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Titanium nitride–carbon nanotube (TiN–CNT) core–shell nanocomposites were developed by

a simplistic two step fabrication procedure and characterized by transmission electron microscopy,

X-ray diffraction and thermogravimetric analysis. These materials were utilized as platinum

nanoparticle electrocatalyst supports (Pt/TiN–CNT) for the oxygen reduction reaction (ORR) and

methanol oxidation reaction (MOR), two important low temperature fuel cell processes. Improved

ORR and MOR activities were demonstrated for Pt/TiN–CNTs compared with state of the art

commercial Pt/C.Moreover, enhanced CO tolerance towards theMORwas demonstrated attributed to

the interaction occurring between adsorbed COmolecules and the TiN–CNT supports. TiN–CNTs are

thus presented as highly promising, novel electrocatalyst support materials with enhanced ORR and

MOR performance attributed to their anisotropic morphology, enhanced electronic properties and

conductivity, and distinct catalyst–support interactions.
Introduction

The appeal of proton exchange membrane fuel cells (PEMFCs)

and direct methanol fuel cells (DMFCs) is steadily increasing

globally as a result of the depleting natural fossil fuel reserves and

increasing environmental awareness. In order to advance

research and development efforts and one day realize a sustain-

able fuel cell market, improvements in the activity, durability and

contaminant tolerance are required for the platinum based

electrocatalyst materials utilized to facilitate the respective elec-

trode reactions and generate power at a practical rate. It is well

established that these properties are highly dependent on the type

of electrocatalyst support material utilized, influenced by their

specific nanostructures and catalyst–support interactions.1,2

Generally the requirement for catalyst support materials includes

high surface areas, electronic conductivity and facile mass

transport properties along with a high degree of stability under

the conditions encountered during fuel cell operation. Tradi-

tionally, microporous carbon blacks are utilized as electro-

catalyst support materials for fuel cell reactions, however

numerous alternatives have been investigated including various

carbon morphologies such as carbon nanotubes3–5 and gra-

phene,6,7 or transition metal based oxides, nitrides and oxy-

nitrides.8–10 Particularly, titanium nitride (TiN) has recently been

investigated as electrocatalyst support materials for both the

cathodic oxygen reduction reaction (ORR)11 and anodic
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methanol oxidation reaction (MOR),12–14 owing to its exemplary

chemical and thermal resistance combined with high electronic

conductivity. These investigations are generally limited to pure

TiN in nanoparticle or thin film morphologies.

The present study highlights the development of novel coaxial

TiN coated carbon nanotubes (CNTs) formed by a simplistic two

step approach. In the first step, CNTs are utilized as a substrate

for the deposition of a layer of titanium dioxide (TiO2) by a sol-

vothermal procedure. After annealing in argon, the second step

involved heat treatment of the TiO2 coated CNTs under flowing

ammonia, resulting in TiN coated CNT (TiN–CNT) composites.

These newly developed materials were used as electrocatalyst

supports for PEMFC applications by depositing platinum

nanoparticles on their surface (Pt/TiN–CNTs). The advantages

of using TiN–CNT nanocomposites as electrocatalyst supports

for fuel cell reactions are immense. The CNT core structure can

effectively provide interconnected electronically conductive

pathways15,16 during fuel cell operation. They also possess a one-

dimensional anisotropic morphology that has been shown to

result in enhanced electron transport properties for electro-

catalyst materials,17 can serve to enhance mass transport prop-

erties18 and can easily be arranged into porous, interconnected

electrode structures.19,20 The TiN coating can further provide

a protective barrier in order to hinder the rates of carbon

corrosion during fuel cell operation and upon compositing with

CNTs has also been shown to result in dramatically enhanced

electronic properties compared with pure TiN.21,22 Moreover,

and most notably, TiN has been found to offer advantageous

catalyst–support interactions, including enhanced ORR and

MOR kinetics,11–14 along with markedly improved CO tolerance

towards the MOR.13,14 The latter is particularly important in the
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design and development of MOR electrocatalyst materials, as

adsorbed CO intermediates will block methanol reactants from

the active site moieties,23 generally overcome by alloying plat-

inum electrocatalyst materials with ruthenium (PtRu). Unfor-

tunately, this bears with it high costs and performance loss

arising from the instability of this noble metal.24 Therefore, in the

present study, coaxial TiN–CNT composites are developed in

order to exploit the distinct advantages of utilizing this novel

nanocomposite arrangement as electrocatalyst supports. Using

these Pt/TiN–CNT materials, exemplary ORR and MOR

performance and electrokinetics were observed, superior to state

of the art carbon supported platinum (Pt/C) catalyst. Thus, in the

present study TiN–CNT core–shell nanocomposites are pre-

sented as promising electrocatalyst support alternatives for low

temperature fuel cell applications.
Experimental

Carboxylic acid (0.5%) functionalized CNTs were purchased

from a commercial supplier for use in this study. The first step of

TiN–CNT synthesis involved the deposition of a TiO2 layer onto

CNT substrates by a simple chemical method modified from

a procedure reported previously.25 Briefly, the commercial CNTs

were refluxed in 6 M HNO3 solution for 5 hours to further

oxidize the surface of the CNTs in order to provide facile

precursor adsorption, remove any amorphous impurities and

allow for easier dispersion in solution during processing.

Following filtration and washing, 50 mg of the acid treated CNTs

were ultrasonically dispersed in 60 mL of ethanol for several

hours. The mixture was then transferred to a stir plate and 500

mL of titanium butoxide was added and allowed to mix

constantly for approximately 30 minutes, upon which 500 mL of

DDI water was added and allowed to mix for another 30

minutes. The entire mixture was then refluxed for 6 hours where

deposition of the TiO2 precursors occurred on the surface of the

CNTs. After cooling, the products were filtered, washed and

annealed under nitrogen protection at 400 �C for 4 hours. Heat

treatment in ammonia gas was then carried out in order to allow

the conversion of TiO2 to TiN.12,21,22 The temperature was

ramped up to 800 �C over 45 minutes under nitrogen protection.

After reaching the desired reaction temperature, ammonia was

emitted to the system (100 sccm) where the reaction was carried

out for 4 hours. After completion, the system was purged with

nitrogen and allowed to cool and the TiN–CNT composites

could be collected.

Pt nanoparticle deposition onto the surface of TiN–CNTs was

carried out by the well established ethylene glycol (EG) reduction

method.4,8,26,27 Specifically, TiN–CNTs were ultrasonically

dispersed in EG solvent, followed by the addition of the required

amount of Pt (20 wt%) in the form of a H2PtCl6/EG mixture

(5 mg Pt mL�1). Under constant stirring, a 2.5 M NaOH/EG

solution was added to increase the pH of the solution to ca. 13

and then reduction was carried out by refluxing the solution at

140 �C for 3 hours. After cooling the mixture, 1 M aqueous HCl

solution was added to reduce the pH to ca. 5, followed by

filtration and washing of the resulting products.

The materials utilized in this work were characterized by

a number of different techniques in order to provide insight into

their structure and chemical compositions. Transmission
3728 | J. Mater. Chem., 2012, 22, 3727–3732
electron microscopy (TEM) images were obtained using a JEOL

2010F TEM. X-Ray diffraction (XRD) patterns were collected in

order to investigate the crystalline structure of the composite

support materials. Thermogravimetric analysis (TGA) was

carried out under a steady flow of N2/air (50/50), where the

temperature was maintained at 60 �C for thirty minutes in order

to remove any water products followed by increasing the

temperature from 60 to 900 �C at a steady rate of 20 �C min�1.

All electrochemical characterization was carried out using

a three neck glass cell using a CHI electrochemical workstation

potentiostat and a Pine electrode rotator. A glassy carbon disk

working electrode, platinum wire counter electrode and dual

chamber Ag/AgCl reference electrode were utilized for all testing.

Where appropriate, electrode potentials were converted to RHE

for ease of comparison. Catalyst ink was prepared by mixing 4

mg of catalyst sample into 2 mL of an ethanol/water solution.

The sample was ultrasonicated for one hour in order to ensure

good dispersion, upon which a 20 mL aliquot was deposited onto

the glassy carbon working electrode. After drying, 10 mL of

a 0.05 wt% Nafion solution was coated onto the electrode in

order to ensure adequate adhesion of catalyst sample. Cyclic

voltammetry (CV) and ORR testing were carried out in 0.1 M

HClO4. CV was carried out under nitrogen saturation between

0.05 and 1.25 V vs. RHE at a scan rate of 50 mV s�1 and no

electrode rotation. ORR linear potential sweeps were carried out

under oxygen saturated electrolyte conditions at a scan rate of

10 mV s�1 at various electrode rotation speeds (100, 400, 900 and

1600 rpm) in order to provide insight into the electrokinetics of

the ORR occurring on the catalyst samples. Background

currents obtained under nitrogen saturation were removed in

order to eliminate capacitance and redox contributions. MOR

testing was carried out in 0.1 MHClO4 containing 1Mmethanol

under nitrogen saturation between 0.05 and 1.25 V vs. RHE at

a scan rate of 5 mV s�1. Chronoamperometry current–time

transients were obtained under the same conditions by stepping

and holding the electrode potential at 0.82 V vs. RHE.

Comparison of the electrochemical activity of the developed

electrocatalyst materials is made with commercial, 20 wt% plat-

inum nanoparticles supported on carbon black (Pt/C, BASF),

a commonly utilized benchmark catalyst. Throughout all elec-

trochemical testing, platinum loading on the electrode was kept

the same and current densities are reported on the basis of

electrode area (0.19635 cm2).
Results and discussion

The structural evolutions occurring during synthesis of the TiN–

CNT composite materials are summarized by the TEM images

displayed in Fig. 1. Fig. 1a demonstrates the standard one-

dimensional morphology of the acid treated CNTs utilized as

substrates for TiN coating. The deposition of TiO2 on the surface

of the CNTs was found to be very uniform as displayed in

Fig. 1b, with some small portions of the CNT surface exposed.

The polycrystalline TiO2 shell structure was observed to have

a thickness of ca. 15–30 nm. Following heat treatment in

ammonia, Fig. 1c displays the one-dimensional TiN–CNT

coaxial core–shell structure arrangement that is pertinent to this

work. A distinct structural transformation was observed for the

TiN–CNT composite materials resulting from the conversion of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 TEM images of (a) acid treated CNTs, (b) TiO2–CNT and (c)

TiN–CNT composite materials.

Fig. 2 (a) XRD patterns and (b) TGA profile obtained for TiO2–CNT

and TiN–CNT composite materials.
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TiO2 to TiN. The coating layer maintained its thickness and

uniformity; however, it exhibited a polycrystalline morphology

with larger crystallite sizes compared with the TiO2 coating layer.

XRD patterns were obtained to provide further insight into

the structural transformations occurring during the material

synthesis and are displayed in Fig. 2a. TiO2–CNT displayed

characteristic TiO2 peaks containing primarily the anatase phase,

with a diffraction pattern almost identical to that reported

previously for similar materials.25 After heat treatment in

ammonia, conversion of TiO2 to TiN is exclusively confirmed by

the distinct shift observed in the diffraction patterns. The peaks

are characteristic of TiN materials located at 2q values of ca.

36.7, 42.7, 62.0, 74.8 and 78.0� and can be attributed to the (111),

(200), (220), (311) and (222) hexagonal TiN crystal phases,
This journal is ª The Royal Society of Chemistry 2012
respectively. XRD also indicated preservation of the CNT core

structure, where the sharp graphitic peak observed at 26� is

maintained, corresponding to the (002) plane structure.

TGA profiles obtained for TiO2–CNTs and TiN–CNTs and

are displayed in Fig. 2b. For the TiO2–CNT materials, the TiO2

shell was determined to comprise ca. 70 wt% of the overall

composite materials based on the residual mass from TGA

testing. Assuming stoichiometric TiO2, this represents a very

high (>90%) product yield of titanium from the precursor solu-

tion, most likely attributed to the high concentration of CNTs

present in the reflux mixture and the high degree of functional

groups on their surface to readily facilitate precursor adsorption.

Mass loss was observed to occur beginning at ca. 350 �C,
attributed at first to combustion of any amorphous carbon

species followed by the CNT core structures. The TGA profile of

TiN–CNTs displayed a weight increase initiating at ca. 350 �C
and reaching a maximum of 114.6 wt% at 525 �C. This increase in
weight can be directly attributed to the oxidation of TiN and is in

direct agreement with previous reports.28 The weight gain

resulting from TiN oxidation is well below the theoretical value

of 29.1 wt% assuming complete conversion of stoichiometric TiN

to TiO2. Non-stoichiometric TiN and TiO2 offer reasonable

explanation for this observation along with the onset of CNT

oxidation occurring at these excessive temperatures. The residual

mass remaining after completion of the temperature ramping was

higher for TiN–CNTs compared with TiO2–CNTs, with 83.6 and

70.4 wt% remaining, respectively. Non-stoichiometric TiN and

TiO2 will most likely contribute to this observation; however, it is

most likely that the increased residual weight remaining for TiN–

CNTs is due to the etching of carbon from the CNTs occurring

during ammonia treatment.29,30

Following Pt deposition by a modified ethylene glycol reduc-

tion method, TEM imaging (Fig. 3) confirmed the successful

deposition of well dispersed Pt nanoparticles with an average

diameter of ca. 2.9 nm and the majority of nanoparticles pos-

sessing diameters between 1 and 4 nm based on measurement of

numerous TEM images. This positively indicates that the

ethylene glycol method is effective for deposition onto TiN based

supports; however, some larger Pt nanoparticle agglomerates

were observed, possibly due to the lack of surface functional

groups such as the ones on carbon based supports in order to

facilitate Pt ion nucleation and subsequent particle growth.31,32

The structural morphology of the TiN–CNTs is maintained, with

Pt nanoparticles observed on the surface, along with Pt deposi-

tion onto the exposed CNT surfaces adjacent to the termination

sites of the TiN coating.
J. Mater. Chem., 2012, 22, 3727–3732 | 3729
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Fig. 3 TEM images of Pt/TiN–CNT composite materials.

Fig. 4 (a) CV curves for Pt/TiN–CNT and Pt/C obtained in 0.1 M

HClO4 at a scan rate of 50 mV s�1 under nitrogen saturation and (b) ORR

polarization curves obtained at a scan rate of 10 mV s�1 and an electrode

rotation rate of 900 rpm under oxygen saturation, with background

currents obtained under nitrogen saturation removed. Polarization

curves at various rotation rates for (c) Pt/TiN–CNT and (d) Pt/C. (e)

Tafel plots for Pt/TiN–CNT and Pt/C (900 rpm) and (f) Koutecky–

Levich plots for Pt/TiN–CNTs at various potentials. Identical platinum

electrode loading was utilized for all testing.
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CV curves are presented for Pt/TiN–CNTs along with state of

the art commercial Pt/C for comparison in Fig. 4a. As expected,

both samples display the characteristic platinum oxidation/

reduction peaks at higher electrode potentials and the hydrogen

adsorption/desorption peaks at lower potentials. The charge

transfer for hydrogen desorption was used to calculate the elec-

trochemically active surface area (ECSA) according to eqn (1):33

ECSA ¼ QH

½Pt� � 0:21
(1)

where QH is the calculated charge for hydrogen desorption

(mC cm�2), [Pt] is the platinum mass based electrode loading

(mgPt cm
�2) and 0.21 mC cm�2 is the charge transfer required for

a monolayer of hydrogen on platinum. Based on these

calculations, the ECSA of Pt/TiN–CNT was found to be

109.75 m2 gPt
�1, comparable to 104.37 m2 gPt

�1 determined for

commercial Pt/C.

ORR polarization curves obtained in oxygen saturated 0.1 M

HClO4 are provided in Fig. 4b comparing Pt/TiN–CNTs and

commercial Pt/C, along with full polarization curves provided in

Fig. 4c and d, respectively. It is apparent that utilizing TiN–

CNTs as a catalyst support material enhances the ORR elec-

trokinetics compared with the benchmark state of the art Pt/C

electrocatalyst. Improved onset potential and current densities

were obtained over the potential range investigated, with

a slightly higher diffusion limited current observed. The latter

can most likely be attributed to reduced peroxide byproducts

released from the carbon support materials due to the TiN shell
3730 | J. Mater. Chem., 2012, 22, 3727–3732
coating. This higher diffusion limited current density is in

contrast to results reported previously indicating a lower diffu-

sion limited current reported for Pt supported on TiN particles

compared with Pt/C,11 indicating a potential influence induced by

the 1D anisotropic morphology of the TiN–CNTs, or a potential

composite interaction with the highly graphitic CNT core

supports. Regardless, the improved on-set potential obtained

with TiN based catalyst supports is consistent with this previous

report, rendering these materials as promising electrocatalyst

support materials. Kinetic controlled current densities were

determined and Tafel plots of Pt/TiN–CNTs and Pt/C are

provided in Fig. 4e. In the low current density region, Tafel

slopes of �59 mV dec�1 and �65 mV dec�1 were observed for

Pt/TiN–CNT and Pt/C respectively. This analysis indicates the

enhanced ORR electrokinetics occurring on the surface of

Pt/TiN–CNTs and the values obtained are very similar to the

theoretical low current density Tafel slope of �60 mV dec�1

commonly reported for platinum materials in the cathodic sweep

direction.34,35 At higher current density values, a shift in the slope

is observed to more negative values commonly attributed to

altered adsorption isotherms and reaction mechanisms.36,37

Fig. 4f exhibits Koutecky–Levich plots for Pt/TiN–CNTs at

various potentials in the mixed diffusion-kinetic current density
This journal is ª The Royal Society of Chemistry 2012
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regime. Parallel, linear behaviour is observed which confirms first

order reaction kinetics with respect to oxygen concentration

occurring on the Pt/TiN–CNT electrode.38 It has however,

recently been demonstrated that upon immersion in acidic

solutions and exposure to potential cycling over long periods of

time the surface of TiN will be passivated, ultimately resulting in

drastic performance loss.39 It is unknown how this reported

phenomenon will behave under actual fuel cell conditions and

remains to be investigated; however, this surface passivation is an

implicit drawback of TiN based support materials that must be

overcome in order to exploit their significant electrokinetic

enhancements as ORR electrocatalyst supports. Future investi-

gations on this phenomenon would be beneficial.

CV curves obtained in 0.1 M HClO4 containing 1 M methanol

are presented in Fig. 5a for Pt/TiN–CNTs and Pt/C. Pt/TiN–

CNTs demonstrated superior MOR activity, displaying

a forward peak current density of 22.9 mA cm�2, compared to

15.8 mA cm�2 observed for commercial Pt/C. Along with

a slightly improved on-set potential and significantly higher

oxidation currents obtained throughout the entire potential

range investigated, Pt/TiN–CNTs also displayed higher resis-

tance to CO poisoning. CO poisoning is a primary concern for

MOR electrocatalyst development, as adsorbed CO intermedi-

ates will serve to block methanol access to the catalytically active

sites, reducing the overall rate of electrochemical oxidation.

Generally, the forward peak current density (if) is attributed to

the oxidation of methanol and the backward peak current

density (ib) is attributed to the oxidation of adsorbed CO species.

Improved forward peak to backward peak current density ratios

(if/ib) are indicative of enhanced electrocatalyst tolerance

towards CO poisoning. Alloying platinum with ruthenium is

a well accepted strategy to mitigate the effects of CO poisoning,

where improved MOR performance is commonly reported for

PtRu alloy electrocatalysts.23,24,40 This strategy however relies

exclusively on ruthenium supplies, bearing with it the issues of

high cost and limited global reserves. Moreover, ruthenium

leaching during fuel cell operation can also result in performance

loss resulting from the dealloying process along with contami-

nation of fuel cell components by ruthenium ions.24,41 In the

present study, Pt/TiN–CNTs displayed improved CO tolerance

compared with Pt/C, demonstrating if/ib ratios of 1.22 and 1.12,

respectively. Chronoamperometry current–time transients are

provided in Fig. 5b for Pt/TiN–CNTs and Pt/C by holding the
Fig. 5 (a) MOR polarization curves for Pt/TiN–CNT and Pt/C obtained

in 0.1 M HClO4 containing 1 M methanol at a scan rate of 5 mV s�1. (b)

Chronoamperometry current–time transients at an electrode potential of

0.82 V vs. RHE. Identical platinum electrode loading was utilized for all

testing.

This journal is ª The Royal Society of Chemistry 2012
electrode at a potential of 0.82 V vs. RHE. Higher MOR current

densities and reduced rates of current depletion were observed

for Pt/TiN–CNTs, further indicative of the superior MOR

kinetics and CO tolerance of these materials, respectively.

The performance enhancement observed for Pt/TiN–CNTs

can most likely be attributed to the specific properties of the

TiN–CNT composites and the catalyst–support interactions

present in these materials. Reduced CO poisoning when utilizing

TiN supported Pt has been previously reported in both alkaline14

and acidic environments13 and was attributed to the formation of

hydroxide groups during potential cycling as confirmed by

infrared spectroscopy techniques. These authors claim that CO

species adsorbed on active Pt sites will be removed by adjacent

hydroxide species present on the TiN support in a fashion similar

to the alleviated CO poisoning observed on PtRu alloys due to

the presence of Ru–OH groups. This claim has been supported

by the increase in MOR activity observed as a function of

potential cycling13,14 resulting in the formation of TiN–OH

species. This observation was also observed in the present study,

where performance increase was observed for Pt/TiN–CNTs as

a function of potential cycling before steady state current

densities were obtained. Additional catalyst–support interactions

occurring between the TiN–CNTs and Pt nanoparticles may also

account for the enhancements in the performance observed,

where electrocatalyst activity is known to be strongly influenced

by the type of support material utilized. The possible interactions

occurring between TiN–CNTs and the active Pt nanoparticles

remain elusive and further investigations are required; however,

it has been proposed that there may exist a synergistic mecha-

nism that occurs when the surface of oxidized TiN (oxide or

oxynitride species) undergoes reduction, simultaneously medi-

ating the oxidation of methanol molecules.13 Moreover, a shift in

the electron binding energy of Pt supported on TiN species has

been demonstrated by X-ray photoelectron spectroscopy.12

These modified electron properties could potentially account for

improvements in theMOR and ORR electrokinetics observed on

Pt/TiN–CNTs in comparison to commercial carbon supported

Pt. It is also likely that the improved electronic properties

obtained upon compositing TiN materials with CNTs, along

with the distinct advantages of using electrocatalysts possessing

unique, one dimensional morphologies, will provide electro-

catalytic improvements. While the exact nature of the enhance-

ments reported herein requires stringent investigations, the

promise of utilizing TiN–CNTs as electrocatalyst support

materials is apparent.
Conclusions

Unique TiN–CNT core–shell nanocomposites were developed by

a simplistic fabrication procedure and were characterized by

XRD, TGA and TEM techniques. These materials were then

utilized as platinum nanoparticle supports for ORR and MOR

fuel cell reactions. Improved ORR and MOR activities were

obtained for Pt/TiN–CNTs compared with commercial state of

the art Pt/C electrocatalysts. Improved CO tolerance of these

materials determined through MOR and chronoamperometry

testing was also demonstrated. These performance enhancements

were attributed to the specific properties of the TiN–CNT

nanocomposites, particularly their one-dimensional anisotropic
J. Mater. Chem., 2012, 22, 3727–3732 | 3731
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morphology and improved electronic properties. Moreover,

distinct catalyst–support interactions most likely play a role in

the electrokinetic enhancements and CO tolerance observed.

Thus, TiN–CNTs are presented as promising electrocatalyst

support materials for low temperature fuel cell applications.
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