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The regulation of the electrocatalytic activity of an iridium surface using a plasma activation treatment
process has been studied experimentally and using first-principles calculations. The microstructures and
catalytic properties were investigated using scanning electron microscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, cyclic voltammetry and CO-stripping voltammograms. The results show
that the plasma activation treatment process can promote the surface energy of iridium particles, thereby
increasing their surface activity as a catalyst. Furthermore, the current density of Ir/C-Plasma is 1.46
times higher than that of Ir/C, indicating that the electrocatalytic activity is significantly increased upon
increasing the number of surface-active sites. More importantly, the mechanism of the surface activity
sites that improves the catalyst performance of the iridium surface was illustrated using first-principle
calculations. We also find that CH3sOH molecules form chemical bonds with the dangling bonds
localized on the iridium atoms around the vacancies and that these sites have the lowest adsorption
energy (—0.578 eV). Meanwhile, the TS results indicate that the dissociation of CH3OH on a hon-vacancy
surface was more difficult than on the one-vacancy surface. In addition, the charge transfer further
confirms that the vacancies on the iridium surface can provide a large number of active sites for chemical
adsorption/desorption, which can promote CO anti-poisoning processes. This study not only reveals the
CH3OH adsorption/desorption reaction mechanism of Ir/C-Plasma, but also provides effective guidance
toward improving the catalyst performance of noble metal catalysts.
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1. INTRODUCTION

Hydrogen-oxygen fuel cells may be an important potential source of clean energy in the future
due to their high energy density, high power and environment-friendliness [1, 2]. However, the anode
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and cathode catalysts used for hydrogen-oxygen fuel cells depend heavily on Pt, which limits the large-
scale application of this technology. In recent years, intensive efforts have been devoted to the
development of non-platinum-based catalysts [3-5]. Among them, iridium-based catalysts have attracted
a significant amount of attention due to their overpotential values being close to zero and high reaction
rate [6, 7]. However, the catalytic performance of iridium-based catalysts is not enough to achieve rapid
hydrogen production [8]. Therefore, it is desirable to explore a new strategies to improve the
performance of iridium-based catalysts.

Previous research has shown that the surface morphology of a catalyst can play a key role in
determining its activity, selectivity, and stability [9, 10]. Chen et al. [11] have reported the dependence
of the catalytic activity of TiO> nanocrystals on their surface facets, which indicated that the catalytic
activity mainly originates from a defect-rich surface of TiO. {001} and TiO> {101}. Mistry et al. [12]
have reported that plasma treatment is a powerful method to create defects or embed atoms, which can
improve a materials reactivity. These research studies indicate that enhancing the active sites is a key
issue to improve the selectivity of a catalyst. It is more difficult to reveal the mechanism of the active
sites on the iridium surface due to the many technical difficulties found when observing the active sites
on a lattice scale [13].

Fortunately, the development of high performance computer simulations provides a new way to
solve the above-mentioned problems. In this work, an Ir/C catalyst was treated using glow plasma, and
the microstructure and phase composition of the samples were investigated using scanning electron
microscopy, X-ray diffraction and X-ray photoelectron spectroscopy. The catalytic properties of the
samples were studied using cyclic voltammetry and CO-stripping voltammograms. Meanwhile, the
mechanism of the surface active sites that improves the catalyst performance of the iridium surface was
illustrated using first-principle calculations.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1 Materials and preparation

The materials used in this experiment including iridium chloride (IrCls, 99.99% metals basis, Ir
>63.9%), activated charcoal, sodium perchlorate (NaClOs4, 99%) and 5 wt.% Nafion solution were
purchased from Aladdin (Shanghai, China).

The preparation of Ir/C was as follows: a) 60 mg of activated charcoal was added to 10 mL of
water; b) An ethanol solution of IrClsz (4 mL, 0.03 mol/L) was added to the solution of activated charcoal,
¢) The resulting suspension was dispersed using ultrasonication for 30 min and stirred for 4 h using
NaOH to adjust the pH to 8-9; d) 2 mL of a 0.85 mol/L aqueous solution of NaBH4 was slowly added
to the suspension with stirring, sonicated for 4 h, and stirred for 4 h; e) The suspension was washed with
water, filtered, and dried under vacuum at 55 °C for 12 h to give the Ir/C catalyst.

In addition, the Ir/C catalyst was treated with glow plasma using argon as the carrier gas. The
working pressure was stabilized at 30-90 Pa, the cathode voltage was 600 V, and the source voltage was
1000 V. After the experiment, the sample were treated at 300 °C for 30 min and then cooled to room
temperature in the furnace. The resulting product was named Ir/C-Plasma.
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A schematic representation of the glow plasma treatment process is shown in Figure 1. Glow
discharge forms a plasma field by applying a voltage between two electrodes. In the plasma field, free
electrons and ions are excited and carry sufficient energy. When the plasma bombards the surface of the
spherical iridium powder, the iridium atoms on the surface are excited by the high-speed Ar atoms and
form surface active sites (e.g. mono-vacancies and di-vacancies), which alters the catalytic performance
of the iridium surface.
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Figure 1. A schematic representation of the glow plasma treatment process.

2.2 The microstructure and phase composition

The microstructure of Ir/C was investigated using scanning electron microscopy (SEM)
performed on a Philips 505 (Eindhoven, NL) instrument. The crystalline structures and chemical
compositions were analyzed using powder X-ray diffraction (XRD, Rigaku MiniFlex II) using Cu-Ka
radiation (A = 1.541 A). The scanning rate was 0.5°/s and the 26 range was 10-90°. The chemical states
on the surface of the product was analyzed using X-ray photoelectron spectroscopy (XPS, PHI5000
Versaprobe-11 ULVACPHI) employing Al-Ka radiation.

2.3 Preparation of the working electrode

The working electrode was prepared using a literature procedure. Typically, the catalyst
dispersion was prepared by mixing 8 mg of the catalyst in 2.5 mL of a solution containing 2.4 mL of
ethanol and 100 pL of 5 wt.% Nafion solution followed by ultrasonication for 30 min. A glassy carbon
(GC) disk electrode (5 mm in diameter) serves as the support. Prior to use, the GC electrode was polished
using an aqueous alumina suspension on a felt polishing pad. The catalyst suspension was transferred
using a micropipette onto the GC surface, leading to a catalyst loading of ~0.2 mg/cm?. The working
electrode was dried under a flow of N> at room temperature.
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2.4 Electrochemical tests

The electrochemical performance was assessed on an electrochemical workstation (CHI760E)
using a three-electrode system consisting of a GC electrode, Pt plate counter electrode, and saturated
calomel electrode (SCE), which is separated from the working electrode compartment by a closed
electrolyte bridge.

The catalyst performance in the room temperature methanol oxidation reaction (MOR) was also
measured using cyclic voltammetry. A potential window of 0 V to 1.5 V at a scan rate of 100 mV-s™*
was used until a stable response was obtained prior to recording the voltammograms. The electrolyte
was 0.1 mol Lt HCIO4 with a 2.0 mol L™* CH3sOH aqueous solution. For each catalyst, the current
density was normalized by its ECSA to obtain the specific activity. The electrolyte solutions were purged
with high-purity N> gas for 30 min to reduce the level of dissolved oxygen prior to each cyclic
voltammetry measurement and the solution was maintained under a flow of N2 gas.

The CO dissolution experiment is an important method to study the anti-CO poisoning ability of
the catalyst. In the case of the CO-stripping experiment, the working electrode was inserted into the
electrolytic cell containing 0.1 mol L™ HCIO4 solution as the electrolyte, a carbon rod counter electrode
and SCE reference electrode. CO (99.99%) adsorption was conducted at 0.11 V in a CO saturated 0.1
mol Lt HCIO4 solution for 15 min and subsequently purged with N2 (99.999%) for 30 min to remove
the dissolved CO from the solution, followed by scanning between 0 and 1.5 V at a scan rate of 100
mV-s L.

2.5 Computational methods

Our first-principles calculations based on density functional theory (DFT) were accomplished by
utilizing the Vienna ab initio simulation package (VASP) [15]. The core-valence interaction was
depicted by adopting the projector augmented wave method [16]. The exchange-correlation functional
used the general gradient approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE) form [17]. The
reciprocal space was sampled using the Monkhorst-Pack method [18] of at least 8x8x1 k-points in the
Brillouin zone. The kinetic energy cut-off was set at 400 eV and the geometry was optimized until the
residual forces and energy were —0.01 eV/A and 107° eV/cell, respectively.

According to a previous study [19], a super cell (3x3) five layer Ir (111) slab was modeled with
a vacuum thickness of at least 15 A. In the calculation, the bottom two metal layers were fixed as their
bulk truncated structure. The van der Waals (vDW) interaction with a DFT-D3 correction of Grimme
[20] was considered in all our calculations. The climbing-image nudged elastic band (CI-NEB) method
[21] was used to compute the energy barrier of CH3OH on the surface. Bader charge analysis was
employed to obtain a quantitative description of the anti-CO poisoning ability of the Ir/C-Plasma catalyst
[22].
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3. RESULTS AND DISCUSSION

3.1 Structure and phase of the iridium catalysts

Figure 2a and 2b display the microstructure and grain distribution of the Ir/C and Ir/C-Plasma
catalysts. The morphologies of the samples are nearly spherical with uniform particle sizes. In general,
a smaller nanoparticle size exhibits good chemical activity. The particle size of Ir/C and Ir/C-Plasma
was 1.98 and 1.92 nm, respectively. This indicates that the Ir/C and Ir/C-Plasma catalysts have good
chemical activity [23,24].
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Figure 2. The microstructures and XRD patterns of the samples. TEM image and particle size
distribution of (a) Ir/C and (b) Ir/C-Plasma. (c) XRD patterns obtained for Ir/C and Ir/C-Plasma.

Figure 2c displays the XRD patterns of the Ir/C and Ir/C-Plasma catalysts. The 26 scan data
obtained for the films exhibit strong peaks at 26 = 40.86°, 47.46°, 69.34°, 83.68°, and 88.14°
respectively, corresponding to the (111), (200), (220) and (311) peaks of iridium. When compared to
Ir/C, the (111) and (200) peaks of Ir/C-Plasma are slightly shifts to a higher diffraction angle. This shift
in the diffraction peaks of the sample indicates a decrease in the lattice constant due to an increase in the
surface residual stress [25]. The results indicate that the plasma-treatment process is responsible for an
increase in the surface energy.

XPS was used to gain a deeper insight into the chemical composition of 1r/C and Ir/C-Plasma, as
shown in Figure 3. It can be inferred that the nanoparticles are composed of Ir and C. In Figure 3a, the
nanoparticles are primarily composed of Ir and C. The binding energy was corrected based on the C1s
peak observed at ~284.5 eV as a standard for the internal binding energy [26]. Notably, the Ir 4f peak
was comprised of multiple pairs of overlapping peaks, which can be attributed to the binding energy of
Ir 4f7;, and Ir 4fs, of the Ir metal species. The other two pairs of peaks correspond to the Ir** species.
The appearance of some Ir** may be attributed to incompletely restoration during the co-restore reaction.
Importantly, the Ir 4f binding energy of the Ir/C-Plasma catalyst was blue-shifted when compared to
Ir/C. The positions of the Ir 4f7> peak were 62.09 and 61.93 eV for Ir/C and Ir/C-Plasma, respectively
[27]. This was attributed to the surface state of Ir being affected by the glow plasma treatment, which
causes lattice compression strain on the Ir surface to cause the blue shift in the Ir 4f binding energy,
thereby improving the catalytic activity of the catalyst [28]. It should be noted that the binding energy is
strongly correlated with the adsorption/desorption capability of the catalyst surface toward the reaction
species.
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Figure 3. X-ray photoelectron spectroscopy (XPS) results obtained for the samples: (a) Survey
spectrum, (b) narrow scan spectrum of Ir/C and (c) narrow scan spectrum of Ir/C-Plasma.

3.2 Electrocatalytic activity of the anode in the methanol oxidation reaction

The catalyst performance during the methanol oxidation reaction (MOR) was also measured
using cyclic voltammetry using a 0.1 mol L™ HCIO4 with 2.0 mol L CH3OH aqueous solution and the
results shown in Figure 4a and Table 1. The literature shows that the higher cathodic peak current density
can be used to evaluate the catalytic activity and their comparable peak current densities imply good
electrocatalytic activity [29]. According to Figure 4a and Table 1, the current densities (jm) in the MOR
using Ir/C and Ir/C-Plasma were 304.97 and 445.02 mA/mg, respectively and the specific activity (js) of
Ir/C-Plasma was 1.17 times higher than that observed for Ir/C. This means that Ir/C-Plasma exhibits
higher catalytic activity than Ir/C. More significantly, the catalytic performance of Ir/C-Plasma was
better than that observed with similar products (Ir-S/C and Pt-Ru/C). One interpretation of this result is
that the glow plasma treatment process can produce surface residual stress and active sites on the iridium
surface and as a result, the electrocatalytic activity increases strongly upon increasing the number of
surface active sites (e.g. vacancies).

Table 1. A summary of the electrochemical parameters obtained for the catalysts.

Sample jm (MA-mg ™) Sesa (M?g™Y) js (MA-cm2)
Ir/C 304.97 25.4 11.25
Ir/C-Plasma 445.02 35,27 1321
I1-S/C[30] 350.82 203 12.15

Pt-Ru/C[31] 330.76 28.4 12.58
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Figure 4. (a) The CV curves obtained for all the catalysts recorded in a 0.1 mol Lt HCIO4 with 2.0 mol
L CH3OH aqueous solutions solution at 25 °C and a scan rate of 100 mV-s. (b) The CO-
stripping voltammograms obtained for all the catalysts recorded in a 0.1 mol L"*HCIOs solution
at a scan rate of 100 mV-s™,

The catalysts resistance to CO poisoning during the MOR was evaluated using CO-stripping
measurements conducted in a 0.1 mol L™ HCIO4 agueous solution at a scan rate of 100 mV-s™*. Figure
4b shows the electrochemical surface area (Sesa) of the catalysts, which is also summarized in Table 1.
The Sgsa of Ir/C-Plasma, Ir/C, Ir-S/C and Pt-Ru/C are 35.27, 25.4, 29.3 and 28.4 m?g~, respectively.
Clearly, Ir/C-Plasma has the largest ESA, which was 1.27, 1.20 and 1.24 times larger than those observed
for Ir/C, Ir-S/C and Pt-Ru/C. This implies Ir/C-Plasma has the most active sites on its surface, further
showing that the glow plasma treatment process facilitates the catalytic activity through the improved Ir
surface structure. The active sites promote the dissociation of CH3sOH and generates more hydroxyl
groups on the iridium surface, which can promote the oxidation of CO molecules [32]. Importantly, the
onset potential of CO oxidation on Ir/C-Plasma was also the most negative and thus, the glow plasma
treatment process has a promotive effect in removing the adsorbed CO on the iridium surface[33].

3.3 Surface activation mechanism

To explore the surface activation mechanism of Ir/C, we investigated the adsorption ability of
CH3OH on the Ir(111) surface. An Ir atom on the surface of the catalyst was replaced by a vacancy and
used to represent Ir/C-Plasma. Two kinds of adsorption sites in the Ir(111) plane before the plasma-
treatment step are presented in Figure 5. During the relaxation process, the adsorption to other sites is
followed by spontaneous migration to the sites shown in Figure 5a and 5b, so we have only considered
these type sites. This adsorption energy is defined as follows [34]:

Eaasor = Etotar — Esurface - ECH30H (1)
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where Eqs0r IS the adsorption energy and Egy,rqce and Eyotq are the energies of the Ir(111)
surface before and after NO insertion, respectively. E¢y, oy is the energy of an CH3OH molecule. The
calculated negative values obtained for E, ;.. indicate the preferential adsorption of CH3OH on the
Ir(111) surface.

The adsorption energies obtained for Ir/C and Ir/C-Plasma are —0.302 and -0.578 eV,
respectively. It is notable that the Ir/C-Plasma surface has a lower adsorption energy, which provides
direct evidence for the formation of chemical bonds between the CH3OH molecules and dangling bonds
localized on the Ir atoms around the vacancies. In addition, the active sites in Ir/C-Plasma have a more-
negative adsorption energy when compared the Ir/C, which indicates that the iridium vacancies on the
surface offers more attachment points and results in more active sites for CHzOH absorption.

(®) Top view Ir/C-Plasma

Main view Main view
c 2 % c .é E:

a

Eadsor=—0.302 eV Eadso=—-0. 578 eV

Figure 5. The adsorption structure of CH30OH on (a) Ir/C and (b) Ir/C-Plasma. The red, grey and white
atoms represent O, C and H, respectively; the orange atoms represent Ir.
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Figure 6. The calculated transition state geometries obtained for the NO — N + O reaction on the Ir(111)
surface.
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According to the adsorption sites analysis, the O atom-connected H atom was initially adsorbed
on the Ir surface. Therefore, the methanol decomposition reaction is shown below:

R1: CH;OH—CH30+H
R2: CH30—CH:0 +H
R3: CH.0—CHO +H
R4: CHO—CO +H

)

Furthermore, the transition states for the decomposition of methanol are shown in Figure 6. The
reaction barrier (Ets) was defined as the migration energy between the initial state. The results show that
the iridium structure before and after plasma treatment are good catalysts for the MOR. Furthermore,
when comparing the non-vacancy and one-vacancy Ir(111) surface, it was found that the dissociation of
methanol on the no-vacancy surface was more difficult than that observed on the one-vacancy surface.
Therefore, the one-vacancy Ir (111) surface has high activity, which leads to the facile MOR to form CO
and H. This result is in agreement with the results of the electrocatalytic activity experiments.

For a deeper understanding of the anti-poisoning ability of Ir/C-Plasma, we calculated the charge
density difference of the most stable adsorption structure using the following formula: p(r) =
Padsorption (T‘) - psurface (T‘) — Pco (T‘), where Padsorption (T‘), psurface (T‘) and Pco (T) are the Charge
densities of CO adsorbed on the Ir (111) surface, CO molecule, and clean Ir (111) surface, respectively.
Figure 7a shows the electrons are mainly accumulated around the more electronegative CO molecule, as
expected for the one-vacancy Ir surface (Figure 7b), albeit with the accumulation of charge density on
the CO molecule on the one-vacancy surface being noticeably lower than that observed on the no-
vacancy surface.

(a)

Figure 7. Charge density differences observed for the CO adsorption configurations on the Ir(111)
surfaces: (a) Ir/C and (b) Ir/C-Plasma.
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The charge transferred to the Ir/C structures was investigated using Bader charge analysis. The
results show that charge transfer from the one-vacancy surface to the CO molecule is 0.385 |e|, which is
27.8% lower than that observed for the no-vacancy surface (0.492 |e|). Such a difference in the charge
transferred indicates that the surface iridium vacancies can provide a large number of active sites for
chemical adsorption/desorption, which can promote the CO anti-poisoning processes.

4. CONCLUSIONS

In summary, the catalytic performance of an iridium surface in the MOR using surface reactive
sites control has been studied experimentally and using first-principles calculations. We have found that
the particle size of Ir/C and Ir/C-Plasma was 1.98 and 1.92 nm, respectively, which confirmed that the
plasma activation treatment could promote the surface energy of the iridium particles, thereby increasing
the surface activity as a catalyst. This conclusion was strongly supported by the shift observed in the X-
ray diffraction peaks after the plasma activation treatment process. The catalytic behavior results show
that the current densities in the MOR observed for Ir/C and Ir/C-Plasma were 304.97 and 445.02 mA/mg.
Meanwhile, the electrochemically active area of Ir/C-Plasma was 35.27 mA-mg et L, which is 1.27 times
higher than the electrochemical active area of the Ir/C catalyst, indicating that the plasma treatment
process can improve the anti-poisoning ability of the catalyst. We have also found that the formation of
chemical bonds between the CH3OH molecules and dangling bonds localized on the iridium atoms
around the vacancies. Meanwhile, the TS results indicate that CH3sOH dissociation on the no-vacancy
surface was more difficult than that observed on the one-vacancy surface. Importantly, the charge
transferred gave further evidence that the surface Iridium vacancies provide a large number of active
sites for chemical adsorption/desorption, which can promote the selective CO adsorption and
degradation process. Our work has used experimental and quantum chemical computational methods to
elucidate the CH3OH adsorption/desorption reaction mechanism, further utilizing it to explain the
mechanism of surface activation. In addition, it can provide effective guidance toward controlling the
catalyst performance of noble metal catalysts.
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