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ABSTRACT: Large-scale production of hydrogen gas by water
electrolysis is hindered by the sluggish kinetics of oxygen evolution
reaction (OER) at the anode. The development of a highly active and
stable catalyst for OER is a challenging task. Electrochemically prepared
amorphous metal-based catalysts have gained wide attention after the
recent discovery of a cobalt-phosphate (Co-Pi) catalyst. Herein, an
amorphous iridium-phosphate (Ir-Pi) is investigated as an oxygen
evolution catalyst. The catalyst is prepared by the anodic polarization of
carbon paper electrodes in neutral phosphate buffer solutions containing
IrCl;. The Ir-Pi film deposited on the substrate has significant amounts of

phosphate and Ir centers in an oxidation state higher than +4. Phosphate
plays a significant role in the deposition of the catalyst and also in its activity toward OER. The onset potential of OER on the Ir-
Pi is about 150 mV lower in comparison with the Co-Pi under identical experimental conditions. Thus, Ir-Pi is a promising

catalyst for electrochemical oxidation of water.

KEYWORDS: Ir-Pi catalyst, electrochemical deposition, water oxidation, electrolysis of water, phosphate buffer, hydrogen generation,

amorphous catalysts

1. INTRODUCTION

A high energy density and eco-friendliness make hydrogen as
an attractive fuel to meet the increased energy demands of the
future."” Although, hydrogen is produced on large scale by
steam-methane reforming route at present,”* huge amount of
carbon dioxide is released into the atmosphere as a byproduct,
thus resulting in environmental concerns. Development of
alternate clean methods to produce H, is a challenge for the
successful realization of hydrogen economy.

Production of hydrogen gas by electrolysis of water is a well-
known process. The process involves oxygen evolution reaction
(OER) at the anode and hydrogen evolution reaction (HER) at
the cathode. The Gibbs free energy change (AG) of the overall
reaction is 237 kJ mol™.° Accordingly, a thermodynamic
voltage of 1.23 V is calculated from the relationship, AG =
—nFE, as the minimum voltage required for -electrolytic
decomposition of H,O into H, and O,. However, commercial
electrolyzers usually operate between 1.8 to 2.1 V,*’ indicating
the necessity of large overvoltages to drive the reactions at a
sufficiently fast rates. The high overvoltage and subsequent
energy loss are mainly associated with the sluggish kinetics of
water oxidation reaction at the anode.®” The overvoltage can be
considerably reduced using suitable catalysts. Hence, the design
of stable, robust, and eflicient OER catalysts is an important
task to improve the performance of electrolyzers, which leads to
a cost-effective production of hydrogen.

Various materials, mainly metal oxides,"® have been studied
widely as OER catalysts. Among theses, oxides of Ru and Ir are
the most active.'""* However, RuO, undergoes corrosion at
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high anodic potentials due to the formation of RuO,.'’
However, IrO, is stable'* and exhibits metallic conductivity.'®
IrO, is generally prepared by various methods such as metal
organic chemical vapor deposition,'®"” thermal oxidation'®"?
and electrodeposition.”””' Among these methods, electro-
deposition has many advantages such as control on the
morphology, crystalinity, chemical composition and specific
mass. Moreover, it is reported that amorphous oxides prepared
at low temperatures are more active than the crystalline oxides
prepared at high temperatures.”>** This is due to high density
of surface defects and coordinatively unsaturated sites in
amorphous phase. Such sites are chemically very active and
facilitate the adsorption of reactant molecules and intermedi-
ates, resulting in overall enhancement in the reaction rate.* In
a study on RuO,, it was proposed that local structural flexibility
in amorphous material is the decisive factor for their superior
activity because local structure of the adsorption site may be
easily distorted by the formation of intermediates, causing
drastic change in the performance.”® In another study on
CoWO,, the superior activity of amorphous phase over
crystalline phase was attrtibuted to differences in the reaction
mechanism.?® In addition to high activity, amorphous oxides
can also be formed with wide composition ranges unlike in
crystalline forms, thus making it easier to tune their electronic
properties. Therefore, it is desirable to prepare highly active
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Figure 1. (a) Cyclic voltammograms of carbon paper electrodes in 0.1 M neutral phosphate buffer solutions (i) without IrCl; and (ii) with 0.5 mM
IrCl,. (b) Cyclic voltammograms of carbon paper electrode in 0.5 mM IrCl; + 0.1 M phosphate buffer solution (pH 7.0) after (i) 1, (ii) 10, (iii) 20,
(iv) 40, (v) 70, and (vi) 100 cycles. Inset shows the plot of current density at 1.75 V against cycle number. Scan rate: 5 mVs™".

amorphous Ir-based OER catalysts by electrodeposition
method.

In recent years, electrodeposition of amorphous metal-based
catalysts from buffer solutions has gained widespread
interest,””*® especially after the discovery of a cobalt phosphate
catalyst (Co-Pi) in 2008 by Kanan and Nocera.”® Following this
report, numerous other similar catalysts have been studied. It is
observed that anodic polarization of substrate electrodes in
solutions consisting of metal ions such as Co**?30 Mp?* 3132
Fe** 3 Ni****3% and Cu®"*° in buffer media such as acetate,
phosphate, borate, etc, leads to the deposition of active
catalysts composed of the corresponding anions (phosphate,
acetate or borate). These materials are reported to have clusters
of interconnected complete or incomplete metal-oxo/hydroxo
cubanes with terminal ligation to the electrolyte species.’”*
Such catalysts are promising owing to their high activity and
self-repairing property.®”** However, studies reported until
now are restricted to a few first row transition metals and
attempts have not been made using second or third row
transition elements, such as Ru, Ir, etc. Since, the intrinsic
activity of Ir is superior to Co, it is expected that a highly active
catalyst can be designed by replacing Co in the Co-Pi with Ir.
Furthermore, such a catalyst will be useful for the comparison
and structure—activity correlation among similar catalysts that
differ only at their metal centers.

To the best of author’s knowledge, there are no systematic
studies reported on the electrochemical deposition of Ir-based
OER catalysts from phosphate buffer solutions. In the present
study, the electrochemical deposition of a highly active catalyst
(Ir-Pi) from a neutral phosphate buffer solution containing Ir**
is undertaken. The catalytic activity of Ir-Pi is far superior to
Co-Pi toward OER.

2. EXPERIMENTAL SECTION

Analytical grade KH,PO,, K,HPO,, KNO; (all from Merck), and IrCl,
(Aldrich) were used as received. All solutions were prepared in doubly
distilled water. Phosphate buffer solution was prepared by mixing 0.1
M KH,PO, and 0.1 M K,HPO, solution. The pH of buffer solution
was maintained at 7.0, unless otherwise stated. A Toray carbon paper
of thickness 0.2 mm was used as the substrate for the preparation of
electrodes. A strip of 7 mm width and 3 cm length was cut from a
carbon paper sheet and 1.4 cm” area at one of the ends was exposed to
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the electrolyte. The rest of its length was used for electrical contact.
The unused area of the electrode was masked by PTFE tape. Pt foil
auxiliary electrodes and saturated calomel reference electrode (SCE)
were used in a glass cell. Microscopic analysis was carried out by using
Ultra S5 scanning electron microscope (SEM) equipped with energy
dispersive X-ray analysis (EDXA) system at 20 kV. Powder X-ray
diffraction (XRD) patterns were recorded by Bruker D8 diffractometer
using Cu K|, radiation The surface compositions of the materials were
analyzed by X-ray photoelectron spectroscopy (XPS) using SPECS
GmbH spectrometer (Phoibos 100 MCD Energy Analyzer) with Mg
K, radiation (1253.6 eV). The peak of C Is at 284.6 eV was
considered as the reference position. Electrochemical experiments
were carried out using PARC EG&G potentiostat/galvanostat model
Versastat II. Mass variations during electrochemical depositions were
monitored using CH Instruments potentiostat/galvanostat model
440A equipped with electrochemical quartz crystal microscope
(EQCM). A small Teflon cell with Au-coated quartz crystal (8 M
Hz, active area = 0.205 cm?, sensitivity = 0.146 Hz ng_1 cm?) as the
working electrode, a Pt wire counter electrode and Ag/AgCl, CI~
(3M) reference electrode was used. Oxygen produced during
electrolysis was probed by monitoring its reduction at a platinum
disc electrode of area 0.07 cm® (diameter- 3 mm) in an airtight glass
cell. Electrochemical impedance spectroscopy (EIS) measurements
were conducted at an ac excitation signal of 10 mV over the frequency
range from 100 kHz to 0.10 Hz. All electrochemical experiments were
performed at 22 + 1 °C. Current density values are reported on the
basis of geometrical area of the electrode. All potential values are
reported against RHE reference.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Deposition of Ir-Pi Catalyst.
Cyclic voltammograms of carbon paper electrodes in 0.1 M
phosphate buffer (pH 7.0) solutions in the absence and
presence of 0.5 mM IrCl; are shown in Figure la. In the
absence of Ir’* (Figure 1a(i)), negligibly small current flows,
indicating the absence of any electrochemical reaction in the
potential range 0.65—1.65 V. On the other hand, the
voltammogram in the presence of Ir** (Figure 1a(ii)) exhibits
a sharp increase in the current at 1.45 V which accompanies an
evolution of oxygen (visual observation) at the electrode
surface. It is thus understood that an Ir-based OER catalyst (Ir-
Pi) starts forming at 1.45 V and concomitantly it catalyzes the
OER (reaction 1).
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40H™ — 2H,0 + O, + 4e” (1)

Formation and catalytic activity of Ir-Pi are similar to those of
Co-Pi catalyst,* but the potential of the later is about 1.60 V
instead of 1.45 V for the Ir-Pi catalyst (Figure la(ii)). Thus, the
catalytic activity of Ir-Pi is greater than that of Co-Pi catalyst. A
carbon paper electrode was repeatedly cycled in 0.1 M
phosphate buffer solution containing 0.5 mM IrCl;. Typical
voltammograms are shown in Figure 1b. There is an increase in
voltammetric current in the potential region of OER on
potential cycling. A plot of current density at 1.75 V versus
number of cycles is presented in Figure 1b inset. There is a
sharp increase in current over the first 20 cycles and a gradual
increase thereafter. The increase in current is attributed to
increased coverage on the current collector as well as the
thickness of the Ir-Pi catalyst layer, which in turn enhance the
rate of OER. Increased evolution of O, gas was visually
observed in the potential range 1.45—1.75 V on repeated
cycling. Although no current peaks corresponding to Ir’*
oxidation are observed in the initial stages of cycling (Figure
la(ii)), two pairs of peaks appear after repeated cycling (Figure
1b). The broad and reversible peaks (Pal and Pcl) at about
0.85 V is attributed to the I’/ Ir*" redox couple and the other
pair (Pa2 and Pc2) at 1.23 V is to Ir*"/ Ir** redox couple.*'
Both the pairs of peaks are very broad indicating the formation
various hydrated structures that differ slightly in their redox
behavior.”” Thus, the Ir-Pi catalyst can be considered to be a
highly hydrated oxide with Ir centers in an oxidation state
higher than +4.

It was intended to study the role of phosphate ions in the
electrodeposition and OER catalysis. Cyclic voltammetry
experiments were carried out in 0.1 M KNOj; solutions (pH
7.0) and the results are shown in Figure 2. In the absence of
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Figure 2. Cyclic voltammograms of carbon paper electrodes in 0.1 M
KNO; solutions (i) without IrCly and (ii) with 0.5 mM IrCl;. Scan

rate: 5 mV s™\.

Ir**, the magnitude of current is negligibly small in the potential
range 0.65—1.75 V (Figure 2(i)). However, in the presence of
0.5 mM IrCl, (Figure 2(ii)), a diffusion controlled current peak
appears at 1.53 V corresponding to the oxidation of Ir’* and
subsequent deposition of IrO, on the electrode surface. This is
followed by an increase in the current due to the oxidation of
water. The onset potential for OER is 1.60 V, which is 150 mV

higher than the onset potential in phosphate buffer solution
(Figure la(ii)). Furthermore, the catalytic current observed at
1.75 V is only 0.1 mA cm ™ (Figure 2(ii)), which is significantly
less than 0.7 mA cm™> (Figure la(ii)) obtained in the
phosphate medium under identical conditions. Thus, the
catalyst Ir-Pi prepared from phosphate buffer solution is
superior to the catalyst IrO, prepared from KNOj; solution.
Electrolysis experiments were performed both in phosphate
and nitrate solutions consisting of 0.5 mM IrCl; at 1.65 V for
12 h. During the deposition from phosphate solution
containing 0.5 mM IrCl, (Figure 3(i)), there is a steep increase
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Figure 3. Current versus time plot during electrolysis at 1.65 V in (i)
0.5 mM IrCly + 0.1 M phosphate and (ii) 0.5 mM IrCl; + 0.1 M
KNO;. pH was adjusted to 7.0 in both the cases.

in the current density to 1.2 mA cm™> within the first 1 h and
thereafter, current rises gradually to 3.2 mA cm™ at 12 h.
During this process, a steady growth of Ir-Pi catalyst was
visually observed along with an increased evolution of oxygen
gas. Catalytic activity of the Ir-Pi was evident from this
experiment as there were no gas bubbles seen on the electrode
surface in the initial stage and oxygen evolution became
increasingly vigorous with time. During a similar experiment in
0.1 M KNO,; solution containing 0.5 mM IrCl, (Figure 3(ii)), a
negligibly small current was observed throughout the
electrolysis. Current density reaches only 13 A cm™ after
12 h, which is 250 times smaller than the current observed in
the phosphate solution under identical experimental conditions.
These results suggest that the electrodeposition from
phosphate buffer solution is advantageous and the catalytic
activity of Ir-Pi is greater than IrO, toward OER.

It was intended to investigate the effect of concentration of
Ir** ions on the electrochemical deposition of Ir-Pi and OER
activity. For this purpose, amperometry experiments were
carried at 1.55 V for 30 min in 0.1 M phosphate buffer solution
(pH 7.0) containing various concentrations of IrCl; ranging
from 0.5 to 5 mM. Such studies are considered as important as
the solubility of most of the metal ions such as Co**, Mn**,
Ni*', etc. are limited to about 0.5 mM in neutral phosphate
solutions. Higher solubility is advantageous as the rate of
electrochemical deposition becomes fast by increasing the
concentration. It is seen from Figure 4a that the current density
value after 30 min of Ir-Pi deposition is only 0.42 mA cm™ in
0.5 mM IrCly solution whereas it is 0.63, 0.79, 1.07, 1.47, and
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Figure 4. (a) Current versus time plots during the deposition of Ir-Pi catalyst on carbon paper electrode at 1.55 V for 30 min from 0.1 M phosphate
solutions (pH 7.0) containing (i) 0.5, (ii) 1, (iii) 2, (iv) 3, (v) 4, and (vi) S mM IrCl,. Inset shows the variation in the current density after 30 min of
deposition as a function of IrCl concentrations (b) Mass variation versus time plots during Ir-Pi deposition on a gold coated quartz crystal electrode
of area 0.205 cm? at 1. 50 V for § min in 0.1 M neutral phosphate solutions containing (i) 0, (ii) 0.1, (iii) 0.2, (iv) 0.5, (v) 2, and (vi) S mM IrCl,.

Figure 5. SEM images of (a—c) bare carbon paper, (d—f) Ir-Pi/C, and (g—i) IrO,/C.

1.55 mA cm™?, respectively, in 1, 2, 3, 4, and 5 mM IrCl,
solutions. Thus, the current increases almost linearly (Figure 4a
inset) with concentration. Mass variations of Au-coated quartz
crystal electrodes were also recorded in situ during the
deposition of Ir-Pi for different concentrations of IrCl; using
EQCM (Figure 4b). The results show that the mass of the
catalyst after S min of electrolysis at 1.50 V is only 80 ng when
the concentration of IrCl; is 0.1 mM (Figure 4b(ii)) and it is
almost S5 times greater at S mM (Figure 4b(vi)). Similar
experiments at 0.2, 0.5, and 2 mM IrCl; solutions resulted in
net mass gain of 134, 207, and 265 ng, respectively, (Figure 4b
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(ili=v)). These results support that the rate of electro-
deposition of Ir-Pi can be significantly enhanced by increasing
the Ir’* concentration.

3.2. Physical Characterization. The morphology of Ir-Pi
catalyst was studied by using SEM. The Toray carbon paper
substrate has numerous carbon fibers oriented in different
directions (Figure Sa—c). Higher magnification image (Figure
5c) shows kinks and defects that facilitate the adherence of
electrodeposits. To study the morphology of Ir-Pi catalyst, SEM
micrographs were recorded after 12 h of electrodeposition at
1.65 V in 0.1 M phosphate buffer solution containing 0.5 mM

DOI: 10.1021/acsami.5b02601
ACS Appl. Mater. Interfaces 2015, 7, 15765—15776


http://dx.doi.org/10.1021/acsami.5b02601

ACS Applied Materials & Interfaces

Research Article

IrCl;. Carbon fibers are covered with Ir-Pi flakes (Figure Sd and
e) with numerous agglomerated particles. Cracks are observed
at higher magnifications (Figure Se and f). These cracks are
formed due to the loss of water on drying the electrodeposits.
Furthermore, SEM micrographs were also recorded after 12 h
of electrodeposition at 1.65 V from 0.1 M KNOj; solution
containing 0.5 mM IrCl; (Figure Sg—i). Carbon fibers are
decorated with an electrodeposit. However, unlike in the case
of Ir-Pi, IrO, prepared from KNOj solution does not form as
islands separated by cracks. Instead, there are tiny particles
aggregated together forming clusters. These studies suggest that
electrodeposited layers from phosphate and nitrate solutions
differ in their morphology.

Powder XRD patterns were recorded for the carbon paper
substrate before and after deposition of Ir-Pi catalyst. It is seen
from Figure 6i that the pattern for the bare substrate consists of
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Figure 6. XRD pattern for (i) bare C, (ii) Ir-Pi/C, (iii) IrO,/C, and
(iv) Ir-Pi/C heated at S00 °C for S h in air. Inset is expanded view of
pattern (iv) in 26 range 30—90°.

peaks at 20 = 26.3° and 54.4° due to carbon crystallites. Only
these peaks are observed after electrodeposition of Ir-Pi (Figure
6ii) and IrO, (Figure 6iii). These results indicate the
amorphous nature of the materials deposited from both
phosphate and nitrate solutions. Since both Ir-Pi and IrO, are
amorphous, higher OER activity of Ir-Pi over IrO, cannot be
attributed to any difference in their crystalinity. However, when
the Ir-Pi or IrO, was heated at 500 °C for S h in air, additional
peaks appear due to the formation of crystalline IrO, (Figure
6iv and inset). Nevertheless, it is found that the OER catalytic
activity of Ir-Pi is considerably reduced after crystallization
(Supporting Information (SI), Figure S1).

The compositions of the electrodeposited materials were
analyzed by EDXA and XPS techniques. The EDXA spectra
were recorded from different regions of the samples. Results are
shown in Figure 7. In the case of electrodeposited Ir-Pi catalyst,
Ir, P, O and K are identified as major elements (Figure 7a—d).
The ratio of Ir:P varies from 1:1.5 to 1:2, indicating a significant
amount of phosphate ion incorporated in the catalyst. The
elemental maps shown in Figure 7c and d for Ir and P,
respectively, indicate a uniform distribution of the elements.
Similarly, the IrO, electrodeposited from KNOj; solution shows
the presence of Ir, O, and K in the EDXA spectrum (Figure

7e). Trace amount of Cl is also present. The elements are
uniformly distributed as evident from X-ray maps (Figure 7g
and h). Thus, the significant difference between Ir-Pi and IrO,
is that the former has a large quantity of phosphate.

Figure 8 shows the XPS spectra of Ir-Pi catalyst which was
deposited on carbon paper substrate at 1.70 V for 3 h from a
neutral phosphate buffer solution containing 0.5 mM IrCl;. The
survey spectrum (Figure 8a) identifies Ir, P, O, C, and K as the
major constituents, which are in good agreement with EDXA
results. Additionally, photoelectron peaks corresponding to Cl
was also noticed. This could be due to surface adsorption of
CI™ from IrCl, in the electrolyte. In the Ir 4f region (Figure 8b),
strong doublet peaks are present at 62.4 and 654 eV, which
correspond to Ir 4f,, and 4f;,,, respectively.* The Ir 4f core
level exhibits a typical line shape with 4f;/, peak more intense
than the 4f,, signal and the splitting of the spin—orbit doublet
at 3.0 eV (Figure 8b). The peak tailing at high energy side of
the Ir 4f is attributed to loss of kinetic energy of photoelectrons
by interaction with valence band levels.** The high resolution P
2p peak (Figure 8c) at 133.1 €V is assigned to phosphate.*
This is slightly at higher binding energy (0.3 eV) than the P 2p
peak observed in the case of Co-Pi deposited on carbon
paper.®® Hence, a weak interaction between the phosphate
groups and metal centers in the catalyst is expected. The O 1s
peak is located at 531.7 eV (Figure 8d), which is usually
observed in the case of Ir—OH.* Similarly, K 2p spectrum
(Figure 8e) shows doublets with spin orbit splitting of 3.0 eV.
The peaks at 292.6 and 295.6 eV are assigned to K 2p,,, and
2ps,, respectively.*” Although, the exact chemical identity of K
is not evident from XPS, it is likely that K exist in ionic form to
maintain the charge balance.

3.3. Catalytic Activity. The electrochemical activity of the
Ir-Pi catalyst toward OER in phosphate electrolyte in the
absence IrCl; was investigated. Phosphate buffer solution was
chosen for comparison of the present results with the data of
well-studied catalyst, namely, Co-Pi. Absence of Ir** ion in the
electrolyte prevents the deposition of the catalyst during OER
studies and thus, the resultant current will be a direct measure
of the catalytic activity. Ir-Pi was deposited at 1.55 V for 1000 s
from phosphate buffer solution containing 0.5 mM IrCl;. For
comparison, IrO, was also deposited under identical condition
except that the supporting electrolyte was KINO; solution
instead of phosphate buffer solution. Electrodes were
thoroughly rinsed with double distilled water and dried in air.
Then, the electrodes were subjected to linear sweep
voltammetry at S mV s™' in phosphate buffer solution (Figure
8). There is no current flow at Ir-Pi coated electrode until the
potential reaches 1.45 V, when the current raises rapidly and
reaches 2.2 mA cm™ at 1.65 V due to OER (Figure 9i). The
onset potential of OER is as low as 1.45 V indicating an
overpotential of 220 mV. Vigorous evolution of O, on the
electrode was observed at the potential region between 1.50
and 1.65 V. On the other hand, IrO, electrode shows much less
activity (Figure 9ii). No oxygen evolution was visually observed
until potential reached 1.65 V. The current density at 1.65 V is
only 0.5 mA cm ™2, which is about 4.5 times lower than that of
Ir-Pi. Although the electrochemical acive surface area of the Ir-
Pi deposit is found to be about 2.8 times higher in comparison
with that of IrO, (SI, Figure S2), it alone cannot explain 4.5
times higher activity of Ir-Pi over IrO,. Hence, the superior
OER activity of the Ir-Pi is due to both high active surface area
and high intrinsic catalytic effect. The OER activity of Ir-Pi was
further compared with that of Co-Pi catalyst, which has been

DOI: 10.1021/acsami.5b02601
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Figure 7. EDXA spectra for (a) Ir-Pi/C and (e) IrO,/C. (b) SEM image of the Ir-Pi catalyst and elemental map showing the distribution of (c) Ir
and (d) P. (f) SEM image of the IrO, catalyst and elemental map showing the distribution of (g) Ir and (h) O.

considered as the benchmark catalyst for OER in neutral
medium.”® For this, Co-Pi was deposited under similar
condition as that of Ir-Pi and then, the electrode was subjected
to LSV in phosphate electrolyte (Figure 9iii). It is seen from
Figure 9iii that the onset of OER on Co-Pi occurs at 1.57 V.
This value is 120 mV higher than that for Ir-Pi. Moreover,
current is only 0.3 mA cm™ at 1.65 V, which is significantly
smaller than the current (2.2 mA cm™) obtained on Ir-Pi
electrode. Thus, Ir-Pi is superior to Co-Pi both in terms of OER
onset potential and current density at any potential in the OER
region. Ir-Pi deposited on FTO coated glass also shows the
similar catalytic properties (SI, Figure S3).

The O, evolved by water oxidation on Ir-Pi catalyst was
probed by its reduction on a Pt rotating disc electrode (RDE)
in an airtight glass cell. An Ir-Pi coated carbon paper electrode
was prepared at 1.60 V for 1 h from 0.5 mM IrCl; + 0.1 M
phosphate buffer solution (pH 7.0). An electrochemical cell was
assembled in phosphate buffer solution with both Ir-Pi coated

carbon paper and a Pt RDE as working electrodes. The
electrolyte was purged with Ar and the potential of Pt RDE was
swept at 10 mV s™" from 1.0 to 0.15 V at 2500 rpm. Negligibly
small current flows (Figure 10a(i)), indicating the removal of
dissolved O, from the electrolyte by purging with Ar. Then,
electrolysis was conducted at the Ir-Pi coated carbon paper
electrode at 1.75 V. After 1 h, the electrolysis was terminated
and the Pt RDE was again subjected to linear sweep
voltammetry. It was seen (Figure 10a(ii)) that the current
due to ORR increased to 0.2 mA cm ™ at 0.15 V. This indicated
that the O, evolved on Ir-Pi electrode during electrolysis and
the dissolved O, underwent reduction subsequently at the
RDE. Electrolysis was again continued at the Ir-Pi and the
voltammogram of ORR was recorded after every 1 h of
electrolysis. As observed in Figure 10a(iii) and (iv), the ORR
current increased to 0.3 and 0.4 mA cm ™2, respectively, after 2
and 3 h of OER. Finally, the electrolyte was saturated with pure
O, gas from a cylinder and again the Pt RDE was subjected to

DOI: 10.1021/acsami.5b02601
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Figure 8. XPS spectra of Ir-Pi catalyst. (a) Survey spectrum and high resolution spectra for (b) Ir 4f, (c) P 2p, (d) O 1s, and (e) K 2p.

linear sweep voltammetry. The reduction current increased in
magnitude (Figure 10a(v)). These studies confirm that the
electrolysis product at Ir-Pi was oxygen. It is worth noticing that
ORR current on the Pt electrode measured at 0.15 V varies
linearly with the time of electrolysis on Ir-Pi (Figure 10b(i)),
indicating a constant rate of oxygen evolution and a high
stability of the Ir-Pi catalyst during water electrolysis condition.
Similar experiments were repeated with bare carbon electrode
instead of Ir-Pi coated carbon paper electrode. Current was
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negligibly small (Figure 10b(ii)) during the entire period of
experiment, indicating a poor catalytic activity of the carbon
paper substrate toward OER.

To study the effect of thickness of the catalyst toward OER,
Ir-Pi was deposited in various thicknesses on carbon paper
electrodes from 0.5 mM IrCl; in 0.1 M phosphate solution by
passing charges in the range from SO to 1000 mC cm 2. The
electrodes were washed well with double-distilled water and
dried. The catalytic activity was studied by linear sweep
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Figure 9. Linear sweep voltammograms of carbon paper electrodes
coated with (i) Ir-Pi, (ii) IrO,, and (iii) Co-Pi in 0.1 M phosphate
electrolyte (pH 7.0). Catalysts were deposited at 1.55 V for 1000 s
from the corresponding electrolytes with 0.5 mM metal salts.

voltammetry at 0.05 mV s™' in phosphate buffer electrolyte
under stirring (Figure 11a). It is observed that the catalytic
activity increases with an increase in the catalyst loading. This is
attributed to an increase in coverage of the catalyst on the
substrate and also in the density of surface active sites with an
increase in thickness. The values of current density measured at
1.55 V are 0.04, 0.11, 0.33, 047, and 0.94 mA cm™?
respectively, for the Ir-Pi prepared by passing 50, 100, 200,
500, and 1000 mC cm™ (Figure 11a, curves ii—vi). Negligibly
small current flows for bare carbon signifying the inertness of
the carbon paper substrate toward OER (Figure 11a, curve i.
The Tafel plots are shown in Figure 11b. The Tafel slope are
59, 56, 55, 56, and 67 mV decade™}, respectively, for Ir-Pi
catalysts prepared using charge 50, 100, 200, 500, and 1000 mC
cm™2 Thus, the Tafel slope is independent of thickness and the
average slope is closer to 2.3 X RT/F. This suggests that OER

mechanism involves a reversible one-electron and one proton
transfer process prior to the rate limiting step.*®

The pH dependence of Ir-Pi catalyst was examined by
constant potential electrolysis in 0.1 M phosphate solution. The
potential was fixed at 1.50 V while the solution pH was
gradually increased from $ to 13. Then, the steady state current
was measured at each pH value. A plot of the log (current
density) vs pH (Figure 11c) exhibits a straight line in the range
of pH 5.0 to 8.0 with a slope of 1.0, whereas a deviation from
linearity is observed beyond this range. This could be due to
the poor buffer capacity of the solution. In addition, the pH
dependence was also studied using galvanostatic titration
method. A constant current of 100 A cm™ was passed and
the corresponding potential was measured while the pH was
gradually increased from 4.5 to 13 (Figure 11d). A linear fit of
the data in Figure 11d yields a slope of 59 mV. Tafel slope
(Figure 11b is related to the slopes of potential versus pH
(Figure 11d) and log (current density) versus pH (Figure 11c)
plots using the following equation:

(0E/dpH); = (0E/01og(i)),y-(9 log(i)/dpH)g @)

From the values of 1 and 59 mV of (0 log(i)/dpH); and
(0EdpH),, respectively, the value of (0Ed log(i)),y calculated is
59 mV per decade of current. This value agrees with the Tafel
slope obtained. These results are comparable to those of Co-Pi
catalyst.*® Hence, a similar mechanism for oxygen evolution is
expected.

The generally accepted mechanism of OER (reaction 1) in

neutral or alkaline electrolytes is***
S+ OH™ = S—OH + e~ ©)
S—OH + OH™ = S—O0 + H,0 + ¢~ 4)
25—0 528+ 0, (5)

where S stands for active sites on the catalyst and S—OH and
S—O are the adsorbed intermediates. Detailed analysis of
kinetic equations under different conditions are reported by
Bockris.*® Accordingly, 120 mV decade™ is expected for the
Tafel slope, if step 3 is the rate-determining step (rds).
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Figure 10. (a) Linear sweep voltammetry for ORR on a Pt RDE in 0.1 M phosphate solution (pH 7.0) under (i) Ar-saturated condition and after
oxygen evolution reaction on a Ir-Pi/C electrode at 1.75 V for (ii) 1, (iii) 2, and (iv) 3 h and (v) after purging with O, from a cylinder. Scan rate: 10
mV s™! and rotation speed: 2500 rpm. (b) Variation in the ORR current at 0.15 V versus electrolysis time for (i) Ir-Pi/C and (ii) bare carbon.
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Figure 12. Nyquist plots of (a) Ir-Pi and (b) Co-Pi catalyst coated carbon paper electrodes in 0.1 M neutral phosphate solution at 1.65 V.

Similarly, 40 and 15 mV decade™ are expected for steps 4 and
S, respectively, as the rds. The composition of the catalyst and
the reaction conditions are expected to decide which of the
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three steps or any other step is the rds. As the Tafel slope
obtained for OER on Ir-Pi catalyst is 60 mV decade™’, the rds
appears to be different from steps 3—5. Hu etal,,”" invoked a
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modification of the above mechanism by an introducing
adsorbed intermediate with different energy states, in acidic
media. Similarly, in alkaline media also, it is proposed that step
3 can be divided into the following steps:

S+ OH™ = S—OH* + e~ (6)
S—OH* - S—OH (7)

The adsorbed intermediates S—OH* and S—OH have the same
chemical structure, but they differ in their energy states.>">
The intermediate S—OH* with higher energy reorganizes to
form the lower energy S—OH intermediate. According to the
kinetic equations derived by Hu et al,>" for the mechanism
involving steps 3—7, a Tafel slope of 60 mV decade™ is
expected if step 7 is the rds. Thus, the rds of OER on Ir-Pi
catalyst is likely to be step 7 with 60 mV decade™ of Tafel
slope (Figure 11b).

The catalytic activities of Ir-Pi and Co-Pi are compared from
electrochemical impedance spectroscopy (EIS) studies. Both
the catalysts were deposited on carbon paper substrate at 1.55
V for 15 min from 0.1 M neutral phosphate solution containing
0.5 mM of the corresponding metal salts. Nyquist plots of Ir-Pi
and Co-Pi electrodes in 0.1 M phosphate electrolytes (pH 7.0)
at 1.65 V are shown in Figure 12. In both the cases, the
complex plane plot shows two broad semicircles. The
equivalent circuits corresponding to Ir-Pi and Co-Pi electrodes
are also shown in Figure 12 inset. Capacitive elements are
replaced by constant phase elements (CPE), denoted by Q and
employed for fitting the experimental data. The electrolyte
resistance is denoted by R,. Ry, and Q¢ denote the resistance and
CPE of the catalyst layer whereas R, and Qy represent the
charge transfer resistance of OER and double layer capacitance.
The values of parameters obtained by fitting the impedance
data are provided in Table 1. The value of R obtained for Ir-Pi

Table 1. Impedance parameters

(A) Ir-Pi catalyst (* of the fit = 2.8 X 107%)

parameters value error (%)
R, (Q) 2.5 19
Q—Y, (Es™) 3.1 x107¢ 9.4
Q-n 091 09
R (Q) 9.8 1.0
Qu-—Y, (Fs™) 0.003 4.0
Qu—n 0.70 13
R, (Q) 372 2.0

(B) Co-Pi catalyst (y* of the fit = 7.7 X 107*)

parameters value error (%)
R, (Q) 17 32
Q—Y, (Es™) 2.4 % 107¢ 13.9
Q-n 0.96 13
R (Q) 7.1 L1
Qa—Y, (Es"™h) 0.009 1.0
Qu—n 0.85 0.6
R, (Q) 201.5 1.7

electrode (37.2 Q) is smaller by 5.4 times than the value
obtained for Co-Pi electrode (201.5 Q). This indicates a high
electrocatalytic OER activity of the Ir-Pi over the Co-Pi catalyst.
These results are in agreement with the voltammetric studies.

The stability of the catalyst under water electrolysis is a very
important factor for practical application and hence, stability
measurements were performed for the Ir-Pi catalyst. For this

study, Ir-Pi catalyst was deposited at 1.55 V for 2 h from 0.1 M
phosphate buffer (pH 7.0) solution containing 0.5 mM IrCl,.
The electrode was rinsed with water and dried overnight at 50
°C. The stability of the electrode was examined by galvanostatic
polarization at 1 mA cm™ for 48 h. It is observed that the
potential to maintain this current density is almost constant
throughout the electrolysis (Figure 13). A slight increase in the
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Figure 13. Stability analysis of the Ir-Pi/C electrode by galvanostatic
measurement at 1 mA cm ™ for 48 h in 0.1 M neutral phosphate buffer
solution. Ir-Pi was deposited on carbon paper at 1.55 V for 2 h from
0.1 M neutral phosphate buffer solution containing 0.5 mM IrCls.

overpotential with time (~100 mV) is attributed to bubble
formation on the electrode surface under vigorous oxygen
evolution condition. Additionally, no drastic change in the
morphology of the catalyst was observed after extended
electrolysis (SI, Figure S4), indicating a high structural and
functional stability.

4. CONCLUSIONS

An extremely active amorphous water oxidation catalyst
namely, Ir-Pi was electrochemically deposited from a neutral
phosphate buffer solution containing Ir’* ions. The resultant
film on carbon paper electrode exhibited high activity for the
electrochemical oxidation of water to O, at an overpotential as
low as 220 mV in phosphate buffer (pH 7.0) solution. The
catalyst exhibited much superior activity in comparison with the
well-known IrO, and Co-Pi catalysts both in terms of onset
potential and current density at any potential in the OER
region. Ir-Pi is a promising catalyst for electrochemical splitting
of water owing to its easy formation, high activity and stability.
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