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ABSTRACT We report a robust noncarbon Tig 5CrosN support synthesized by an efficient 990 1 ——PpdAgfTi, Cr, N ——PdAgIC
solid—solid phase separation method. This ternary nitride exhibits highly porous, sintered, and :
random network structure with a crystallite size of 20—40 nm, resulting in a high specific
surface area. It is not only kinetically stable in both acid and alkaline media, but also
electrochemically stable in the potential range of fuel cell operation. Two typical anode
reactions, formic acid oxidation in acid media and methanol oxidation in alkaline media, are
employed to investigate the possibility of Tiy 5Cro sN as an alternative to carbon. Bimetallic PdAg
nanoparticles (~4 nm) act as anode catalysts for the two anode reactions. PdAg/Tiy 5Crg 5N %]
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—Pd/C

Methanol electrooxidation in alkaline media

exhibits much higher mass activity and durability for the two reactions than PdAg/C and Pd/C

catalyst, suggesting that mesoporous Tig sCro sN is a very promising support in both acid and alkaline media.
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membrane (PEM) fuel cells, are attrac-

tive alternatives to current energy
conversion technologies due to their high
power density, high efficiency and poten-
tially zero emissions. Despite recent ad-
vances, however, there are still several
challenges that hinder fuel cell commercia-
lization, including insufficient durability/
reliability and high cost>® In terms of low
durability of fuel cell catalysts, the corrosion
of carbon support materials has been iden-
tified to be the major contributor to the
catalyst failure. With the current state of
technology, carbon black is the most
practical support of catalysts for fuel cells.
Unfortunately, carbon support is thermo-
dynamically unstable in fuel cell environ-
ments due to its low equilibrium potential of
0.207 V relative to a reversible hydrogen
electrode (RHE) at 25 °C.>*~7 For cathode
catalysts, oxidation of the carbon support
to CO, or CO can occur, resulting in the
separation of Pt particles from the carbon
support and loss of performance. In the
case of anode catalyst, the carbon support
can also be oxidized in the situation of

F uel cells, especially polymer electrolyte
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fuel (hydrogen) starvation.>® To address
the issue of carbon support corrosion, some
alternative support materials rather than
the traditional carbon-based supporting
materials should be explored.

For noncarbon support materials applied
in fuel cells, some basic requirements
should be met, including good conductivity
(at least 0.1S/cm), high corrosion resistance,
high surface area and high electrochemical
stability under fuel cell operating conditions.
Transition metal nitrides might be good
alternatives due to their excellent conductiv-
ity, high hardness and high melting points.®®
Various nitrides including CrN and TiN
have been explored for catalyst and catalyst
support applications in fuel cells.'®~'®> Most
reports about nitrides as catalyst supports
focus on simple binary nitrides, most often
TiN. TiN has a number of desirable properties
that make it uniquely suited as a potential
replacement for carbon-based catalyst sup-
ports in fuel cells (in fact, TiN as a catalyst
support was patented by General Motors
in 2009). However, TiN suffers from wear
and corrosion in highly acidic environ-
ments.>'"'? Therefore, TiN alone may not
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possess the necessary stability to replace carbon-
based supports. Recently we reported a ternary nitride
(TigsNbg sN) synthesized by a coprecipitation method.'*
This ternary nitride is chemically stable in acid media,
which solves the TiN corrosion problem. However, its
conductivity is much lower than that of the binary
nitrides reported,'>'® which may arise from the pre-
sence of K species in the surface passivation layer."*
Therefore, it is desirable to further investigate other
ternary nitrides and develop new synthesis strategy.

In this work, we report a robust noncarbon Tip sCrg sN
support with excellent electronic conductivity and
high surface area synthesized by a solid—solid phase
separation method. This ternary nitride is chemically
stable in both acid media and alkaline media. Two
typical anode reactions, formic acid oxidation in acid
media and methanol oxidation in alkaline media, were
employed to investigate this ternary nitride TigsCrgsN.
Regarding the electro-oxidation reactions of formic
acid and methanol, the most common anode catalyst
is Pt, but it is readily poisoned by strongly adsorbed
intermediates like CO, resulting in poor catalytic
activity.'” 22 Its high cost and limited resource are also
the main blockages for commercialization of direct
liquid fuel cells. Pd catalyst has been found to possess
superior performances compared to Pt due to dom-
inance of the direct dehydrogenation pathway.?*~2°
But its activity is not stable, and periodic regeneration
is required.?’2° Pd has also been considered a pro-
mising catalyst toward methanol oxidation in alkaline
media.>**! Alloying Pd with a second metal has been
proved to be a successful strategy to further enhanced
activity and stability for both formic acid oxidation
in acid media and methanol oxidation in alkaline
media.3* 3 Here, bimetallic PdAg nanoalloy was
selected as the catalyst for the two anode reactions.
Supported bimetallic PdAg catalysts were prepared by
simultaneous reduction of silver and palladium pre-
cursors with NaBH, as reducing agent and Tig5CrgsN
(and carbon) as supports. The electrocatalytic beha-
viors of the nitride supported PdAg catalyst for the two
anode reactions and were investigated and compared
with PdAg/C and Pd/C catalysts, to show significant
enhancement activity and stability of the new support-
based catalyst.

RESULTS AND DISCUSSION

Mesoporous TigsCrosN was prepared by a solid—
solid phase separation method from a Zn containing
metal oxides. Under a flow of ammonia gas at 800 °C,
Zn?** is reduced to Zn metal and sublimed out of Zn
containing metal oxides; the oxide is reduced to form
mesoporous TipsCrysN as a free-flowing black powder.
The morphology and structure of the mesoporous
TigsCrosN are characterized using scanning electron
microscopy as shown in Figure 1a. TigsCrosN exhibits
highly porous, sintered and random network structure
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Figure 1. (a) Scanning electron microscopy images (SEM) of
Tio5CrosN; (b) XRD pattern of TigsCrosN before and after
chemical stability test.

with a crystallite size of 20—40 nm, resulting in high
specific surface area. As shown in Figure S1 (Supporting
Information), TiN also shows similar morphology and
structure to TipsCrosN. Nitrogen physisorption mea-
surements (Figure S2, Supporting Information) show
that the BET surface areas of TipsCrosN and TiN are
72 and 63 m? g~ respectively. Electronic conductivity
of supports plays a critical role in catalyst activity and
is measured using a homemade 4-point probe.'* This
apparatus applied pressure to compacted powder
while the electrical measurements were made. At 35 bar,
the conductivities of TipsCrosN and TiN are 68 and
90 S cm™ ', which are about 1 order of magnitude higher
than the value we measured (1.5 S cm™') and the value
reported (4 S cm™") for carbon black.*® The atomic ratio
of Ti/Cr ratio is 0.95, which is determined by energy
dispersive X-ray spectra (EDX).

The phase purity of the product is confirmed by
powder X-ray diffraction (pXRD) in Figure 1b. For as-
prepared TigsCrosN, the diffraction peaks at 36.2°,
42.2°,61.3°, 73.4° and 77.3° can be assigned to (111),
(200), (220), (311), and (222) lattice planes of face-
centered cubic Tig5CrosN (PDF#04—016—6620). To
investigate the chemical stability of nitrides in acid
media, Tig5CrpsN and TiN are soaked in 0.1 M HCIO,
solution for two months. For TigsCrgsN sample after
stability tests in acid media, there are no observable
changes in the XRD pattern before and after stability
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test, and the TigsCrosN remains black (Figure S3,
Supporting Information) indicating that the material
is chemically stable. Tip sCrosN is also chemically stable
in alkaline media after soaked in 0.1 M KOH solution
for two months. In the case of as-prepared TiN, the
XRD pattern in Figure S4a (Supporting Information)
display the (111), (200), (220), (311), and (222) reflec-
tions, confirming the face-centered cubic structures
of TiN (PDF#65—0715). TiN partially becomes TiO,
(PDF#65—1119) after soaking in 0.1 M HCIO, solu-
tion for two months, while TiN is chemically stable
after soaking in 0.1 M KOH solution, which is seen
in Figure S4 (Supporting Information). Figure S5
(Supporting Information) shows the results of TGA
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Figure 2. XRD patterns of (a) PdAg/Ti5Cro 5N, (b) PdAg/C,
(c) Pd/C, and (d) Pt/C. The peak positions of Tiy5CrosN are
marked with *.

measurements performed in air for Tip5CrosN. Oxida-
tion begins at above 200 °C, which means that
Tip5CrosN is “stable” in air below ~200 °C.

PdAg nanoparticles were deposited on TigsCrosN
using an impregnation method with sodium borohy-
dride as reducing agent.*' For comparison, PdAg/,
Pd/C and Pt/C were also prepared through the
same process. The XRD patterns for PdAg/TigsCrqsN,
PdAg/C, Pd/C and Pt/C are shown in Figure 2a,b,c,d.
All the diffraction peaks of TipsCrosN are observed in
PdAg/Tig5CrosN catalyst. The PdAg particles crystallize
in space group Fm3m (225) with refined lattice param-
eter a = 4.029 A (PDF#01—080—4045). For PdAg/C,
the diffraction peaks of PdAg are almost identical to
those of PdAg on mesoporous TigsCrosN. For Pd/C, Pd
particles crystallize in space group Fm3m with refined
lattice parameter a = 3.891 A. The actual metal loading
in PdAg/TigsCrosN, PdAg/C, Pd/C and Pt/C are 20.3,
19.6, 194 and 20.1 wt %, respectively, which was
analyzed by EDX. The atomic ratios of Pd/Ag in PdAg
particle (randomly chosen) are 1.01 + 0.2 for PdAg/
Tio5CrosN and 0.98 + 0.3 for PdAg/C, which are con-
sistent with the Pd/Ag ratio in the precursor (with
Pd-to-Ag mole ratio of 1). The corresponding loadings
of Pd in PdAg/TipsCrosN and PdAg/C are 10.2 and
9.5 wt %, respectively. TEM images of PdAg/TipsCrosN,
PdAg/C, Pd/C and Pt/C are shown in Figure 3, and their
corresponding histograms of metal nanoparticles
are presented in Figure S6 (Supporting Information).
Histograms of metal nanoparticle diameters were ob-
tained by measuring the size of 200 particles in random
regions. The average sizes of metal particles in the

Figure 3. TEM images of (a) PdAg/Tio sCrosN catalyst, (b) PdAg/C catalyst, (c) Pd/C catalyst, and (d) Pt/C catalyst.
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Figure 4. (a) Cyclic voltammograms of TiysCrosN in 0.1 M
HCIO, solution. (b) Cyclic voltammograms of Tiy sCrosN in
0.1 M KOH solution.

PdAg/Tig5CrosN, PAAg/C, Pd/C and Pt/C catalysts as
estimated from their histograms are 3.9 + 0.4, 4.2 +
0.5, 5.7 + 0.6 and 4.8 + 0.5 nm, respectively. More
TEM images of PdAg/TipsCrosN are presented in
Figure S7 (Supporting Information). PdAg particles
supported on TipsCrosN support are smaller and
more uniformly dispersed than those on carbon, thus
indicating that supports play an important role in
dispersion and growth of PdAg particles. Pd nano-
particles in Pd/C catalyst has wide size distribution
with some large particles, obviously caused by serious
aggregations.

The electrochemical stability of Tig 5CrosN powder is
examined under applied potential conditions compar-
able to those of a fuel cell. The sample was tested over a
potential range from —0.5 to +1.5 V (vs RHE) in 0.1 M
HCIO, and 0.1 M KOH solutions at room temperature.
As shown in Figure 4a, the nitride is not electrochemi-
cally active in the potential range of fuel cell operation
(0 to +1.2 V vs RHE) in acid media, suggesting a stable
surface. Moreover, when cycling repeatedly between
those potentials for 1000 cycles, there is no sign of
redox peaks associated with Tip5Crq 5N, indicating that
TiosCrosN is electrochemically stable. The large current
density below 0 V may be attributed to the hydrogen
evolution. Similar to its electrochemical behavior in
acid media, TipsCrgsN is also electrochemically stable
in alkaline media, as shown in Figure 4b. The electro-
chemical stability is also confirmed TEM as shown
in Figure S8 (Supporting Information). There are no
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Figure 5. (a) Linear sweep voltammograms of the catalyst
samples performed in electrolytes of 0.1 M HCIO, + 1 M
HCOOH at a scan rate of 10 mV s~ . (b) Polarization current
vs time plots of four kinds of catalysts electrodes measured
in 0.1 M HCIO4 + 1 M HCOOH solution.

observable changes in morphology before and after
1000 cycles in both acid and alkaline media.

Figure 5a is the linear sweep voltammograms (LSV)
performed in a 0.1 HCIO, solution +1 M HCOOH solu-
tion. The onset potential on PdAg/TigsCrosN (0.15 V) is
more negative than those on PdAg/C (0.16 V) and Pd/C
(0.17 V), indicating that the formic acid is easier to
be oxidized on PdAg/Tig5CrosN. The peak current den-
sity for PdAg/TipsCrosN is 975 mA mg ™ 'pg, which is
~1.5 and 2.8 times higher than those for PdAg/C
(670 mA mg~'pg), and Pd/C (344 mA mg ™ 'pg). The LSV
curves on three supported Pd-based catalysts toward
formic acid oxidation show a prominent current peak at
0.5—0.6 V (vs RHE) and a shoulder one at ~0.9 V (vs RHE),
displaying an electrochemical behavior toward HCOOH
oxidation similar to the Pt/C catalyst. The oxidation
of formic acid on Pt involves a dual path mechanism,
a dehydrogenation path to the direct formation of CO,
and a dissociative adsorption to form poisoning CO
species by a dehydration path.*>** Thus, it is reasonable
to assign the first peak for supported Pd catalysts to
a dehydrogenation path while the second peak is
related to a dehydration path as specified for the Pt/C
catalyst.>*> One could note that the onset potential
for the second peak is similar to that of CO,4 oxidation,
further proving that the second peak is indeed related to
the oxidation of adsorbed CO or CO-like intermediate,
that has been proved by surface-enhanced infrared
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absorption spectroscopy.** The ratio of the first peak
current to the second peak current could give an
indication of which is the main reaction path.2° The
ratios for PdAg/TipsCrosN (4.4) is much higher than
those for PdAg/C (3.2) and Pd/C (2.9), suggesting that
PdAg/Tip5CrosN significantly enhance the dehydro-
genation path and diminish the poisoning of the
catalysts.

The long-term stability of these catalysts is evaluated
by chronoamperometry curves as shown in Figure 5b.
The polarization current for the formic acid oxidation
reaction on these three supported Pd-based catalysts
shows a significant decay initially and reaches a stable
value after polarized at 0.6 V (vs RHE) for ~700 to 900 s.
The current decay for the HCOOH oxidation reaction
indicates the slow deactivation of supported Pd-based
electrocatalysts by slow adsorption of CO or CO-like
intermediates.”®*> However, the stable mass specific
current for formic acid oxidation reaction on PdAg/
TiosCrosN is ~106 mA mg~'pq, which is significantly
higher than PdAg/C (~70 mA mg 'sq) and Pd/C
(~31 mA mg ™~ 'pq). This indicates that PdAg/Tip sCrosN
catalysts possess much better stability against the
poisoning by adsorbed CO or CO-like intermediate
species. The stability of the catalysts was also assessed
by applying potential between 0.2 and 0.8 V (RHE)
in 0.1 M HCIO, + 1 M HCOOH solution at 100 mV' s~ .
The linear sweep voltammograms of PdAg/TigsCrgsN,
PdAg/C and Pd/C catalysts after stability tests of
1000 cycles is presented in Figure S9 (Supporting
Information). The peak current densities on PdAg/
TipsCrosN is reduced by 54.6%, which is lower than
the reduction on PdAg/C (63.7%) and Pd/C (74.2%),
further confirming that PdAg/TipsCrosN exhibits the
higher catalytic stability and is in good agreement with
the result of chronoamperometry curves.

The methanol oxidation reaction in alkaline media
is a reaction of interest for alkaline direct methanol
fuel cells. Methanol oxidation in alkaline media is faster
than in the presence of acidic electrolytes. Thus, from
a kinetic viewpoint, it is advantageous to carry out
methanol oxidation in alkaline electrolytes.*® Figure 6a
displays the linear sweep voltammograms of methanol
electro-oxidation in electrolytes of 0.1 M KOH + 1 M
CH3O0H. The onset potentials for PdAg/Tig5CrosN and
PdAg/C are similar to that on Pt/C, but 0.3 V more
negative than that on Pd/C. The peak current densities
for PdAg/Tig5CrosN and PdAg/C are 844 and 717 mA
mg~ 'pq, which are ~1.5 and ~1.3 times higher than
that for Pd/C (551 mA mg™ 'pq). The onset oxidation
potential, peak potential and current density are given
in Table 1, demonstrating that the Ag/Tig5CrosN and
PdAg/C have much higher activity toward methanol
oxidation in alkaline media than Pd/C. Figure 6b shows
the chronoamperometry curves for methanol oxida-
tion on the PdAg/TigsCrosN, PdAg/C, Pd/C and Pt/C
catalysts at a potential of 0.9 V (vs RHE). The stable
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Figure 6. (a) Linear sweep voltammograms of the catalyst
samples performed in electrolytes of 0.1 M KOH + 1 M
CH;OH ata scan rate of 10mV s~ . (b) Polarization current vs
time plots of four kinds of catalysts electrodes measured in
KOH + 1 M CH3OH solution.

TABLE 1. Onset Potential, Peak Potential and Peak Current
Density of PdAg/Tig sCro 5N, PAAg/C, Pd/C and Pt/C Catalysts
for Methanol Oxidation in Alkaline Media

onset potential

peak current peak current density

sample W potential (V) (mA mg~py)
PdAg/Tig sCro sN 0.4 0.87 844
PdAg/C 043 0.90 an
Pd/C 0.45 0.95 551
Pt/C 0.7 0.89 896"
“mhA mg

current densities for methanol oxidation on PdAg/
Tio5CrosN, PdAg/C, Pd/C and Pt/C catalysts are ~292,
261, 246, 157 mA mg ™ 'pq, respectively. Among these
four catalysts, PdAg/TiosCrosN exhibits the highest
stable current density, suggesting that PdAg/Tig 5CrosN
catalysts possess best electrocatalytic activity and sta-
bility toward methanol oxidation in alkaline media. This
result is also confirmed by cyclic voltammetric method
by applying potential between 0.5 and 1 V (RHE) in
0.1 M KOH + 1 M methanol solution at 100 mV s~ .
After 1000 cycles, as shown in Figure S10 (Supporting
Information), the peak current density on PdAg/
TiosCrosN is reduced by 34.1%, which is lower than
the reduction on PdAg/C (37.8%), Pd/C (45.7%) and Pt/C
(40.9%).
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The PdAg/TiysCrosN catalyst exhibits significant
enhancement in the catalytic activity and stability
toward formic acid and methanol oxidation as com-
pared to PdAg/C and Pd/C catalysts, which appar-
ently arises from Ag and TiysCrosN. According to
d-band theory,'®*77*° the trend of reactivity follows
the d-band center values of overlayer and impurity
atoms. If the d-band center is shifted up, the adsorp-
tion ability of the adsorbate onto the metals becomes
stronger and may help to improve the electro-
oxidation of alcohol on the surface of the metals.
According to density functional calculations by
Norskov et al., the d-band center of Pd is shifted up
after combining with Ag.'® In other words, Ag can
promote the electro-oxidation of formic acid and metha-
nol oxidation by changing the electronic properties of
Pd. Additionally, compared to PdAg/C, PdAg/TisCrosN
catalyst shows enhanced performance for formic acid
and methanol oxidation, which apparently arises from
excellent conductivity, good chemical and electrochemi-
cal stability of TigsCrosN.

EXPERIMENTAL SECTION

Materials. ZnO (99.99%, Aldrich); Cr,05 (99.99%, Aldrich); TiO,
(99.995%, Puratronic from Alfa Aesar); ammonia gas (Anhydrous,
Air Gas); Vulcan XC-72 carbon black (Cabot Corporation);
Pd(NOs);-2H,0 (99.0%, Sigma-Aldrich), AGNOs (99.0%, Sigma-
Aldrich); NaBH,4 (99.99%, Sigma-Aldrich). Nylon-66 filter mem-
branes (pore size 0.20 um, diameter 47 mm, Sigma-Aldrich)

Mesoporous TigsCrosN and TiN. TipsCrosN and TiN were pre-
pared by a solid—solid separation method as reported
previously.** The solid solution of the Zn containing metal oxide
precursors (ZMO) were first prepared by preheating the specific
mixture of metal oxides of ZnO, Cr,05 and TiO, at temperatures
between 600 and 1350 °C followed by cooling at 300 °C/h. The
Tio.sCrosN was prepared by ammonolysis of about 0.5 g of ZMO
in an alumina boat. The boat was then placed in a silica tube
with airtight stainless steel end-caps that had welded valves
and connections to input and output gas lines. All gases were
purified to remove trace amounts of oxygen or water using
pellet copper, nickel, palladium and platinum with zeolites as
support. The silica tube was then placed in a split tube furnace
and the appropriate connections to gas sources made. Argon
gas was passed over the sample for 15 min to expel air before
establishing a flow of ammonia gas (Anhydrous, Air Gas).
The ZMO was heated to the 800 °C at a heating rate of 150 °C/h.
The furnace power was turned off after 8 h and the product
cooled to room temperature in ~4 h under an ammonia flow.
Before the silica tube was taken out of the split tube furnace,
argon gas was flowed through the tube to expel the ammonia
gas. The silica tube was left in lab for 24 h with one valve openin
order to expose the ammonolysis product to air slowly.

PdAg/TigsCrosN. First, 50 mg of mesoporous TigsCrosN (or C)
was suspended in 50 mL of deionized water and treated in an
ultrasonic bath. 9.9 mg of AQNOs and 15.6 mg of Pd(NOs), - 2H,0
was added to the suspension above. With dropwise addition
of 20 mL of NaBH, solution (0.2 M), Pd** and Ag™ were reduced
to PdAg nanoparticles. Subsequently, the resulted suspension
was filtered by Nylon-66 filter membranes and washed with
deionized water, and then dried at 60 °C for 6 h to obtain the
PdAg/TiosCrosN catalysts (or PdAg/C)

Physicochemical Characterization. Finely ground powders were
examined with a Rigaku Ultima VI powder X-ray diffractometer

CUI ET AL.

CONCLUSIONS

We have developed a robust noncarbon TigsCrgsN
support with excellent conductivity by an efficient
solid—solid phase separation method. This ternary nitride
is not only chemically stable in both acid media and
alkaline media, but also electrochemically stable in the
potential range of fuel cell operation. Compared to
monometallic Pd, bimetallic PdAg exhibits significant
enhancement in the catalytic activity and stability toward
not only formic acid oxidation in acid media but also
methanol oxidation in alkaline media, which may arise
from electronic (ligand) effects. TigsCrosN supported
PdAg catalyst exhibits the highest activity and stability
for formic acid oxidation in acid media and methanol
oxidation in alkaline media, suggesting TigsCrosN is a
very promising support. The solid—solid phase separa-
tion approach could be potentially applied to rational
design of other conducting, porous and chemically stable
materials like ternary nitrides for technologies including
but not limited to fuel cells, solar cells and batteries.

(PXRD) with CuK radiation (Ka;, A= 1.5406 A and Kay, A =
1.5444 A). Crystal structures of the oxides and resultant nitrides
were confirmed by PXRD profiles using GSAS. Scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX)
were performed with a LEO-1550 field emission SEM (FSEM).
PdAg on mesoporous TigsCrosN and Vulcan XC-72 carbon
black were performed with a transmission electron microscopy
(FEI T12 Spirit TEM STEM) at 120 kV. The samples for TEM were
prepared by sonicating the powders in ethanol for 30 min
following which 3.05 mm holey carbon copper grids were
dipped into the solution and dried in air. Nitrogen adsorption/
desorption isotherms were measured at —196 °C using a
Micromeritics ASAP 2020 system. The samples were degassed
at 200 °C for 24 h on a vacuum line.

Electrochemical Measurements. Electrochemical measurements
were carried out with a potentiostat/galvanostat (WaveNano
USB Potentiostat) and a conventional three-electrode test cell.
The catalyst ink was prepared by ultrasonically dispersing the
mixture of 5 mg of catalysts, 1 mL of ethanol, and 50 uL of 5 wt %
Nafion solutions. 10 uL of catalyst inks was pipetted and spread
on the glassy carbon disk. A Pt foil and silver—silver chloride
electrode were used as the counter and reference electrodes,
respectively.
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