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Co-presence of PtNi Nanowires and Ionic Liquid in Carbon 
Mesopores Enhances Electrocatalytic Oxygen Reduction Activity 

Yuta Kato,a Masaru Kato,a,b* Shun Saito,a Yu Zhuang,a Yoshimi Iguchi,a  Jun Sato,c Tasuku 
Komanoya,c Kentaro Soma,d Koshiro Suzuki,a Ichizo Yagia,b* 

The electrocatalytic activity of PtNi nanowires is enhanced by the 

co-presence of ionic liquid in carbon mesopores. Three-dimensional 

transmission electron microscopy tomography and surface-

enhanced infrared absorption spectroscopy confirm the co-

presence of PtNi nanowires and ionic liquid inside carbon 

mesopores even under electrochemical conditions.  

Pt alloy nanostructured electrocatalysts supported on carbon 

have been widely used for electrochemical devices such as 

polymer electrolyte fuel cells (PEFCs)1-3 and water 

electrolyzers.4-6 In the nanostructured electrocatalysts, Pt and 

Pt alloy nanowires (NWs) are highly active for the oxygen 

reduction reaction (ORR), which is known to be catalyzed at the 

cathode in PEFCs and metal-air batteries, and their mass activity 

(MA) can reach 13.6 A (mgPt)–1 at 0.9 V vs. RHE using a rotating 

disk electrode (RDE).7  The MA of Pt-based electrocatalysts for 

the ORR is also known to be severely reduced in the membrane-

electrode assembly (MEA) for practical PEFCs: the highest MA 

in an MEA to date is 1.77 A (mgPt)–1,8 which is an order of 

magnitude lower than the highest MA in the RDE.2,3,7 This 

drastic MA loss in the MEA is mainly due to the limitation of 

mass transport in the catalyst layer, where Pt-based 

nanocatalysts are covered with ionomer films such as Nafion, 

which provide proton transport pathways but also block oxygen 

transport.1-3 Thus, the suppression of ionomer poisoning 

remains a challenge for Pt alloy nanostructured electrocatalysts. 

The use of small amounts of hydrophobic ionic liquids (ILs) 

with Pt-based electrocatalysts, which is known as the solid 

catalyst with ionic liquid layer (SCILL) concept, improves O2 

solubility9,10 and/or suppress the formation of non-reactive Pt-

O(H) species at the catalyst surface,11,12 resulting in high ORR 

activity for Pt-based electrocatalysts.9-15 The SCILL approach can 

be applied especially to nanostructured Pt alloy catalysts with 

open framework15 and nanopore structures,9,10 where capillary 

force pulls ILs. Similarly, ILs can also be encapsulated in 

mesoporous carbon supports.16 It is expected that both of Pt-

based catalysts and ILs can be kept inside carbon mesopores, 

leading to maximizing the catalytic activity of Pt-based catalysts 

without poisoning by ionomers.1,3,17-20 The encapsulation of Pt-

based NWs in carbon mesopores can provide not only the 

ionomer-free Pt surface but also higher proton conductivity 

along the NW, compared with nanoparticles, even in carbon 

mesopores, predicted by model studies.21 However, the 

encapsulation of NWs in carbon mesopores has not been 

reported: it was believed that NWs (typically ≤5 nm in 

diameter)7,22-30 could not be placed inside the pores of 

mesoporous carbon supports.1  

Herein, we report the effect of IL-modification on the 

electrocatalytic activity of PtNi NWs supported on a 

mesoporous carbon for the ORR in acidic media. As an IL, 1-

butyl-3-methylimidazolium hexafluorophosphate 

([BMIM][PF6]) was mainly used in this work.11,12,14 To confirm 

the co-presence of NWs and the IL in carbon mesopores, 3D 

electron tomography and in situ surface-enhanced infrared 

absorption (SEIRA) spectroscopy of the electrocatalyst were 

performed.  

PtNi NWs were prepared from the precursor mixture of 

[Pt(acac)2] (acac = acetylacetonate), [Ni(acac)2], glucose, 

[Mo(CO)6], and cetyltrimethylammonium chloride in oleylamine 

at 433 K under the air for 2 h (See the Supporting Information, 

SI).28 The atomic ratio of Pt:Ni for PtNi NWs was determined to 

be about 95:5 by ICP-MS. The XRD pattern of PtNi NWs 

resembles that of Pt/C (Fig. S1) and PtNi NWs previously 

reported.28 The NWs were immobilized on two carbon blacks 

commercially available: one is Vulcan XC-72R with a BET specific 

surface area of 223 m2 g–1 and the other is a mesoporous carbon 

of CNovel MJ(4)010-00 with 1240 m2 g–1 and a pore diameter of 

10 nm. PtNi NWs supported on Vulcan XC-72R and CNovel 

MJ(4)010-00 are referred to in this paper as PtNi NW/C and PtNi 

NW/mesoC, respectively.  

Scanning transmission electron microscopy (STEM) images 

of PtNi NW/C and PtNi NW/mesoC show the homogeneous 
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immobilization of NWs on both supports (Fig. S2 in the 

Electronic Supplementary Information, ESI). The diameter of 

the NWs is 1.7±0.1 nm, which is smaller than the diameter of 

the mesopores of mesoC. Three-dimensional high-angle 

annular dark field (HAADF)-STEM tomography of PtNi 

NW/mesoC visualized that NWs are not only located on the 

surface but also inside mesopores (Fig. 1 and a video in the SI). 

Since isolated NWs are simply mixed with mesoC to prepare 

PtNi NW/mesoC, the insertion of NWs into mesopores is 

thermodynamically favorable: possibly entropy-driven insertion 

involving removal of surfactants from the surface of NWs.31   

 
Fig. 1 (a) HAADF-STEM and (b) 3D reconstruction images achieved by HAADF-

STEM tomography for PtNi NW/mesoC. (c,d) Cross-sectional images are sliced 

images at the plane shown in (b) with and without 3D reconstructed volume image 

of NWs, respectively. The magenta regions show particularly high intensity voxels 

in HAADF-STEM images, which are correlated to high electron density distribution 

in the PtNi NW/mesoC, corresponding to PtNi NWs. The arrows indicate the NWs 

placed inside mesopores. A video on the tomography is also available in the SI.  

Cyclic voltammograms (CVs) of PtNi NW/mesoC and PtNi 

NW/C were recorded in a 0.1 M HClO4 aqueous solution under 

Ar (Fig. S3). Both catalysts show cathodic and anodic waves 

associated with the adsorption and desorption of the 

underpotentially deposited hydrogen (Hupd) on Pt(111) ranging 

between 0.05 and 0.30 V vs. RHE overlapping the Hupd on 

Pt(100) at about 0.3 V vs. RHE.32 The difference in current 

densities in this potential range between PtNi NW/mesoC and 

PtNi NW/C suggests that the electrolyte accessibility to the Pt 

surface of NWs is suppressed by ionomers for PtNi NW/C.33 In 

the potential range of 0.4–0.5 V for the electric double layer 

charging and discharging, PtNi NW/mesoC shows higher current 

densities than PtNi NW/C, which is due to the difference in the 

BET specific surface areas of the carbon support. 

Electrochemically active surface areas (ECSAs) were determined 

based on CO stripping voaltammograms (Table S1) and 

confirmed higher ECSACO for PtNi NW/mesoC than for PtNi 

NW/C, indicating the high catalyst dispersion on mesoC. The 

disappearance of anodic waves for the Pt oxide and/or 

hydroxide formation at >0.7 V vs. RHE for PtNi NW/mesoC 

indicates the suppression of surface Pt-O(H) formation for PtNi 

NW/mesoC (Fig. S3a). This could be related to the insertion of 

NWs into carbon mesopores.  

To understand the support effects on the ORR 

electrocatalytic activity, linear sweep voltammograms (LSVs) of 

PtNi NW/mesoC and PtNi NW/C were recorded under oxygen 

(Fig. 2). Negative currents with an onset potential about 0.95 V 

vs. RHE indicate that the ORR occurs. Tafel slopes were 

determined to be about 60 mV (dec)–1 for PtNi NW/mesoC and 

PtNi NW/C, indicating no obvious change in the reaction 

mechanism compared with conventional Pt electrodes34 (Fig. S4 

and Table S2). The MAs at 0.9 V vs. RHE were determined to be 

0.40 A (mgPt)–1 for PtNi NW/mesoC and 0.32 A (mgPt)–1 for PtNi 

NW/C, where the weight ratio of ionomer/carbon is 0.5 (I/C = 

0.5) and the weight ratio of ionic liquid/carbon is zero (IL/C = 0). 

PtNi NW/mesoC showed higher mass activity for the ORR than 

PtNi NW/C and commercial Pt/C (0.14 A (mgPt)–1, Fig. S5). Note 

that PtNi NW/mesoC is more sensitive to the ionomer content 

than PtNi NW/C: the higher I/C ratios tended to give lower MAs 

for PtNi NW/mesoC whereas there is almost no effect for PtNi 

NW/C (Table S1). These results can be explained by the 

suppression of the mass transport of protons and/or oxygen 

molecules to NWs inside mesopores because ionomers such as 

Nafion can be placed on the surface of the support but not 

inside the mesopores.1,3,18,20 

 
Fig. 2 LSVs of (a) PtNi NW/mesoC and (b) PtNi NW/C for different I/C ratios with a sweep 

rate of 10 mV s−1 in a 0.1 M HClO4 aqueous solution under O2 at 1600 rpm (IL/C=0). The 

insets show the enlarged LSVs in the range of 0.75–0.95 V vs. RHE. 

The difference in the I/C sensitivity encouraged us to use the 

SCILL approach to PtNi NW/mesoC. For the modification of the 

electrocatalysts with the IL, PtNi NWs were mixed with carbon 

supports and [BMIM][PF6] in the 1:1 ethanol-cyclohexane 

mixture under ultrasonication, and then the products were 

dried under vacuum (See the SI). Another IL of 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene bis(trifluoromethane)sulfonimide, 

[MTBD][NTF2], was also used for comparison. Because 

[BMIM][PF6] showed a more positive effect on the ORR activity 

of PtNi NW/mesoC than [MTBD][NTF2] (Tables S3),11,12,14 

[BMIM][PF6] was used for further experiments. [BMIM][PF6]-

modified PtNi NW/mesoC and PtNi NW/C are hereafter referred 

to as IL/PtNi NW/mesoC and IL/PtNi NW/C, respectively.  

IL/PtNi NW/mesoC and IL/PtNi NW/C show higher ORR 

activity than the corresponding unmodified ones. LSVs under 

oxygen enable us to determine MAs at 0.9 V vs. RHE to be 0.56 

and 0.53 A (mgPt)–1 for IL/PtNi NW/mesoC and IL/PtNi NW/C 

with I/C = 0.5 and IL/C = 1, respectively (Fig. 3 and Table S4). 

These values are 1.4–1.6 times higher than those in the absence 

of the IL. The MAs of IL/PtNi NW/mesoC increase with 

increasing I/C ratios: MAs of IL/PtNi NW/mesoC maximized at 

IL/C = 1 and I/C = 2, reaching 0.87 A (mgPt)–1 (Table S4). This MA 

is higher than those of carbon-supported PtNi nanostructured 

catalysts such as PtNi nanowires28,30 or PtNi nanoframes.35 In 

contrast, IL/PtNi NW/C did not follow the same trend: MAs of 

IL/PtNi NW/C decreased to 0.23 A (mgPt)–1 with IL/C = 1 and I/C 

= 1 (Table S4). MAs of IL/Pt/C also decreased with increasing I/C 
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ratios (Fig. S6 and Table S4). These different trends are related 

to the competitive adsorption of the ionomer and IL to the 

catalyst. The internal environment in the carbon mesopore 

could suppress the ionomer poisoning for PtNi NW/mesoC even 

at high I/C ratios. Note that the Pt metallic state remains after 

the electrochemical measurements for PtNi NW/mesoC even in 

the presence of IL, confirmed by X-ray photoelectron 

spectroscopy (Fig. S7 and Table S5).11,12   

 
Fig. 3 CVs of (a) IL/PtNi NW/mesoC and (b) IL/PtNi NW/C with different I/C ratios 

recorded at 50 mV s−1 in a 0.1 M HClO4 aqueous solution under Ar (IL/C = 1). LSVs of (c) 

IL/PtNi NW/mesoC and (d) IL/PtNi NW/C with different I/C ratios recorded at 10 mV s−1 

and 1600 rpm in a 0.1 M HClO4 aqueous solution under O2 (IL/C=1). The insets (c’) and 

(d’) show the enlarged LSVs. [BMIM][PF6] was used as the IL. 

Potential-dependent SEIRA spectra of IL/PtNi NW/mesoC 

showed the presence of IL under electrochemical conditions 

(Fig. S8). The SEIRA spectroscopy is a surface sensitive 

technique and allows us to obtain vibrational information of 

chemical species adsorbed on the surface of electrocatalysts.36-

38 The differential SEIRA spectra of IL/NW/mesoC show negative 

vibrational bands at about 2960, 2935 and 2875 cm–1 and 

positive bands at about 2925, 2910 and 2855 cm–1, where the 

spectra at 1.0 V vs. RHE were used as the references (Fig. S8a). 

The negative and positive bands are assigned to the vibrational 

modes of the CH3 and CH2 groups of [BMIM]+ cations, 

respectively.39 In contrast, such characteristic bands were not 

observed for NW/mesoC in the absence of the IL (Fig. S8b). 

These results indicate that [BMIM]+ cations are present even 

under electrochemical conditions and the alkyl chains of 

[BMIM]+ cations are more horizontal to the surface at more 

negative potentials. 

Potential-dependent SEIRA spectroscopy was also 

performed for CO-adsorbed IL/PtNi NW/mesoC (Fig. 4). CO is 

strongly adsorbed on the Pt surface and therefore widely used 

as a vibrational probe molecule for SEIRA spectroscopy.36-38 It 

was expected that the IL and CO could interact on the surface 

of PtNi NWs. At 0 V vs. RHE, a C–O stretching band centered at 

about 2008 cm–1 was observed for PtNi NW/mesoC in the 

absence of the IL (Fig. 4c). This band is assigned to the linearly 

bonded CO (COL). The peak-top wavenumber of COL was blue-

shifted as more positive potentials were applied due to the 

balance between the 5-donation and 2*-backdonation.40 In 

the presence of the IL, a COL band was also observed at 0 V vs. 

RHE and its peak-top wavenumber depends on the applied 

potential. 

 
Fig. 4 Potential dependence of differential SEIRA spectra of CO-adsorbed IL/PtNi 

NW/mesoC (a,b) (IL/C=1, I/C=1) and (c) PtNi NW/mesoC without the IL of [BMIM][PF6] 

(IL/C=0, I/C=1). The potentials were changed from 0 to 1 V vs. RHE.  The spectra of the 

catalysts with no CO-modification at the corresponding potential were used as reference 

spectra. Panel (b) shows enlarged spectra with deconvoluted peaks I and II for IL/PtNi 

NW/mesoC. The open circles indicate the experimental data. The broken or dotted lines 

show the fitted data using Voigt function. (d) Plots of peak-top wavenumbers of COL 

against applied potential of IL/PtNi NW/mesoC (the filled circles in orange for peak I and 

in wine red for peak II), PtNi NW/mesoC (the open circles), IL/PtNi NW/C (the filled 

triangles) and PtNi NW/C (the open triangles). (e) Sketch of the origin of peaks I and II 

for CO-adsorbed IL/PtNi NW/mesoC.  

Two COL bands ranging from 0.2 to 0.6 V vs. RHE were 

observed for CO-adsorbed IL/PtNi NW/mesoC (Fig. 4a and 4b), 

whereas no such band splitting was observed for CO-adsorbed 

IL/PtNi NW/C (Fig. 4c), PtNi NW/C, IL/Pt/C or Pt/C (Fig. S9). Thus, 

this band splitting is associated with the interaction of CO 

molecules adsorbed on the surface Pt with the IL and the 

mesopore. It is highly likely that [BMIM]+ can interact with CO 

on the Pt surface because cations in electrolyte solutions can be 

adsorbed on the Pt surface and affect the ORR activity.41 The 

two bands obtained in the peak deconvolution analysis are 

designated as peak I and peak II at the lower and higher 

wavenumbers, respectively (Fig. 4b).  

The wavenumbers of peaks I and II for IL/PtNi NW/mesoC 

were plotted as a function of potential with those of peaks of 

COL for PtNi NW/mesoC, IL/PtNi NW/C and PtNi NW/C (Fig. 4d).  

Peak I shows the similar trend to PtNi NW/C, which has no 

mesopore or IL, while peak II shows the similar trend to PtNi 

NW/mesoC and IL/PtNi NW/C. Thus, peak-top wavenumbers of 

COL are red-shifted in the presence of mesopores or the IL. In 

other words, CO molecules interact with the internal wall of 

mesopores or IL, giving the lower wavenumbers as peak I (Fig. 

4e). In contrast, no interaction of COL with mesopores or IL gives 

peak II, like PtNi NW/C. Possibly, peak II is associated with COL 

on PtNi NWs outside mesopores becoming in an IL-free 

environment. Such an environment can be produced by 

changes in the Pt surface charge because the potential showing 

the COL band splitting at 0.2 V vs. RHE is close to the potential 
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of zero charge for Pt(111) in a 0.1 M HClO4 aqueous solution (0.3 

V vs. SHE)42 and in an IL with 0.5 M H2O (0.1 V vs. SHE).43 Note 

that almost no potential dependence of peak-top wavenumbers 

of COL at <0.2 V vs. RHE was only observed for IL/PtNi 

NW/mesoC (Fig. 4d). This is possibly due to the unique 

microscopic environment created by the co-presence of the IL, 

carbon mesopores and PtNi NWs.  

Conclusions 

We have demonstrated positive effects of the presence of IL on 

the ORR activity of PtNi NW/mesoC in acidic media. NWs are 

located inside mesopores, confirmed by the 3D electron 

transmission tomography. IL/PtNi NW/mesoC shows >1.5 times 

higher ORR activity than the unmodified catalyst. Potential 

dependent SEIRA spectra of CO-adsorbed IL/PtNi NW/mesoC 

have revealed the unique microscopic environment created by 

the IL and carbon mesopores, which is related to the activity 

enhancement for the ORR. Our study shows that ILs are 

accessible to nanospaces of less than 10 nm between NWs and 

carbon mesopores, providing highly reactive environments for 

the ORR. Our work on the SCILL approach will encourage 

researchers to explore nanoscale engineering of reaction space 

for the development of highly active electrocatalysts using not 

only NWs but also other nanostructured electrocatalysts.    
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