitized,
while most of the carbon in the central part is disordered
carbon with a typical core-shell structure.>* The carbon parti-
cles form aggregates and agglomerate through the action of van
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Fig. 5 The picture of electrochemical test. (a) Cyclic voltammetry
curves of Pt/C tested in N,-saturated 0.1 M HClO, at a scan rate of
50 mV s~!in the current—time test. (b) Linear sweep voltammetry
curves of Pt/C in O,-saturated 0.1 M HClO, at a scan rate of 10 mV s+
in the current—time test. (c) Cyclic voltammetry curves of Pt/TiN@C
tested in N,-saturated 0.1 M HCLO, at a scan rate of 50 mV st in the
current—time test. (d) Linear sweep voltammetry curves of Pt/TiN@C in
0,-saturated 0.1 M HClO, at a scan rate of 10 mV s~tin the current—
time test. (e) MA retention of Pt/C and Pt/TiN@C in the current—time
test. (f) ECSA retention of Pt/C and Pt/TiN@C in the current—time test.

der Waals forces.?> The Pt NPs loaded on the surface of carbon
black accelerate the corrosion rate of the surface. The struc-
turally weak aggregates of Vulcan XC-72 were corroded first, and
the aggregate was broken down via neck breaking; finally the
carbon layer with a high degree of graphitization was
corroded.*® After the rapid corrosion of the carbon support, the
adsorption interaction between the support and the Pt NPs
disappeared, and the unanchored Pt NPs gradually agglomer-
ated or even fell off on the carbon surface, resulting in the

a

Fig. 6 TEM picture, (a) Pt/C after current—time test, (b) Pt/TiN@C after
current—time test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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degradation of the catalyst (Fig. 6). The mass activity of Pt/C was
only 49.73% of the initial value, and the ECSA decreased 70.01%
(Fig. 5e and f).

TiN@C has better corrosion resistance than the carbon
support of the Pt/C catalyst, so the corrosion current of Pt/
TiN@C remained lower than that of Pt/C (Fig. S5t)."* In the
first 100 hours, Pt/TiN@C MA activity retention rate was as high
as 95.89%, much higher than that of 75.54% of Pt/C, which
proved that Pt/TiN@C had stronger corrosion resistance under
the high potential test in the initial stage, so the corrosion
degree is lower, and the corrosion current is smaller. Though Pt/
TiN@C shows better corrosion resistance than carbon black
support, the carbon layer on the surface can still be corroded,
resulting in the decrease of conductivity and activity of the
catalyst. After the current-time test, the MA retention rate of Pt/
TiN@C was 53.73%, which was higher than Pt/C 49.73%,
although the initial MA was lower than that of Pt/C (Table S47).
The ECSA retention rate of Pt/TiIN@C showed a downward
trend, and finally reached 54.75%, which was higher than Pt/C
(29.99%). Based on the SMSI between Pt and the support, TiN
can effectively anchor the Pt NPs firmly on its surface, pre-
venting the Pt NPs from falling off, agglomerating, and
ripening, which slows the degradation of the catalyst, so Pt/
TiN@C agglomeration of Pt NPs is not obvious as shown in
Fig. 6. The results suggest that TIN@C is a promising new
support material.

Conclusion

In this work, TIN@C was synthesized in one step, and a Pt/
TiN@C catalyst was obtained using a microwave-EG method.
The TiN@C support had a core-shell structure with TiN NPs as
the core and the nanoscale carbon layer as the shell. Because of
the excellent corrosion resistance of TiN, the SMSI between TiN
and the Pt NPs, and the good conductivity of the porous carbon
layer, the TIN@C composite exhibits good corrosion resistance
and conductivity. Moreover, due to the SMSI, the Pt NPs are
effectively anchored on the surface of the support, preventing
the NPs from falling off, agglomerating, and ripening. These
effects significantly extend the catalytic life of the catalyst and
help maintain its catalytic activity, which is of great practical
significance for the commercialization of FCVs.
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