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Abstract:

 We have prepared Pt nanoparticles supported on titanium carbide (TiC) (Pt/TiC) as an alternative cathode catalyst with high durability at high potentials for polymer electrolyte fuel cells. The Pt/TiC catalysts with and without heat treatment were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM). Hemispherical Pt nanocrystals were found to be dispersed uniformly on the TiC support after heat treatment at 600 °C in 1% H2/N2 (Pt/TiC-600 °C). The electrochemical properties (cyclic voltammetry, electrochemically active area (ECA), and oxygen reduction reaction (ORR) activity) of Pt/TiC-600 °C and a commercial Pt/carbon black (c-Pt/CB) were evaluated by the rotating disk electrode (RDE) technique in 0.1 M HClO4 solution at 25 °C. It was found that the kinetically controlled mass activity for the ORR on Pt/TiC-600 °C at 0.85 V (507 A g−1) was comparable to that of c-Pt/CB (527 A g−1). Moreover, the durability of Pt/TiC-600 °C examined by a standard potential step protocol (E = 0.9 V↔1.3 V vs. RHE, holding 30 s at each E) was much higher than that for c-Pt/CB.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) have been extensively investigated for potential applications in fuel cell vehicles (FCVs) and residential co-generation systems. The reduction of the amount of Pt used in the cathode catalyst layers (CLs) is indispensable for the large-scale commercialization. To obtain high mass activity (MA) for the oxygen reduction reaction (ORR), it is essential to increase the electrochemically active area (ECA) for the ORR at minimum Pt loading in the CLs. So far, Pt nanoparticles with ECA values as large as 100 m2 gPt−1 have been dispersed on high-surface-area (HSA) supports such as carbon black (CB, e.g., SCB = 800 m2 g−1). However, a severe degradation of the CB support of the Pt/CB cathode catalysts has been recognized at high potentials, especially during the start-stop cycles of FCVs [1,2,3,4,5,6]. It is known that the corrosion rate of carbon itself is low even under PEFC operating conditions, but the rate is accelerated by Pt catalyst loading with increasing temperature and potential [2,7,8,9]. The corrosion of the carbon support leads to agglomeration (sintering) and/or a detachment of Pt nanoparticles from the surface, together with a reduction of the electronic conductance in the CL [1,10,11,12,13,14,15,16,17]. Thus, the ECA for the ORR decreases significantly. It is, therefore, essential to develop novel cathode catalysts with both high MA for the ORR and high durability at high electrode potentials up to 1.5 V vs. reversible hydrogen electrode (RHE) [3,4,5,6].

So far, electronic conductive oxides or nitrides have been examined as stable supports for PEFCs, e.g., Pt/SnO2 [18,19], Pt/TiO2 [20,21,22,23], Pt/Ti4O7 [24,25], Pt/TiN [26], among others. The support materials used are typically in the form of nanoparticles with HSA to disperse Pt catalyst particles uniformly, but the use of HSA supports often leads to a high contact resistance between the particles. Recently, Kakinuma et al. have developed Sb-, Nb- and Ta-doped SnO2−δ nanoparticle supports with a fused aggregated structure having both HSA and low contact resistance [27,28,29,30]. They reported that Pt-dispersed Nb–SnO2−δ and Ta–SnO2−δ exhibited both higher ORR activity and higher durability at high potentials than those for commercial Pt/CB (c-Pt/CB) catalysts. It was also found that the kinetically controlled specific ORR activities on various Pt/Nb–SnO2−δ catalysts increased with increasing apparent electrical conductivity of the support [29].

Here, we focus on the support material having high electrical conductivity together with chemical stability at high potentials in acidic media. Titanium carbide (TiC) exhibits high electrical conductivity. For example, the conductivity of bulk TiC has been reported to be as high as 1.5 × 104 S cm−1 [31], which is approximately one order of magnitude higher than that of bulk Ta–SnO2−δ [32]. In strong acidic media and high potentials, TiC is chemically and electrochemically stable. Indeed, several reports are available for the application of TiC or TiC-based materials to bipolar plates in phosphoric acid fuel cells (PAFCs) [33], Pt/TiC cathode catalysts for PAFCs [34], and Ir-dispersed TiC as the anode catalyst (O2 evolution) in a proton exchange membrane water electrolysis system [35].

In this paper, we have examined the ORR activity and durability of Pt supported on TiC nanoparticles (Pt/TiC) by the use of the rotating disk electrode (RDE) technique. PtO nanoparticles were first dispersed on the TiC support by a colloidal method [26,36,37]. After a heat treatment at 600 °C in 1% H2/N2, hemispherical Pt nanoparticles with clear lattice fringes were found to be well dispersed on the TiC support (Pt/TiC-600 °C). The Pt/TiC-600 °C thus prepared exhibited high MA for the ORR, comparable to that of a c-Pt/CB, with much higher durability at high potentials.



2. Results and Discussion


2.1. Characterization of Pt/TiC Catalysts

Figure 1 shows X-ray diffraction (XRD) patterns of various Pt/TiC catalysts. The sharp peaks at 2θ = 36° and 42° for both samples were assigned to cubic TiC (111) and TiC (200), respectively. The broad peaks at 2θ = 40° and 46° for the catalysts heat-treated at 600 °C were assigned to Pt (111) and Pt (200), respectively. The Pt crystallite size dXRD, calculated from Scherrer’s equation for the XRD peak at ca. 46°, was 3.8 nm for the Pt/TiC-600 °C. However, none of peaks assigned to Pt were observed for the as-prepared Pt/TiC catalyst, suggesting that the supported particles were not metallic platinum.

Figure 1. X-ray diffraction patterns for (a) Pt/TiC as-prepared and (b) (c) heat-treated at 600 °C (Pt/TiC-600 °C). The panel (c) is the enlarged XRD pattern from 30° to 50° for Pt/TiC-600 °C. The assignment of peaks is shown by (●) cubic TiC and (▼) Pt. The peaks in (a) from low diffraction angles to high angles correspond to the lattice distance of TiC (111), (200), (220), (311), and (222). The peaks in (b) marked with ▼ correspond to the lattice distance of Pt (111), (200), (220), and (311) from low diffraction angle to high angle, respectively.
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The X-ray photoelectron spectra of as-prepared Pt/TiC and Pt/TiC-600 °C are shown in Figure 2. The formation of Pt(II) oxide (PtO) was confirmed for the as-prepared Pt/TiC catalyst from the Pt 4f core-level region in Figure 2a. After the heat treatment at 600 °C in N2 containing 1% H2, the peak of metallic Pt (Pt0) appeared, with significant diminishing of the PtO peak, which is consistent with the XRD results described above. In Figure 2b, we observed a broad peak assigned to Ti4+, presumably TiO2, besides the main peak assigned to Ti3+ in the TiC phase. The heat treatment at 600 °C in N2 containing 1% H2 resulted in a decrease of the Ti4+ peak with a low-energy shift. Such a shift has also been ascribed to the reduction of TiO2 [38].

Figure 2. X-ray photoelectron spectra of as-prepared Pt/TiC and Pt/TiC-600 °C in the binding energy regions of (a) Pt 4f7/2 and (b) Ti 2p3/2.
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Figure 3 shows TEM images of as-prepared Pt/TiC and Pt/TiC-600 °C, together with the particle size distribution histograms. PtO or Pt particles were well dispersed on the TiC support for both samples. The average Pt particle size dTEM of as-prepared Pt/TiC and Pt/TiC-600 °C were 1.9 ± 0.4 nm and 3.7 ± 1.0 nm, respectively. It was seen in a typical high resolution image (Figure 3b) for the as-prepared Pt/TiC that a dome-shaped particle (presumably PtO) was covered with a thin amorphous layer. After the reduction at 600 °C (Pt/TiC-600 °C, Figure 3d), clear fringes corresponding to the (111) lattice distance of Pt (0.224 nm) were observed, without any thin amorphous layer.

Figure 3. Transmission electron microscopic (TEM) images of as-prepared Pt/TiC (a) (b) and Pt/TiC-600 °C (c) (d), together with the Pt particle size distribution histograms.
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Considering the XPS results shown in Figure 2, the thin amorphous layer observed in Figure 3d can be assigned with certainty to TiO2, which was reduced at 600 °C in 1% H2. The dTEM of Pt on Pt/TiC-600 °C accords well with the crystallite sizes dXRD, i.e., each Pt particle observed by TEM was a single crystallite. The Pt loading amount on the Pt/TiC-600 °C was quantified to be 10.3 wt % (see Experimental section). Thus, we clarified that Pt nanocrystals were formed on the TiC support by the reduction of TiO2-covered PtO particles, followed by agglomeration. It is also noted that most of Pt nanocrystals dispersed on the TiC support were hemispherical as seen in Figure 3d, suggesting a strong interaction between Pt and the support.





2.2. Electrochemical Characterization of Pt/TiC Catalysts

Figure 4 shows the cyclic voltammograms (CVs) of the Nafion-coated Pt/TiC-600 °C and c-Pt/CB electrodes in N2-purged 0.1 M HClO4 solution measured at 25 °C. For both electrodes, the hydrogen adsorption/desorption peaks were clearly observed at potentials below 0.4 V. The oxidation of Pt commenced at approximately 0.8 V in the positive-going scan, while the reduction peak was seen at 0.75 V in the negative-going scan. The ECA values of Pt/TiC-600 °C and c-Pt/CB, which were evaluated from the hydrogen adsorption charge in Figure 4, were 75 m2 gPt−1 and 80 m2 gPt−1 [39], respectively. Assuming a spherical shape for the Pt particles with dTEM, the specific surface area was calculated to be 76 m2 gPt−1 for Pt/TiC-600 °C and 127 m2 gPt−1 for c-Pt/CB. This suggests that nearly all Pt particles for the Pt/TiC-600 °C catalyst can easily contact the electrolyte solution, whereas an appreciable fraction of the Pt particles in the c-Pt/CB catalyst cannot contact the electrolyte solution. It has been reported that nearly half of the Pt particles for c-Pt/CB were located in the interiors of carbon black particles [40].

Figure 4. Cyclic voltammograms for Pt/TiC-600 °C and c-Pt/CB in N2-saturated 0.1 M HClO4 at a sweep rate of 0.1 V s−1.
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The ORR was examined by the RDE technique in O2-saturated 0.1 M HClO4 solution at 25 °C. Hydrodynamic voltammograms for the ORR at Pt/TiC-600 °C and c-Pt/CB electrodes are shown in Figure 5. Both Pt/TiC-600 °C and c-Pt/CB electrodes exhibited nearly identical onset potential (0.98 V) for the ORR. The ORR current reached a diffusion limit at about 0.4 V. Then, the limiting current-corrected current, ILCC = I × IL/(IL − I), was calculated at 1500 rpm. According to the Koutecky-Levich equation, ILCC is equivalent to the kinetically-controlled current Ik.

Figure 5. Hydrodynamic voltammograms for the ORR at Nafion-coated Pt/TiC-600 °C and c-Pt/CB in O2-saturated 0.1 M HClO4 solution at 25 °C. Rotating rate was 1500 rpm, and the potential sweep rate was 5 mV s−1.
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Figure 6 shows Tafel plots (E vs. log |ILCC|) for the ORR at Pt/TiC-600 °C and c-Pt/CB. The Pt/TiC-600 °C showed two Tafel slope regions, similar to the case of c-Pt/CB: ca. −60 mV decade−1 in the high potential region E > 0.9 V, and ca. −120 mV decade−1 in the low potential region E 0.85 V, being in agreement with those reported for bulk-Pt or Pt/CB [41]. Therefore, the rate determining step for the ORR at Pt/TiC-600 °C is identical with that at Pt/CB or bulk-Pt.

Figure 6. Tafel plots for the ORR at Pt/TiC-600 °C and c-Pt/CB in O2-saturated 0.1 M HClO4 solution at 25 °C with the rotating rate of 1500 rpm and the potential sweep rate of 5 mV s−1.
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The kinetically-controlled currents Ik at given potentials E were determined based on the Koutecky-Levich equation,



1/I = 1/Ik + 1/(0.62 n F S D2/3COν−1/6 ω1/2)



(1)




where n is the number of electrons transferred, F is the Faraday constant, S is the effective projected area of the Pt catalyst, D is the diffusion coefficient of O2, CO is the oxygen concentration, ν is the viscosity of the electrolyte and ω is the angular velocity. An example of the Koutecky-Levich plot for the ORR on the Nafion-coated Pt/TiC-600 °C is shown in Figure 7. Linear relationships with a constant slope are seen at all of the potentials, 0.85, 0.80 and 0.76 V. By extrapolating ω−1/2 to 0 (infinite mass transport rate), the value of the kinetically controlled current Ik was calculated. The kinetically-controlled specific activity (jk) and mass activity (MA) were calculated based on the ECA value and the amount of Pt initially loaded on the working electrode, respectively. The value of jk of Pt/TiC-600 °C at 0.85 V was 0.70 mA cm−2, which was approximately 1.4 times higher than that of c-Pt/CB. Similar enhancement factors of the jk were also reported for Pt/Nb–SnO2−δ and Pt/Ta–SnO2−δ [29,30]. The value of MA of Pt/TiC-600 °C at 0.85 V (507 A g−1) was, however, comparable to that of c-Pt/CB (527 A g−1), since the ECA of Pt/TiC-600 °C was smaller than that of c-Pt/CB.
So far, the MA or jk at 0.90 V has been evaluated in both RDE cells using 0.1 M HClO4 electrolyte solution and conventional membrane-electrode assemblies (MEAs), e.g., with 0.40 mgPt cm−2 loading operated with air of 150 kPaabsolute humidified at 100% RH [42]. In contrast, the current density at 0.90 V is not completely kinetically-controlled in recent MEAs with less Pt loading of 0.04 mgPt cm−2 and a thin electrolyte membrane operated under ambient pressure at low humidity (30% RH) [43,44]. We have therefore judged that the MA measured at 0.85 V is more appropriate, considering the actual operating conditions of PEFCs [44]. However, in order to compare the ORR activity of our Pt/TiC-600 °C with values in the literature, we have also evaluated the jk at 0.90 V and 25 °C with the potential sweep rate of 5 mV s−1 to be 0.17 mA cm−2. The value of jk is consistent with those of Pt/CB catalysts at 0.90 V and 60 °C (with the same sweep rate) [42]. Although the jk values summarized in the literature were evaluated at higher temperature than the present work, such an accordance is certainly due to a small effect of temperature on jk for the ORR since an increase in the ORR activity with increasing temperature is almost cancelled by the decrease in O2 solubility [45]. Recently, Ignaszak et al. prepared a Pt/TiC catalyst with similar Pt size dTEM = 3.1 nm by a microwave-assisted polyol process [46]. They reported a jk value at 0.90 V of 0.024 mA cm−2, which is only 1/7 of our value. It is also noted that the value of ECA reported was 40 m2 gPt−1, which is approximately 1/2 that of our catalyst (76 m2 gPt−1). The most important difference, we consider, is that Ignaszak et al. did not carry out any heat treatment after dispersing the Pt on TiC. As described above, the heat treatment in H2-containing atmosphere was found to be essential to remove the thin amorphous TiO2 layer from the Pt surface. Because the current density during the ORR is higher than that of the CV (hydrogen adsorption/desorption), it is reasonable that the effect of the oxide layer on Pt and/or the Pt–TiC interface would be more pronounced for the jk values for the ORR than it would be for the ECA values.





Figure 7. Koutecky-Levich plots obtained from hydrodynamic voltammograms for the ORR (shown in the inset) at (▲) 0.85 V, (●) 0.80 V and (♦) 0.76 V vs. RHE at Nafion-coated Pt/TiC-600 °C electrode in O2-saturated 0.1 M HClO4 solution at 25 °C.
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2.3. Durability of Pt/TiC-600 °C in the Potential Step Cycle Test

Then, we have examined the durability of the Pt/TiC catalyst at high potentials. Figure 8a shows the changes in the ECA values of the Nafion-coated Pt/TiC-600 °C and c-Pt/CB electrodes during the potential step cycle test, simulating the start-stop cycles of the FCV. The ECA values of c-Pt/CB decreased quickly after 100 cycles, whereas the ECA values of Pt/TiC-600 °C decreased slowly. As a measure of the durability, we defined N1/2,ECA, i.e., the value of N at which ECA had decreased to 1/2 of the initial value of c-Pt/CB. It is clear that Pt/TiC-600 °C showed a much lower rate of ECA decrease; the N1/2,ECA value for Pt/TiC-600 °C was 12 times larger than that for c-Pt/CB. Figure 8b shows changes in the MA at 0.85 V (MA0.85V) for the ORR on the Nafion-coated Pt/TiC-600 °C and c-Pt/CB electrodes as a function of log N. The Pt/TiC-600 °C exhibited a much lower rate of MA decrease than c-Pt/CB. The value of N at which MA had decreased to 1/2 of the initial value, N1/2,MA, for Pt/TiC-600 °C was 11 times larger than that for c-Pt/CB. These results suggest that the decrease in the MA of Pt/TiC-600 °C can be ascribed mainly to the decrease in ECA.

Figure 8. (a) Plots of ECA at Nafion-coated (●) Pt/TiC-600 °C and (○) c-Pt/CB electrodes as a function of log N. (b) Plots of MA0.85V at Nafion-coated (●) Pt/TiC-600 °C and (○) c-Pt/CB electrodes at 0.85 V as a function of log N. Each dashed line indicates 1/2 of the initial value of (a) ECA and (b) MA0.85V for c-Pt/CB.
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Figure 9 shows the TEM images of Pt/TiC-600 °C and c-Pt/CB before and after the durability test (N = 5000). As is well known, the CB support of c-Pt/CB corrodes severely at high potentials [17,39]. Many Pt particles were found to be detached from the CB support, in addition to the agglomeration of Pt particles. It was found that Pt/TiC-600 °C exhibited high durability at high potentials, and Pt particles were not detached from the TiC support. The slow decrease of the ECA and MA values of Pt/TiC-600 °C can certainly be ascribed to an agglomeration of Pt particles. In contrast, Ignaszak et al. claimed [46] that their Pt/TiC lost 78% of its original ORR activity after only 500 potential cycles between 0.05 V and 1.2 V at 20 mV s−1. Although the test protocol (upper limit and lower limit potential, potential sweep vs. potential step) was different, our Pt/TiC-600 °C catalyst exhibited superior durability, even with a higher potential being used, i.e., 1.3 V. Thus, we have confirmed that the removal of the TiO2 layer, as we performed for Pt/TiC-600 °C, was very important to obtain both high ORR activity and high durability at high potentials The next target will be to examine this catalyst in the MEA.

Figure 9. TEM images of Pt/TiC-600 °C (a) (b) and c-Pt/CB (c) (d) before (a) (c) and after (b) (d) the durability test (N = 5000).
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3. Experimental Section


3.1. Preparation of Pt/TiC Catalyst

TiC nanoparticles (average diameter = ca. 40 nm, prepared by a radio-frequency plasma method) were supplied by Nisshin Engineering Co. (Tokyo, Japan) The surface area of the TiC nanoparticles was measured to be 77 m2 gPt−1 by the Brunauer, Emmett and Teller (BET) adsorption method (BELSORP-max, BEL Japan Inc., Osaka, Japan). Platinum nanoparticles were dispersed on the TiC support by the colloidal method [26,36,37]. A calculated amount of hexachloroplatinic acid was dissolved in sodium hydrogen sulfite solution under stirring. In order to prepare a Pt (or PtOx) colloid, hydrogen peroxide was added to the solution at a rate of 2 mL min−1, and the pH value was held at 5.0 by adding 5 wt. % sodium hydroxide solution. A dispersion of TiC powder, pure water (Milli-Q water, 18.2 MΩ cm, Millipore Japan Co., Ltd., Tokyo, Japan) and catalase (to decompose excess H2O2) were added into the Pt colloid solution at room temperature, followed by stirring for 6 h. The powder obtained was filtered and washed thoroughly with pure water. The powder (PtOx/TiC) was then heat-treated at 600 °C in 1% H2-containing N2 atmosphere for 2 h and quenched to room temperature. The amount of Pt loaded on the TiC support was measured by an inductively coupled plasma-mass spectrometric analyzer (ICP-MS, 7500CX, Agilent Technologies Inc., Tokyo, Japan). The Pt loading amount on the Pt/TiC-600 °C was found to be 10.3 wt %. Considering the density of TiC (4.91 g cm−3, based on JCPDS#321383 data) and carbon black (ca. 2 g cm−3), we can estimate that the thickness of the catalyst layer with 10.3 wt %-Pt/TiC is comparable to that with ca. 25 wt %-Pt/CB under the given Pt amount and the porosity.



3.2. Characterization of Pt/TiC

The crystalline phase of the Pt/TiC catalyst was characterized using X-ray diffraction (XRD, Ultima 4, Rigaku Co., Tokyo, Japan) with monochromated CuKα radiation (0.15406 nm, 40 kV, 40 mA). The morphology of the catalyst was observed by transmission electron microscopy (TEM, H-9500, Hitachi High-Technologies Co., Tokyo, Japan) and scanning transmission electron microscopy (STEM, HD-2700, Hitachi High-Technologies Co.). The Pt (or PtOx)/TiC catalyst was also analyzed by X-ray photoelectron spectroscopy (XPS, ESCA5800, ULVAC-PHI Inc., Chigasaki, Japan).



3.3. Electrochemical Measurements

The ORR activities of the Pt/TiC and a c-Pt/CB (TEC10E50E, 45.6 wt %-Pt supported on high-surface-area carbon black, Tanaka Kikinzoku Kogyo K.K., Tokyo, Japan) catalysts were examined by the rotating disk electrode (RDE) technique. The working electrode consisted of a thin layer of these catalysts uniformly dispersed on a glassy carbon disk substrate (diameter = 5 mm, geometric area = 0.196 cm2) at a constant loading of 5.50 μgPt cm−2, which corresponds to an approximately 2.5-monolayer height of TiC support particles. A thin film of Nafion was coated on the catalyst layer with an average thickness of 0.05 μm [39]. The use of such a thin catalyst layer with a thin Nafion film enables us to evaluate a “real” kinetically-controlled activity of the catalyst for the ORR [47].

A platinum wire and a reversible hydrogen electrode (RHE) were used as the counter and the reference electrodes, respectively. The electrolyte solution of 0.1 M HClO4 was prepared from reagent-grade chemicals (Kanto Chemical Co., Tokyo, Japan) and Milli-Q water. All of the electrode potentials were controlled by a potentiostat (HZ5000, Hokuto Denko Co., Tokyo, Japan). The electrolyte solution was saturated with N2 or O2 gas bubbling for at least 1 h prior to the electrochemical measurements.

The durability testing of the catalysts was performed according to a standard potential step protocol recommended by the Fuel Cell Commercialization Conference of Japan (FCCJ) in 0.1 M HClO4 solution purged with N2 at 25 °C. The potential was stepped between 0.9 V and 1.3 V, with a holding period of 30 s at each potential (1 min per cycle) [48]. After a given number of potential step cycles, changes in the ECA values and ORR activities were examined.




4. Conclusions

We have succeeded in preparing Pt nanoparticles uniformly dispersed on a TiC support (Pt/TiC) by the colloidal method, followed by heat treatment in a hydrogen-containing atmosphere. Such a heat treatment was found to be important in removing a thin amorphous TiO2 layer from the Pt surface, resulting in hemispherical Pt nanocrystals with clear lattice fringes. The heat-treated Pt/TiC at 600 °C (Pt/TiC-600 °C) exhibited high MA for the ORR in O2-saturated 0.1 M HClO4 solution at 25 °C, comparable to that of c-Pt/CB. It was also found that Pt/TiC-600 °C exhibited much higher durability than that of c-Pt/CB in a standard a potential step protocol (E = 0.9 V ↔ 1.3 V). By TEM observation, we have clearly demonstrated that the major reason for such a high durability of Pt/TiC-600 °C was suppression of the detachment of Pt particles from the support, unlike c-Pt/CB. Hence, based on our systematic work using various ceramic supports (TiN [26], doped SnO2 [27,28,29,30], and TiC in the present work), the essential factors for the highly active and highly durable cathode catalysts are the use of a chemically and electro chemically stable support with high electrical conductivity, uniform dispersion of Pt nanocrystals on the support, and the removal of an oxide layer, if any, on the Pt surface and/or Pt-ceramic support interface.
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