
Title Improving Oxygen Evolution Reaction Performance and Durability Using Rhombic Dodecahedral
PtNiIr Nanoframes with Metal Oxide Supports in Acidic Media

Author(s) Tadgell, Colin A; Kato, Masaru; Miyabayashi, Keiko et al.

Citation ACS Catalysis, 13(18), 12288-12298
https://doi.org/10.1021/acscatal.3c02541

Issue Date 2023-09-05

Doc URL https://hdl.handle.net/2115/93041

Rights

This document is the Accepted Manuscript version of a Published Work that appeared in final
form in ACS Catalysis, copyright © American Chemical Society after peer review and technical
editing by the publisher. To access the final edited and published work see
https://pubs.acs.org/articlesonrequest/AOR-D6UGHHES9KTF9RMB2PRN.

Type journal article

File Information NF_ATO_revised-manuscript_ver03.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



 

 

Improving Oxygen Evolution Reaction Performance and Durability 
Using Rhombic Dodecahedral PtNiIr Nanoframes with Metal Oxide 
Supports in Acidic Media 
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‡ Graduate School of Integrated Science and Technology, Shizuoka University, 3-5-1, Naka-ku, Hamamatsu, Shizuoka, 
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ABSTRACT: Carbon corrosion is a common problem during the oxygen evolution reaction (OER) in water electrolysis which 
occurs at high anodic potentials. Metal oxides can be used to improve overall durability and activity via catalyst/support 
interactions in the OER, but many of these oxides suffer from low electrical conductivity. Recently, antimony-doped tin oxide 
(ATO) has been shown to offer sufficient conductivity and low dissolution in acidic environments. Here, PtNiIr nanoframes 
(NFs) were successfully loaded onto ATO using a n-butylamine treatment and tested under OER conditions. These PtNiIr NFs 
form a rhombic dodecahedral shape with Pt and Ir forming a homogenous alloy at the edges and vertices. The PtNiIr NF/ATO 
electrocatalyst shows comparable results to PtNiIr NF/C with current densities of 0.57 and 0.62 mA/cm2 at 1.53 VRHE. The 
Faradaic efficiency for the OER of PtNiIr NF/ATO was found to be 92% which was close to NF/C at 94%. Furthermore, PtNiIr 
NF/ATO shows a lower dissolution during accelerated durability testing which was further shown during online electrochem-
ical mass spectrometry measurements. PtNiIr NF/ATO showed only a minor decrease in mass activity (0.57 to 0.54 A/mg 
based on PGM content) at 1.53 VRHE after 10,000 potential cycles and no signs of dissolution or catalyst migration when com-
pared to PtNiIr NF/C.

1.     Introduction 
The generation of hydrogen as a fuel is vital in maintaining 
a sustainable hydrogen economy.1 Presently, the produc-
tion of hydrogen is facilitated through the use of water elec-
trolysis via alkaline electrochemical methods. However, the 
implementation of proton exchange membrane water elec-
trolyzers (PEMWEs) provides a high operation current den-
sity, energy efficiency, and ease of operation. Current limi-
tations of PEMWEs include higher cost and loading of an an-
odic electrocatalyst, which is often iridium or ruthenium 
based.1-2 Therefore, a method of reducing platinum group 
metal (PGM) content while retaining catalytic activity and 
durability is paramount. Modification of catalyst composi-
tion (alloying, doping, etc.), size, shape, and the support ma-
terial provides promising materials systems to improve the 
oxygen evolution reaction (OER) occurring within PEMWEs. 

Alloying of platinum with 3d transition elements have 
been widely reported as a method of improving catalyst ac-
tivity as well as reducing platinum content and improving 
durability.3-5 For instance, the Pt3Ni catalyst has demon-
strated notable enhancements in mass activity as well as 
continued performance in oxygen reduction reaction appli-
cations over 10,000 potential cycles.5-8  By altering the cat-
alyst shape, the overall surface geometry and electronic 
structure can also be optimized. Pt3Ni rhombic dodecahe-
dral nanoframes (NFs) provide Pt-skin surfaces and atoms 
with low coordination numbers on their edges and vertexes. 

These low coordination number atoms have been shown a 
higher catalytic activity in comparison to higher coordina-
tion atoms in the bulk.9 Adoption of the rhombic dodecahe-
dral shape has continued with the implementation of binary 
and ternary alloy additions, PtNiRh NFs in the ethanol oxi-
dation reaction, PtCuRh NFs in the methanol oxidation re-
action, or IrNi NFs in OER applications.10-12 Excess surface 
nickel can be chemically removed via chemical or electro-
chemical methods with the benefit of exposing more plati-
num, or iridium, atoms to the surface.3-5 

OER catalysts are commonly loaded onto carbon-based 
supports (mesoporous, graphene, carbon nanotubes, etc.) 
as another method to lower the amount of noble metal 
used.13-15 Carbon porous transport layers are commonly 
used in PEMWEs which undergo harsh operating condi-
tions.13 Initiating the OER in PEMWEs requires operating 
potentials higher than 1.4 V vs. RHE and can reach poten-
tials more positive than 2.0 V vs. RHE.13-15 This imposes lim-
itations on carbon-based supports due to observable car-
bon oxidation at potentials increasing positively above 1.0 
V vs. RHE which limits usage in commercial systems.13  

Due to the high anodic potentials applied during the OER, 
conventional carbon-based supports are susceptible to cor-
rosion and are often replaced by metal oxide and carbide 
supports (TiOx, TiC, SnO2, etc.).15-22 Of these metal oxide can-
didates, antimony-doped tin oxide (ATO) is considered one 



 

of the most promising candidates for the OER in acidic me-
dia.23 These metal oxide systems require a sufficient con-
ductivity to be viable, in addition to showing a high degree 
of stability. The immobilization of iridium oxide nanoparti-
cles on ATO showed the OER activity comparable or even 
surpassing an iridium black reference.24 Iridium exhibited a 
synergistic reaction with ATO which was attributed to 
strong metal support interactions (SMSIs).  

SMSIs promote charge transfer across the interface be-
tween the metal nanoparticle and the metal oxide. Spillover, 
or reverse spillover, involves the activation of a reactant on 
one surface to another and can occur at this interface as well, 
where SnO2 has been shown to provide OH groups in the re-
moval of intermediate COads improving ethanol oxidation 
reaction performance.10 Briux et al. observed reverse spill-
over of oxygen from the oxide surface to platinum in a 
Pt/CeO2 catalyst which may induce spontaneous dissocia-
tion of O-H bonds in water and lead to a 20-fold improve-
ment in catalytic activity in comparison with Pt(111).4,25 
More recent studies using operando near-ambient pressure 
X-ray photoelectron spectroscopy (XPS) of iridium sup-
ported and unsupported ATO reported a decrease in bind-
ing energy of Sn 3d5/2 with potential and a significantly 
lower rate of oxidation of Ir/ATO, where oxygen atom spill-
over occurs from Ir to ATO.26 Furthermore, Oh et al. re-
ported a 8-fold increase in kinetic water splitting activity of 
iridium nanodendrites supported on ATO owing to im-
proved charge transfer interactions.2 Analyzing Pt, Ir cata-
lysts in XPS showed that an excessive presence of platinum 
in PtNiIr NFs resulted in reduction of overall iridium active 
sites and demonstrated the importance of IrIII sites in low-
ering the kinetic barriers to the O-O bond formation neces-
sary for improving OER activity.27-28 

Herein, we propose a method for loading highly active 
PtNiIr NFs onto ATO supports (PtNiIr NF/ATO) using a n-
butylamine-based treatment.7 PtNiIr NF/ATO shows com-
parable OER activity with PtNiIr NFs loaded onto a carbon 
support (PtNiIr NF/C). Several loading processes were at-
tempted for comparison to find the most effective way to 
load NFs onto ATO nanoparticles. Following loading, sam-
ples were electrochemically tested in 0.1 M HClO4 using lin-
ear sweep voltammetry and the OER was monitored using 
online electrochemical mass spectrometry (OLEMS).29 Ac-
celerated durability testing (ADT) was done and samples 
were examined before and after ADT using XPS and induc-
tively coupled plasma mass spectrometry (ICP-MS).  

 

2.     Experimental Section 
Materials. Hexane, 2-propanol, perchloric acid, oleylamine, n-

butylamine, acetic acid, toluene, Ni(NO3)2·6H2O, and 5% Nafion 
DE520 were purchased from Wako Pure Chemical Industries, Ltd. 
Ethanol was acquired from Japan Alcohol Trading Co. Ltd. 
H2PtCl6·6H2O was purchased from Tanaka Kikinzoku Kogyo. IrCl3 
was obtained from Sigma Aldrich Chemical Companies.  Iridium 
black (99.9%) was acquired from Strem Chemicals Inc. ATO (30 
wt% in a methyl isobutyl ketone/isobutanol solution) was pro-
vided by Dai Nippon Toryo Co., Ltd. 

 
Preparation of PtNi and PtNiIr rhombic dodecahedral NFs. 

PtNi and PtNiIr NFs were prepared in two steps via the preparation 
of rhombic dodecahedral nanocrystals from a modified synthetic 
procedure in the literature.5,7-8 For the preparation of PtNi rhombic 
dodecahedral nanocrystals, H2PtCl6·6H2O (100 mg, 0.193 mmol), 

Ni(NO3)2·6H2O (64.3 mg, 0.221 mmol), and oleylamine (20 mL) 
were mixed in a two-necked flask (100 mL). The reaction mixture 
was mixed for 30 min. at 353 K in air and then heated in an alumi-
num block heater at 553 K under argon for ca. 10 min until the mix-
ture turned black and then was further heated for 4 min. The flask 
was placed in an ice bath for ca. 2 min to quench the reaction. The 
PtNiIr rhombic dodecahedral nanocrystals were synthesized using 
the above-mentioned method with the addition of IrCl3 (68.8 mg, 
0.229 mmol) into the reaction mixture prior to heating. Rhombic 
dodecahedral nanocrystals were isolated from the reaction mix-
ture at 10,000 rpm for 10 min. using Micro Refrigerated Centrifuge 
3700 equipped with an angle rotor AF-5004CA (Kubota Co.) for 
seven cycles rinsing with an ethanol and hexane mixture (ca. 20 mL, 
1:1 v/v) between each cycle. Yield: ca. 10 mg.  

The rhombic dodecahedral nanocrystals were dispersed in a 
mixture of oleylamine (1 mL), acetic acid (20 mL), toluene (20 mL) 
in an eggplant-shaped flask (100 mL) and were refluxed in an oil 
bath for 2 h at 363 K under air. Following acid corrosion, the sam-
ple was immersed in a similar ethanol/hexane mixture and iso-
lated by centrifugation at 10,000 rpm for 10 min at least seven 
times to obtain the resultant nanoframes. The obtained NFs were 
kept in ethanol in a dark location at room temperature to prevent 
agglomeration. Yield ca. 7 mg. 

 
Preparation of PtNi and PtNiIr NF/C. To create carbon-sup-

ported samples, Vulcan XC-72R (0.7 mg) was dispersed in ethanol 
and sonicated in an ice bath for 30 min. PtNi and PtNiIr NFs (0.3 
mg) were added to the solution at 30 wt% loading for another 30 
min with continued sonication in the ice bath. Following sonication, 
the mixture was removed of solvent at 373 K and then dried in a 
furnace at 473 K overnight. Yield: ca. 1.0 mg. The metal content of 
30wt% of the catalyst was confirmed by inductively coupled 
plasma mass spectrometry (ICP-MS). 

 
Preparation of PtNiIr NF/ATO. The commercial ATO solution 

(0.025 mL) containing methyl isobutyl ketone/isobutanol was sep-
arated by immersion in ethanol (10 mL) and centrifugation at 
10,000 rpm for 10 min at least 3 times. Ethanol, ethylene glycol, or 
n-butylamine (10 mL) was then added, and the mixture was soni-
cated for 30 min. PtNiIr NFs were introduced at 30 wt% loading to 
the ATO. The dispersion was stirred at 300 rpm at room tempera-
ture for three days. The product was isolated from the reaction 
mixture and rinsed with the ethanol and hexane mixture (ca. 20 mL, 
1:1 v/v) under centrifugation at 10,000 rpm for 10 min. for at least 
8 times to obtain PtNiIr NF/ATO. Yield: ca. 1.5 mg. The metal con-
tent of the catalyst was confirmed by ICP-MS before electrochemi-
cal testing.  

 
Electrochemical measurements. Electrochemical measure-

ments were performed using a conventional three-electrode setup. 
A potentiostat (HZ-7000, Hokuto Denko) was used to record cyclic 
voltammograms (CVs) and linear sweep voltammograms (LSVs). A 
disk electrode including the catalyst-modified glassy carbon (GC) 
screw was used as the working electrode. An Ag|AgCl (sat. KCl) 
electrode with a double junction holder (International chemistry 
Co., Ltd) and platinum foil were used as the reference and the coun-
ter electrodes, respectively.  

A GC screw (5 mm φ, M4, Tokai Carbon Co., Ltd.) was polished 
with alumina polishing slurry (0.3 μm, Baikalox), followed by a 
finer polishing slurry (0.05 μm, Baikalox) for two min each prior to 
sonication in acetone and then Milli-Q water for at least 5 min in 
each solvent. Catalyst ink was prepared using 0.70 mg of each cat-
alyst (PtNiIr NF/C, PtNi NF/C, PtNiIr NF/ATO, PtNi NF/ATO and 
iridium black) was dispersed in the mixture of 0.30 mL of 2-propa-
nol, 0.95 mL of Milli-Q water and 5.0 μL of 5% Nafion DE520 in ice–
water under ultrasonication for two hours. The catalyst ink (15 µL) 
was drop-cast on the GC disk that was rotating at 700 rpm using an 
AFMSRX Analytical Rotator and a MSRX Speed Controller (PINE Re-



 

search Instrumentation) and then dried at room temperature. Plat-
inum loading on the GC disk was 18.3 g/cm2 for all catalyst sam-
ples.  

CVs and LSVs were recorded in an aqueous solution containing 
0.1 M HClO4 under argon. The electrolyte solution was purged with 
argon for at least 30 min before electrochemical measurements. An 
iR correction was applied to all OER polarization curves to accom-
modate ohmic resistance. 

For CO stripping voltammetry measurements, 0.1 M HClO4 aque-
ous electrolyte solution was purged with CO for 5 min and then 
with Ar for 60 min. A bias potential of 0.05 V vs. RHE was applied 
to a sample electrode during purging with CO and Ar until CO strip-
ping voltammetry measurements had begun. CVs and LSVs were 
recorded in the potential range from 0.05 to 1.45 V vs. RHE for two 
cycles. Electrochemically active surface areas based on electro-
chemical oxidation of CO charges (ECSACO) and hydrogen desorp-
tion charges (ECSAHupd) were determined from the difference be-
tween the first and second cycles.  

ADT was performed for 10,000 cycles between 1.2 and 1.6 V vs. 
RHE at a sweep rate of 100 mV s−1 in an Ar-saturated 0.1 M HClO4 
aqueous solution. OER polarization curves were recorded before 
and after ADT in the range of 1.0 to 1.8 VRHE (prior to iR correction) 
under argon. The turnover frequency (TOF) was calculated from 
these results according to Equation 1: 

 

TOF =  
𝑗1.53𝑉∙𝐴GC

𝑛𝑒∙𝐹∙𝑛Pt+Ir
 (1) 

where j1.53V is the current density for the OER at the iR-corrected 
1.53 V vs. RHE, AGC denotes the geometrical surface area of the GC 
electrode, F is the Faraday constant (96485.3 C mol−1), ne repre-
sents the number of transferred electrons per molecule of oxygen 
(ne = 4) and nPt+Ir is the total number of moles of noble metals on 
the electrode determined by ICP-MS. It was assumed that all noble 
metal content was available for the oxygen evolution reaction. 

 
Physicochemical measurements. XPS data were collected at a 

pass energy of 10 eV using an Al X-ray source on a photoelectron 
spectrometer JPS-9200 (JEOL). The C=C peak value in the C1s re-
gion was used as the internal standard (284.6 eV). Catalyst ink was 
drop-cast onto a glassy carbon plate (ca. 1 x 1 cm2) at 343 K and 
placed in a vacuum to dry overnight. ICP–MS was performed using 
an ICP–MS spectrometer 8800 ICP-QQQ (Agilent Technologies). 
For sample preparation, catalyst ink was dried and then the disper-
sion in aqua regia was stirred at 308 K for 24 h. The dispersion was 
filtered through a membrane filter (13HP045AN, ADVANTEC), and 
then the filtrate was diluted with Milli-Q water. Scanning transmis-
sion electron microscopy (STEM) images were taken at an acceler-
ation voltage of 200 kV using HD-2000 (Hitachi Scientific Instru-
ment). High angle annular dark-field scanning transmission elec-
tron microscopy (HAADF–STEM) and energy dispersive spectros-
copy (EDS) elemental mapping images were taken using a JEOL 
JEM-ARM200F instrument at 200 kV.  
 

OLEMS Measurements. An OLEMS setup was used as previ-
ously reported in the literature.29 The OLEMS setup consists of a 
quadrupole mass spectrometer (M201QA-TDM, CANON ANELVA), 
metal ionization gauge (GI-M2, ULVAC), a rotary vane vacuum 
pump (GLD-135, ULVAC) and a turbo molecular vacuum pump 
(5150 Turbo Pump, Alcatel) equipped with a controller (CFF450, 
Alcatel). A glass pinhole provided an inlet for gas. A thin GORE 
PTFE membrane (VE91221, 0.32 mm in thickness) and a 
POREFLON membrane (HP-010-30; pore size: 0.1 μm; thickness: 
30 μm) were placed over the pinhole prior to heating from a heat 
gun. The inner diameter of the pinhole was below 10 μm. All con-
nections were tightly sealed, and no leakage was detected during 
the measurement. The glassy carbon working electrode was im-
mersed in 0.1 M HClO4 solution purged with argon and was placed 
within 30 μm of the pinhole detector. The internal pressure was 3-
4 ×10-4 Pa during the OLEMS experiments. The OLEMS equipment 
was calibrated using pure oxygen mixed with argon at different 
flow rates to create a calibration curve, shown in Figure S1. 

 
Product analysis for OER. All measurements in the OLEMS 

setup was conducted in an electrochemical cell similar to previous 
work and containing 0.1 M HClO4 under argon for at least 30 min 
before electrochemical measurements.29 An Ag|AgCl (sat. KCl) 
electrode with a double junction holder (International chemistry 
Co., Ltd) and platinum foil were used as the reference and the coun-
ter electrodes, respectively. Catalyst-modified GC was used as the 
working electrode. All LSVs in positive going sweep under Ar are 
corrected through the subtraction of current densities of the work-
ing electrode. LSVs were recorded at a sweep rate of 5 mV s–1 from 
1.0 and 1.8 VRHE  under Ar. Formation of volatile products (m/z = 2, 
16, 18, 28, 30, 32, 34, 36, 44) was monitored using OLEMS. 

Faradaic efficiency of O2 (m/z = 32) was quantified using a cali-
bration constant (S*) which was obtained from currents at poten-
tiostat and OLEMS as reported in recent work.27,30,31 Chronopoten-
tiometric measurements were applied at 2 mA cm−2 for 300 s. Cal-
culating the integrated areas from galvanostat and mass spectro-
metric ion currents led to galvanostatic and mass spectrometric 
charges, respectively. The calibration constant was determined us-
ing the ion current from both OLEMS (ims,j) and current measured 
from the electrode (iF), as shown in Equation 2. This calibration 
constant is used to determine the Faradaic efficiency in Equation 
3.27,31 

 𝑆∗ =
𝑖ms ∙ z

𝑖F
 (2) 

𝐹𝐸 (%) =  
𝑄ms ∙ 𝑧

𝑄F ∙ 𝑆∗  (3) 

where z is the number of transferred electrons per molecule of ox-
ygen (z  = 4), the values from integrating the current with respect 
to the time potential was applied from both the mass spectrometric 
ion current from OLEMS (Qms) and the Faradaic current from the 
working electrode (QF), and S* is a constant obtained from the cal-
ibration data in Figure S1. For each sample, three independent 
OLEMS measurements were done with the Faradaic efficiency dis-
cussed being the average value presented with error bars. OER 
measurements in the OLEMS setup were not iR corrected. 

The S-number is a measure of the amount of oxygen evolved 
per iridium atom dissolved during the OER and was determined 
from chronopotentiometric measurements at 5 mA cm-2 for 1000 s 
in the OLEMS setup.32 Drop-cast catalyst ink was dried following 
testing and dispersed in ethanol before dissolution in aqua regia. 
The S-number was determined from Equation 4 as outlined in 
other studies.27,31,32 

S − Number =  
𝜂O2

𝜂Ir, dissolved
 (4) 

The value of O2 is determined stoichiometrically from the charge 
of electrons measured from OLEMS. The value of Ir is found from 
the number of iridium atoms dissolved after electrochemical meas-
urements by ICP-MS. Both values were converted to mols of O2 and 
Irdissolved. 
 

X-ray absorption spectroscopy (XAS) measurement. Ir LIII-
edge XAS measurements were performed at the beamline 12C, 
Photon Factory (PF), KEK, Japan. The data were collected at room 
temperature using a Zn foil (µt = 6) as a filter for a 7-element silicon 
drift detector (SDD) in the fluorescence mode. Iridium black was 
used as a reference material for calibrating the beamline in the flu-
orescence mode. Catalyst inks of PtNiIr NF/C, PtNiIr NF/ATO and 
iridium black were dropcast onto carbon paper (Perma foil PF-
20UHP, Toyo Tanso) and were firmly attached to a three-electrode 
spectroelectrochemical flow cell33 ensuring that a tight seal was 
maintained. 0.1 M HClO4 (purged for 30 min. in N2) was flowed into 
the cell interior which also contained a Pt-wire counter electrode 
and a no-leak Ag|AgCl (3 M KCl) reference electrode. Each sample 
underwent electrochemical cleaning before XAS measurements us-
ing an Ivium Compactstat potentiostat. In situ XAS measurements 
were conducted at open circuit potential. X-ray absorption near-
edge structure (XANES) spectra were normalized using Athena 
software.34  

 



 

3.    Results and Discussion 
PtNiIr NFs were prepared in two steps: preparation of 

PtNiIr rhombic dodecahedral nanocrystals in the first step 
and chemical corrosion of the synthesized rhombic dodeca-
hedral nanocrystals in the second step.5,7 NF synthesis con-
sisted of heating an oleylamine solution containing 
H2PtCl6·6H2O, IrCl3 and Ni(NO3)2·6H2O at 553 K under Ar 
gave rhombic dodecahedron nanocrystals. STEM-EDS im-
ages in Figure 1a-e show an ordered, alloyed lattice at the 
edges and vertices where the lattice spacing was found to 
coincide with the (111) lattice projection, determined from 
Figure 1f. Increasing the synthesis time was found to pro-
duce a tetradecapod structure in a Pt-rich shell similar to 
the previous work, shown in Figure S2.7  

 

 

Figure 1. (a) STEM image of PtNiIr NFs. (b-e) EDS mapping im-
ages (blue: Ni; red: Pt; and green: Ir). (f) STEM image of a Pt-Ir 
edge with lattice spacing.  

These PtNiIr NFs were then immobilized onto ATO using 
n-butylamine (BuNH2): PtNiIr NFs and ATO were added to 
BuNH2 and stirred for three days at room temperature. 
STEM images of PtNiIr NF/ATO and PtNiIr NF/C are shown 
in Figure 2a and 2b, respectively. An even distribution of 
nanoframes was noted on both supports. 

 

Figure 2. STEM images of PtNiIr NFs loaded onto: (a) commer-
cial ATO and (b) Vulcan XC-72R carbon supports. 

Use of BuNH2 was also found to improve OER perfor-
mance of PtNiIr/ATO samples when examining the loading 
when NFs were immersed in BuNH2 or ethylene glycol. This 
was confirmed by comparing LSVs for the OER in 0.1 M 
HClO4 aq. under Ar (see Figure S3a). PtNiIr NF/ATO loaded 
in different solvents showed an increasing OER response 
when BuNH2 was used compared to loading in ethylene gly-
col shown in Figure S3a. After electrochemical cleaning, the 
LSV for the BuNH2 loading method provided a current den-
sity of 1.02 mA/cm2 at 1.53 VRHE. Pt3Ni NFs are contrasted 

with this data to demonstrate the lower OER activity as well 
as for comparison in the CV shown in Figure S3b.7  

The use of BuNH2 was found to be more effective for 
loading PtNiIr NFs onto ATO than that of ethylene glycol or 
ethanol. Oleylamine remains on the nanoframe surface even 
following acid treatment and still required a heat treatment 
step.37 BuNH2 can be used to replace long-chain alkyl amine 
of oleylamine on NF surfaces via a ligand exchange reac-
tion.38-42 Although ethylene glycol can also be used for load-
ing IrOx nanoparticles onto ATO,24,35-36 it was not effective 
for the NF loading onto ATO in this work. Arán-Ais et al. 
demonstrated that a mixture of methanol and NaOH is ef-
fective to remove oleylamine from the surface of nano-
materials but ethanol is not.43 The balance of hydrophobi-
city and basicity of cleaning solvents seems to be critical to 
remove oleylamine. BuNH2 is also helpful to disperse ATO 
in solution compared with ethylene glycol: the isoelectric 
point of ATO powder is reported to be pHiep = 3.7 44 and 
therefore negatively charged ATO can be more stabilized in 
BuNH2 than ethylene glycol. BuNH2 was found to increase 
the dispersibility of ATO in solution, resulting in the suc-
cessful loading of PtNiIr NFs onto ATO. 

Further supporting evidence can be seen in the im-
provement of PtNiIr NFs distribution across the loaded sup-
ports, shown in Figures S4, S5 and S6. Prior to BuNH2 treat-
ment, NF density remains similar but the amount of agglom-
eration is much higher. Examining the catalyst performance 
with and without acid corrosion shows a clear benefit to the 
dissolution of the Ni-rich core prior to loading.  

Using BuNH2-assisted loading, PtNiIr NF/ATO was 
tested and contrasted with iridium black and PtNiIr NF/C. 
Prior to OER measurements, the catalysts were treated us-
ing electrochemical cleaning in Ar-saturated 0.1M HClO4 be-
tween 0.05 and 1.5 V vs. RHE for 50 cycles at a sweep rate 
of 500 mV/s. This electrochemical cleaning treatment has 
been demonstrated in previous studies to remove excess 
surface nickel remaining after synthesis and acid corro-
sion.5,7 PtNi nanoframes were loaded in a similar fashion to 
PtNiIr nanoframes onto carbon and ATO supports. Addi-
tionally, commercial iridium black was tested as a reference 
material for the OER. 

Figure 3 a-c compares LSVs of PtNi NF/C, PtNi NF/ATO, 
PtNiIr NF/C, PtNiIr NF/ATO and iridium black for the OER. 
PtNiIr NF/C and NF/ATO showed more negative onset po-
tentials for the OER than iridium black. The mass activity 
based on the PGM content at 1.53 VRHE for PtNiIr NF/C (0.62 
A/mg) was slightly higher than that of PtNiIr NF/ATO (0.57 
A/mg). In contrast, iridium black was found to have a mass 
activity of 0.069 A/mg, which was comparable to previous 
report (0.048-0.066 A/mg).24,27,45  

Using Electrochemically active surface areas from elec-
trochemical CO oxidation charges (ECSACO), the specific ac-
tivity was determined to be 4.26 and 6.01 A/m2 for PtNiIr 
NF/C and PtNiIr NF/ATO respectively.  They are higher than 
that of iridium black (0.784 A/m2). PtNi NF/C, in the ab-
sence of iridium, showed mass activities around 0.03 A/mg. 
The leaching of nickel from the PtNiIr structure leads to the 
formation of an amorphous IrOx structure eroded from IrNi 
alloy core/edges which provides much higher catalytic ac-
tivities on both supports.27,46,47 Without these defects, a 
much lower mass activity would be expected due to a 
mostly metallic Ir edge.28 For PtNiIr NF/C and PtNiIr 
NF/ATO catalysts overpotential values at 10 mA/cm2 were 

(a) (b)

(f)(e)(d)

(b) (c)

Pt L Ni K

Ir L



 

found to be 287 and 316 mV, respectively.48 The excellent 
range of overpotentials measured at 10 mA/cm2 noted in 
the study by Tahir et al. was between 300 and 400 mV.48

 

Figure 3. Comparing PtNiIr NFs supported on ATO and car-
bon with iridium black: (a) OER polarization curves at a 
sweep rate of 5 mV/s between 1.0 and 1.8 VRHE in 0.1 M 
HClO4 solution (b) mass activities at 1.53 VRHE and (c) meas-
ured overpotentials at 10 mA/cm2 

 

Electrochemically active surface areas were calculated 
from electrochemical CO oxidation charges (ECSACO) and 
charges of desorption of underpotentially deposited hydro-
gen (ECSAHupd), see Figure S7. ECSACO for both PtNiIr NF/C 
and PtNiIr NF/ATO were found to be 75.3 and 49.6 m2 g–1 
based on PGM content, respectively. The ratio of 
ECSACO/ECSAH-upd gives indication if a Pt-skin has formed 
when the value is greater than one. The ratio of 
ECSACO/ECSAH-upd for PtNi NF/C was found to be 1.22, which 
was in agreement with previous studies.7 In contrast, the ra-
tio for PtNiIr NF/ATO was found to be 1.10, suggesting that 
the iridium is present at the surface and increases the CO 
adsorption energy as noted in other studies.3,49  

Turnover frequencies (TOFs), Faradaic efficiencies and 
S-numbers were determined by OLEMS. The TOFs in Figure 
S8 represent the catalytic activity of a particular unit site on 
the catalysts and allow comparison between the carbon and 
ATO supports. The TOFs at 1.53VRHE of PtNiIr NF/C and 
NF/ATO were found to be similar, 0.31 and 0.30 s-1 respec-
tively. This result is more than 10 times that of the reference 
iridium black at 0.036 s-1. Figure S8c shows the Faradaic ef-
ficiency at 2 mA/cm2 over 300 s for PtNiIr NF/C and PtNiIr 
NF/ATO was determined to be 93.9% and 92.2% respec-
tively. The Faradaic efficiency of iridium black was found to 
be 88.3%. The values were reasonable when compared to 
other studies.27,36   

The stability of the catalyst support can also be exam-
ined from the S-number which has been used previously as 
a metric for overall durability in OER.32 This was calculated 
from potentiostatic electrochemical measurements at 5 
mA/cm2 over 1000 s. The calculated S-numbers are shown 
in Figure S8d. PtNiIr NF/ATO showed the highest value of 

5.5  0.2 104, which suggests that this electrocatalyst 
shows a lower amount of iridium dissolution during the 
OER. This is reflected in the values of iridium loss observed 
in ICP-MS results (Table S1). The S-number of iridium black 
was found to be close to previous published works demon-
strating the measurements validity.27 

XPS measurements were conducted to examine the elec-
tronic state of surface platinum on ATO as a support. The 
results are shown in Figure 4a and b. Lewera et al. exam-
ined SMSI using XPS measurements of platinum supported 
on carbon, tungsten oxide and titanium oxide.50 They ob-
served a shoulder on the higher binding energy side of Pt 
4f7/2 and 4f5/2 peaks of carbon supports resulting from a 
higher level of oxidation of Pt. This shoulder is observed in 
PtNiIr NF/C in Figure 4b around 77 eV (on the grey original 
data); however, no shoulder was seen in PtNiIr NF/ATO 
(Figure 4a). ATO has been shown to correlate to improved 
catalytic performance.50 Values of Pt0 4f7/2 were found at a 
lower binding energy for PtNiIr NF/ATO compared to PtNiIr 
NF/C (70.47 and 71.06 eV, respectively) and the peaks ap-
pear more asymmetric indicating a lower degree of oxida-
tion for Pt as observed by Oh et al.36 This can be induced by 
the SMSI, which shifts the d-band center of Pt to the Fermi 
level.49,50 Reduced catalyst surface oxides, such as metal al-
loy catalysts loaded on ATO, have been shown to correlate 
to improved catalytic performance.50 

 

Figure 4. XPS data of (a) PtNiIr NF/ATO and (b) PtNiIr NF/C in 
the Pt 4f region after electrochemical activation.  The lines in 
grey show the original measured spectra, the black line shows 
the data envelop and the blue and red lines show the deconvo-
lution of Pt0 and PtII states for each sample.  

 
Ir LIII-edge XANES spectra of iridium black, PtNiIr NF/C, 

and PtNiIr NF/ATO, in 0.1 M HClO4 under N2, following elec-
trochemical cleaning/activation are shown in Figure 5. 
White line peak positions in Ir LIII-edge XANES region are 
sensitive to changes in the oxidation state of Ir because the 
white line peak (2p3/2→ 5d transition) intensity reflects the 
degree of the vacancy of Ir 5d orbitals near the Fermi level.36 
Such that higher intensities indicate higher oxidation states 
of Ir. Examining white line positions of each peak following 
activation, the absorption at 11,215 and 11218.5 eV corre-
sponds to the 2p3/2 to 5d electronic transition of Ir and IrO2, 
respectively.36  



 

 

Figure 5. XANES data at the Ir LIII edge showing iridium black 
as well as PtNiIr NF/ATO and PtNiIr NF/C following electro-
chemical activation in 0.1 M HClO4. 

From the XANES spectra (Figure 5), iridium black has 
been oxidized to IrO2 by the electrochemical cleaning/acti-
vation process and has an oxidation state of IrIV. In addition, 
PtNiIr NF/ATO and PtNiIr NF/C are located at a slightly 
lower energy indicating that predominantly IrIV is present, 
which is in agreement with previous XANES analysis of Ir 
and ATO.27,36  Strasser et al. noted that Ir-O values had 
shifted to higher values when compared to IrOx on carbon 
support or crystalline IrO2 which indicated a lower oxida-
tion state of iridium on metal oxide supports.36,51 IrOx nano-
particles in these studies would have a higher degree of con-
tact than PtNiIr NFs such that more iridium can interact 
with the metal oxide. However, a higher white line intensity 
was observed for PtNiIr NF/ATO indicates a greater amount 
of IrO2 than PtNiIr NF/C. The change in intensity can indi-
cate a change between environment and Ir 5d orbitals, sig-
nifying a charge donation between iridium and the sup-
port.52,53 The higher white line intensity in PtNiIr NF/ATO 
demonstrates an increase in charge donation from the NFs 
to the support when compared to PtNiIr NF/C. This would 
imply stronger metal support interactions following elec-
trochemical cleaning. In addition, the amount of platinum 
present in the NFs has an impact on the amount of iridium 
active sites and the degree of oxidation.27 Table S1 reveals 
that a larger degree of nickel dissolution occurs on the car-
bon supports which leads to a larger presence of platinum 
with surface iridium.  

ADT was conducted at 10,000 cycles between 1.2 and 
1.6 VRHE under argon at a sweep rate of 100 mV/s. CO strip-
ping peaks were shifted before and after ADT (Figure S9). 
The peak potential of CO stripping voltammograms are sen-
sitive to the surface composition and are directly correlated 
with shifts in the Pt d-band center.50 In this study, the shift 
was found to be -0.05 V for PtNiIr NF/C which is close to 
shifts observed in previous work on PtNi NF/C (–0.1 V).7,8 
The shift for PtNiIr NF/ATO was found to be -0.03 V and 
comparable to that of PtNiIr NF/C. From XPS studies of the 
Pt 4f region and XAS studies of the Ir LIII edge, a general 
trend of platinum reduction, and iridium oxidation is ob-
served, respectively. Thus, a trend of charge transfer from 
platinum to iridium is likely occurring leading to oxygen 
moving to iridium surface sites. This would reinforce the 

work observed by Choi et al. where iridium lowers the ki-
netic barrier to O-O formation which improves the overall 
OER activity.27 This seems to be further improved with in-
teraction of these oxidized iridium surface sites and the 
metal support interactions of ATO. 

LSVs for PtNiIr NF/ATO, PtNiIr NF/C and iridium black 
are shown in Figure 6 a-c before and after ADT. PtNiIr 
NF/ATO showed almost no loss in OER activity after ADT. 
There is a minor decrease in the mass activity at 1.53 V vs. 
RHE from 0.57 to 0.54 A/mg based on PGM content, deter-
mined by ICP-MS. In contrast, PtNiIr NF/C showed a sharp 
decrease in the OER performance following ADT: the overall 
mass activity decreases from 0.62 to 0.42 A/mg. In contrast, 
pure iridium black lost more than half of its initial mass ac-
tivity (0.025 A/mg). The losses in metal content before and 
after ADT were found to be quite comparable with a de-
crease in nickel from the PtNiIr NFs of 15 at% leading to an 
increase in surface Pt with only minor losses in Ir of 0.5 at% 
(shown in Table S1). Figure 6d compares the results of ADT 
of 10,000 cycles and demonstrates the increased durability 
found for PtNiIr NFs loaded onto ATO. 

 
Figure 6. Before and ADTs for 10,000 cycles for: (a) PtNiIr 
NF/ATO (b) PtNiIr NF/C (c) iridium black and (d) comparative 
current densities for each sample before (traces in blue) and 
after (traces in red) ADT. 

STEM images of PtNiIr NF/C after ADT for 10,000 cycles 
showed signs of carbon corrosion, nanoframe detachment, 
and migration across the surface (Figure 7a and b). A much 
higher degree of carbon corrosion, where carbon in the 
presence of water reacts to form carbon dioxide, leads to the 
removal of support and the migration of PtNiIr NFs. Quali-
tatively, a lower distribution of NFs was observed for PtNiIr 
NF/C samples and some areas of the carbon support ap-
peared amorphous as noted in previous literature.13-14 The 
interaction between platinum and carbon has been shown 
to lower the onset potential of the carbon corrosion reac-
tion and the weak bonding with platinum leads to detach-
ment, dissolution, and agglomeration. Indeed, after ADT, 
less NFs were visible on the carbon support surface and ag-
glomeration/dissolution of NFs was observed as shown in 
Figure 7b. A single solitary NF is shown next to an amor-
phous carbon surface in Figure 7a. In contrast, PtNiIr NFs 



 

loaded onto ATO remain well distributed, showing no signs 
of migration or dissolution, and there is no indication of dis-
solution of the support structure (Figure 7c and d).  
 

 
 

Figure 7. STEM images after ADT of 10,000 cycles showing (a-
b) PtNiIr NF/C and (c-d) PtNiIr NF/ATO samples. 

From these results, there is a noticeable difference in the 
effect of supports when interacting with PtNiIr NFs. Studies 
examining SMSIs have noted the proclivity of reducible ox-
ides (Ti, Fe, Sn etc.) to reduce and encapsulate metal cata-
lysts in surface oxygen.54-58 The coverage by oxygen could 
hinder the mobility or migration of catalysts as observed in 
STEM following 10,000 cycles of ADT.57 In addition, encap-
sulation is predicted only for metals with surface energies 
in excess of 2 J/m2, where Pt(111) and Ir(111) surface en-
ergies are 2.30 and 2.97, respectively.59 Suppression of CO 
adsorption seen in ECSACO values also provides evidence of 
encapsulation of NFs (PtNiIr NF/ATO (71.2 m2 gPt-1) and 
PtNiIr NF/C (48.6 m2 gPt

-1)).57 Encapsulation of catalysts is 
also an indication of SMSIs which were observed in XPS 
data.50 Finally, XANES measurements indicates that surface 
iridium, present in the structural extremities, has been oxi-
dized to a greater extent than when supported on carbon. 
The encapsulation of NFs, either fully or partially, would 
help explain the improved performance and durability ob-
served in PtNiIr NF/ATO samples. 
 

4.    Conclusions 
Support effects on the durability and OER performance 

of PtNiIr rhombic dodecahedral NFs were examined in this 
study. Examining these NFs in STEM revealed the presence 
of iridium at the edges and vertices of the NFs while also 
confirming the formation of a (Pt,Ir) alloy in these regions. 
Different loading methods were compared for the optimal 
loading on PtNiIr NF/ATO. Use of BuNH2 likely remove ex-
cess oleylamine and then improved the SMSI between 
PtNiIr NFs and ATO. Comparing PtNiIr NFs to PtNi NFs indi-
cated that the presence of iridium drastically improves OER 
performance regardless of support.  

XPS characterization indicated strong metal support in-
teractions (SMSI) in agreement with previous studies into 
platinum and iridium-based catalysts loaded onto metal 
supports. PtNiIr NF/ATO samples showed a turnover fre-
quency of 0.30 s-1 and a Faradaic efficiency of 92% which 
were calculated from O2 generated in an OLEMS setup. 
These values are almost the same as PtNiIr NF/C samples, 

indicating that ATO provides a stable support with a com-
parable amount of charge transfer with loaded NFs.  

Extended ADT illustrates the effects of carbon corrosion 
on the overall OER performance whereas ATO loaded sam-
ples maintained a similar mass activity after 10,000 cycles. 
STEM confirmed that these samples showed no signs of NFs 
migration, dissolution or agglomeration when compared to 
carbon. Finally, XANES measurements of samples following 
electrochemical cleaning/activation indicated a lower oxi-
dation state of iridium on metal oxide loaded samples. From 
our findings, the combination of ATO and PtNiIr NFs shows 
promise as an integrated catalytic system in water oxida-
tion applications. 
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