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Abstract—A highly active RuO,IrO, electrocatalyst was developed via dip-coating/calcination method for oxygen evo-
lution reaction (OER). The catalyst on Ti substrate with a 7/3 molar ratio between Ru and Ir showed the highest elec-
trocatalytic activity for OER among composite samples in different molar ratios. Moreover, the properties of RuO,IrO,
grown on carbon paper were evaluated by proton exchange membrane water electrolysis single cell. Compared with the
micron-particle structure of RuO,IrO, catalyst on the Ti substrate, the catalyst grown on the carbon paper showed a
novel nano dendrite shape and can be used directly as the gas diffusion electrode. Owing to the large surface area of
the catalyst, the nano dendrite-shaped RuO,IrO, catalyst exhibits excellent OER performance in the single cell. Further-
more, a cell voltage of 2.50 V is achieved under 200 mA cm ™ at 30 °C by using the optimal composition RuO,IrO,
(Ru:Ir=7/3) and the commercial 20% Pt/C as anode and cathode, respectively.
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INTRODUCTION

Nowadays, human beings are suffering from a series of problems,
such as energy shortage and environmental pollution. Hydrogen
energy, as one of the most promising clean energy sources in the
21st century, has received widespread attention due to its abun-
dant resources and non-pollution [1]. However, it is a key issue to
efficiently produce hydrogen energy in international and scientific
research [2]. To date, hydrogen has mainly been produced through
the centralized transformation of fossil fuels (such as natural gas).
For sustainable development, water electrolysis is a better future
prospect. Among water electrolysis systems, alkaline electrolysis and
proton exchange membrane (PEM) electrolysis systems are con-
sidered to have the potential for large-scale hydrogen production
using electricity, especially renewable energy [3]. Generally;, the PEM
electrolysis method separates gas products in pure water, and has
the advantages of fast loading response, high yield, and fast startup/
shutdown, compared with classical alkaline electrolysis [4]. None-
theless, the main obstacle of PEM water electrolysis is the large
anodic overpotential in the oxygen evolution reaction (OER), which
requires a highly active catalyst and hinders its wide applications
[5].

In the 1960s, Henry Beer proved that noble metal oxides could
be used as electrocatalysts in the form of dimensionally stable anodes
(DSA) [6]. Based on the discovery, DSA became a subject of inter-
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est for OER because of its low overpotential and inertia character-
istics. In general, DSA-type electrodes are composed of two parts:
substrate and catalytic coating. Commonly used substrates con-
tain aluminum, oxidation-resisting steel, titanium, and their alloys
[7]. Among them, titanium is widely used in three-electrode sys-
tems due to its good mechanical stability and relatively low cost.
More importantly, an efficient and stable catalytic coating is essen-
tial for DSA. At present, conductive metal oxides have been exten-
sively investigated for OER, such as IrO,, RuO,, Ta,Os, and TiO,
[8]. For example, Pt-based IrO, has shown magnificent perfor-
mance, but the use of precious metal Pt has hindered its further
application [9]. Hence, highly active and low-cost catalysts are still
vital for the oxidation of electrolyzed water to evolve O,.

In recent years, many efforts have been devoted to the synthe-
sis of potential catalysts for water electrolysis [10]. As a typical rep-
resentative, RuO, is regarded as one of the most attractive catalysts
for OER due to its high catalytic activity [11]. Moreover, the typi-
cal RuO,-TiO, mixtures are favorable for the evolution of Cl,. Unfor-
tunately, RuO, is easily oxidized to unstable RuO, at high potential,
making the lifespan of RuO,-TiO, DSAs very short during the oxi-
dation reaction process [12]. Regardless of the electrolyte, IrO, is a
high-performance catalyst for OER comparable to RuO,, but under
acidic conditions, RuQ, is more active but less stable, while IrO, is
less active but more stable. Attention is growing about using IrO,
instead of RuO, in DSA, owing to the longer lifetime of IrO, in
acid media [13]. Currently, various IrO,-based anode catalysts for
OER have been promoted, such as ZrO,IrO,, TiO,IrO,, PtIrO,, and
Ta,OsIrO, [14]. Therefore, Ir-containing oxides have gained con-
tinuous research concern because of their great potential for OER.
For instance, Ir,Sn, ,O, prepared by Marshall et al. showed out-
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standing catalytic performance when used as anode catalyst for
OER, exhibiting a current density of 1 A cm ™ at 90°C in the 0.5 M
H,SO, and a voltage of 1.65V [15]. As another example, Tunold’s
group reported that the cell voltage of IryRu,,O, was 1.567 V at a
higher metal loading of 2.04 mg cm > at 1 A cm™* and 80°C [16].
1.86 V was achieved employing the Pt-IrO, at anode under high
current density with the total noble metal loading of 0.8 mg cm” at
50 °C, reported by Yang [17]. Obviously, high loadings of expen-
sive Pt and Ir oxides limit their practical applications [18]. More-
over, the membrane electrode assembly (MEA) is often prepared
by the catalyst coated membrane (CCM) method. For example,
Wang et al. constructed a catalyst-coated Nafion membrane by
using the spraying method, in which catalyst ink was sprayed onto
modified carbon paper and hot-pressing process [19]. The prepa-
ration process of CCM is complicated and uncontrollable.

Based on the discussion above, a simple and controllable method
was put forward to grow RuO,IrO, directly on the Ti substrate by
the dip-coating/calcination method [20]. In the oxide mixture,
RuO, serves as both dispersant and catalyst, which is significantly
different from the traditional method (additional Nafion solution
is needed to fix the catalyst on the oxygen electrode). Besides, the
composition RuO,IrO, was optimized for OER in a three-electrode
system. The performance of the catalyst was evaluated by single-
cell tests. The mechanism of the physicochemical properties and
the catalytic activity of the coating was analyzed.

EXPERIMENTAL

1. Synthesis of the RuO,IrO,/Ti

A Titanjum plate (10 mmx10 mmx1 mm) was chosen as the
substrate, with an effective area of 1 cm’. The pretreatment of tita-
nium plate was carried out in the following sequence. First, the Ti
substrate was sandblasted, washed by tap water, etched in boiling
3mol L' HCI (37%) for 30 min, and cleaned in pure water. Then,
10% oxalic acid was used to etch the cleaned Ti substrate at 90 °C
for 1 h. Finally, the etched Ti substrate was rinsed with deionized
water.

RuCl; and H,IrCl-6H,0O precursor solutions were prepared,
respectively. RuCl; and H,IrCl-6H,O were dissolved separately in
the mixture solution of 2-propanol and ethanol with volume ratio
of 1:1, ie, [RuCly]=[H,IrCls]=0.5 mmol L. Then, the precursor
solutions were prepared by using the respective solutions above
based on the different Ru/Ir molar ratios (ie., 7/3, 5/5, and 3/7). As
a comparison, the RuCl; precursor solution was obtained by dis-
solving RuCl; in the 2-propanol and ethanol solution described
above.

On the basis of the pretreatment, the precursor solutions were
dripped on the Ti substrate at 20 °C, then dried at 70 °C to evapo-
rate the solvent and finally calcined in air at 450 °C for 10 minutes
and cooled naturally to room temperature. The Ti plates repeated
the coating, drying, sintering and cooling process as described
above. The loading of the metal catalyst coating was controlled by
repeating the above process. Finally, the RuO,IrO,/Ti electrode
was obtained by calcining at 450 °C for 1 hour at a temperature rise
rate of 3 °C/min, after which it was naturally cooled to room tem-
perature.

2. Preparation of the RuO,IrQ,/Carbon Paper Gas Diffusion
Layer

RuO,IrO, grown on carbon paper was obtained by the dip-coat-
ing/calcination process. The TGP-H-120 carbon paper was initially
dipped in the precursor solution (Ru/Ir=7/3) at 20 °C and subse-
quently dried at 70 °C to vaporize the water and ethanol, and then
treated at 450 °C for 10 min. This process was also repeated (about
10-15 times) until the total loading of metal coating reached 0.4 mg
cm’,
3. Fabrication of the Membrane Electrode Assembly (MEA)

To achieve high-performance RuO,IrO, in the PEM water elec-
trolysis, 0.4 mg cm™> metal loading of RuO,IrO, coated on carbon
paper was elected as the anode electrode. The commercial 20%
Pt/C catalyst was ultrasonically dispersed into Nafion® solution
and isopropyl alcohol. Then, the above 20% Pt/C catalyst ink was
sprayed on the carbon paper until the metal loading reached 0.4
mg cm™’ to obtain the cathode electrode. A MEA of 5cm’ was
obtained through hot pressing the two electrodes and a Nafion 115
membrane under 75 kg cm™ at 135 °C for 3 min.
4. Electrochemical Measurements

To evaluate the OER activity of RuO,IrO,/Ti, cyclic voltamme-
try (CV) and line polarization measurements were carried out in
0.1 M H,SO, solution. The measurements were performed in the
three-electrode system with the RuO,IrO,/Ti, saturated calomel
electrode (SCE), and Pt plate worked as the working electrode, ref-
erence electrode, and counter electrode, respectively. Furthermore,
the oxygen evolution properties of the RuO,IrO, electrode were
studied in a single cell, in which 0.1 M H,SO, solution was used to
evaluate the anodic catalysts. The experiments were carried out on
Bio-logic VMP2 at 20 °C.
5. Physical Characterization

Scanning electron microscopy (SEM) was used to observe the
microstructure of the as-prepared samples by the ZEISS and LEO-
1530 FESEM instruments. Energy-dispersive X-ray spectroscopy
(EDS) was employed to verify composition and distribution of the
catalyst by Oxford ultim Max65. The phase constitution of the as-
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Fig. 1. X-ray diffraction patterns of (a) RuO,/Ti and RuO,IrO,/Ti
electrodes with (b) Ru/Ir=3/7, (c) Ru/Ir=5/5, and (d) Ru/Ir=
7/3.
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synthesized samples was investigated by measuring the X-ray dif- RESULTS AND DISCUSSION

fraction (XRD) patterns in the MXP21 VAHF system (200 mA

Cu KR/35kV). X-ray photoelectron spectroscopy (XPS) was uti- 1. Physical Characterization of the RuO,/Ti and RuO,IrO,/Ti
lized to analyze the valence states of the major elements with Al Samples

Ko radiation by ESCALAB 250Xi. The XRD patterns of the RuO,/Ti and RuO,IrO,/Ti with vari-

Fig. 2. SEM images of the RuO,/Ti and RuQO,IrO,/Ti electrodes in different molar ratio at different magnification (1x5,000; 2x20,000): (a)
RuO,/Tj, (b) RuO,IrO,/Ti (Ru/Ir=7/3), (c) RuO,IrO,/Ti (Rw/Ir=5/5), and (d) RuO,IrO,/Ti (Ru/Ir=3/7), (e) the corresponding element
mapping in RuO,IrO,/Ti (Ru/Ir=7/3).

March, 2022
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ous ratios between Ru and Ir (Ru/Ir=7/3, Ru/Ir=5/5, Ru/Ir=3/7)
are displayed in Fig. 1. It proves that the rutile RuO, and IrO, were
synthesized successfully. The intensity from the diffraction peak at
29° was indexed to the rutile-type IrO, (JCPDS card No. 880288),
and the intensities at 35° and 63° came from the rutile-type RuO,
(JCPDS card No. 880286). The results show that prepared IrO,
and RuO, possess good crystallinity, which is in accordance with
Ref [21]. Tt was supposed that the IrCI;” and RuCl; were changed
into IrO, and RuO, during the sintering process at 450 °C, respec-
tively [22]. On the other hand, the intense diffraction peaks at 38",
41° 53° and 72° were indexed to Ti substrate (JCPDS card No.
882321), suggesting that Ti substrate remained stable. The XRD
analysis indicates that no chemical reactions occur between RuO,,
IrO,, and Ti, demonstrating that RuO,, IrO,, and Ti have good
chemical compatibility during the preparation of composite oxides.
2. Effect of Composition in the RuO,IrO,/Ti Electrodes on
the Surface Morphology and the OER Performance

Fig. 2 provides the SEM images of RuO,/Ti and RuO,IrO,/Ti
with the Ru/Ir ratios of 7/3, 5/5, and 3/7 synthesized through the
dip-coating/calcination method. Obviously, there was no “cracked
mud” structure appearing on the Ti surface, which might be related
to the sandblast pretreatment of the substrate [23]. In Fig. 2(a), the
agglomeration of RuO, can be observed. The RuO,/Ti layer appears
to be inhomogeneous. SEM images in Fig. 2(b)-(d) demonstrate
RuQ,IrO, particles uniformly disperse on the Ti substrate. All sur-
faces of the RuO,IrO, samples were rough, but the whole feature
of these samples was dissimilar to that of RuO,/Tj, indicating that
the film chemical composition could considerably influence the
whole morphology. From Fig. 2(b)-(d), it can be seen that the par-
ticle size of RuO,IrO, (Ru/Ir=7/3, 5/5, and 3/7) was about 100 nm,
200 nm and 300 nm, respectively. With the increase of Ir content,
the RuQO,IrO, particles become larger. For the RuO,IrO,/Ti with
Ru/Ir=7/3, the surface was coated by small star-type catalysts
which were interconnected to form a porous structure, suggesting
the addition of Ir effectively could improve the coating structure.
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Fig, 3. Cydlic voltammograms at a scan rate of 100mV s ' for the
RuO,IrO,/Ti (Ru/Ir=7/3, Rw/Ir=5/5, Ru/Ir=3/7) and RuO,/
Ti electrodes in 0.1 M H,SO, solution.

In addition, the EDS elemental mapping images reveal the pres-
ence of Ru and Ir in RuO,IrO,/Ti. Ru oxide and Ir oxide particles
were well mixed and uniformly distributed over the entire surface
of the titanium plate.

The CV curves of the RuO,/Ti, RuO,IrO,/Ti (Rw/lIr=7/3),
RuO,IrO,/Ti (Rw/Ir=5/5), and RuO,IrO,/Ti (Ru/Ir=3/7) electrode
samples were obtained at a scan rate of 100mV s in 0.1 M H,SO,
to evaluate the OER of catalysts. From Fig. 3, the sequence of cur-
rent densities at the same potential in OER was RuO,IrO,/Ti (Ru/
Ir=7/3)>RuO,IrO,/Ti (Ru/Ir=5/5)>RuO,IrO,/Ti (Ru/Ir=3/7)>
RuO,/Ti. For example, the current density at 1.6V (I,4y) for the
RuO,IrO,/Ti (Ru/Ir=7/3), RuO,IrO,/Ti (Ru/Ir=5/5), RuO,IrO,/Ti
(Ru/Ir=3/7) and RuO,/Ti catalysts was 308.86, 413.24, 501.96, and
253.36 mA cm, respectively. Therefore, the RuO,IrO, catalysts
were more effective as an OER catalyst compared with the RuQ,.
Among these RuO,IrO, catalysts, the oxygen evolution rate in-
creased to the maximum when the atomic Ru/Ir ratio of the cata-
lyst was 7/3. The variation in the voltammogram is bound up with
the changes of the catalyst composition and is considered a param-
eter proportional to the active surface area [24]. The RuO,IrO,
(Ru/Ir=7/3) with fine particles may enhance the obvious electro-
chemical activity [25].

So far, studies have shown that the integrated charge (q*) of the
voltammogram in the potential region between HER and OER
could characterize the electrochemical activity of oxide-catalyst elec-
trodes [26]. The integrated relationship between q* and the poten-
tial (0-1.16 V vs. SCE) on the RuO,/Tiand RuO,IrO,/Ti is given in
Fig. 4. It can be found that g* of RuO,IrO, is considerably higher
than that of RuO,, illustrating that the active area of the catalyst
increases with the addition of IrO, into RuO,. It is possible for the
improvement of electrode apparent activity. Moreover, a remark-
able increase in q* was found at 70% Ru (atm), followed by a de-
crease in the integrated charge. When the Ir content in the RuO,IrO,/
Ti electrodes increased to 30%, q* rose to a maximum of 1,800
mC cm, correspondingly. The difference in activity of oxide coat-
ings can be attributed to the following factors: the uniform disper-
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Fig, 4. Integrated voltammetric charges obtained at 100mV s ' for
the RuO,/Ti and RuQ,IrO,/Ti electrodes in 0.1 M H,SO,
solution on the basis of the Ru content (atm %).
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Fig. 5. Polarization curves for the OER of the RuO, and RuQO,IrO,/
Ti (Ru/Ir=7/3, Rw/Ir=5/5, Ru/Ir=3/7) electrodes in the range
of 0.8-1.6 V vs. SCE in 0.1 M H,SO, solution at room tem-
perature.

sion particles, large active surface area, and abundant lattice defects.
The value of q* stands for the electrocatalytic activity. Thus, the
higher the q*, the higher electrocatalytic activity of the electrode.
Remarkably, Ir content of 30% in RuO,IrO,/Ti electrodes with q*
of a maximum 1,800 mC cm* delivered the highest catalytic activity.

Additionally, the voltammetric charges by CVs curves revealed
that there were more active sites on RuO,IrO, catalyst than on
RuO; catalyst. The change trends in the CVs also demonstrated
that the Ru/Ir-based oxides possess a much larger active surface
area than the single oxides. Therefore, as a catalyst for the OER, the
RuQ,IrO, has better performance than the RuQO,. For the RuO,IrO,
catalysts, the special active surface area reaches the maximum when
the Ru content at 70% (Ru/Ir=7/3).

The electrocatalytic properties of RuO,/Ti, RuO,IrO,/Ti (Ru/Ir=
7/3), RuO,IrO,/Ti (Ru/Ir=5/5), and RuO,IrO,/Ti (Ru/Ir=3/7) for
OER were studied by the linear sweep voltammetry test in 0.5 M
H,SO, solution, and the results are shown in Fig. 5. It is observed
that the current density at 1.6 V (I,4) for the RuO,/Ti, RuO,IrO,/
Ti (Ru/Ir=7/3), RuO,IrO,/Ti (Ru/Ir=5/5), and RuO,IrO,/Ti (Ru/
Ir=3/7) catalysts was 255.89, 502.37, 415.82, and 308.86 mA cm’,
respectively. So the peak current density of RuO,IrO,/Ti (Ru/Ir=7/
3) was 1.96 times higher than that of RuO,/Ti. This result agrees
well with the CV data, demonstrating the RuO,IrO,/Ti (Ru/Ir=7/
3) with 30% Ir exhibits the best electrocatalytic activity for OER
compared to RuO,IrO,/Ti (Ru/Ir=5/5, Ru/Ir=3/7) and RuO,.
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Fig. 6. Chronopotentiometry curves of (a) RuO,/Ti and (b) RuO,IrO,/

Ti (RwIr=7/3) electrodes in 0.1 M H,SO, solution at the poten-
tial of 1.30 V.

From a practical perspective, it is significant to consider the
energy efficiency of the electrode surface towards OER, ie., the
larger current value at a given potential. The polarization poten-
tials were estimated with the operating time in 0.1 M H,SO, solu-
tion at 20 °C. Different values of the current, from 100 to 700 mA
cm?, were imposed on the electrode (abbreviated as E, g, Esq, and
Eo0), which represented the potential corresponding to the elec-
trode at the given current density. The oxygen evolution potential
of the RuO, catalyst and the RuO,IrO, catalysts is given in Table 1.
The results show that the OER potential of the RuO,IrO, catalysts

Table 1. Influence of the OER potential on the RuO,/Ti and RuO,IrO,/Ti electrodes under various applied current density

100 mA cm™ 300 mA cm™> 500 mA cm™> 600 mA cm ™ 700 mA cm™>
Electrodes
V) V) V) W) V)
RuO, 141 1.71 2.01 2.14 _—
Ru:Ir=7/3 1.35 1.54 1.66 1.72 1.78
Ru:Ir=5/5 1.37 1.55 1.74 1.82 1.90
Ru:Ir=3/7 141 1.58 1.71 1.80 1.84

March, 2022
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Fig. 7. (a) Chronoamperometric curve of RuO,IrO,/Ti (RwTi=7/3) in 0.1M H,SO, solution at 10mA c¢m > (b) polarization curves of
RuO,Ir0O,/Ti (Ru/Ti=7/3) before and after the chronoamperometric test.

Table 2. Latest catalytic performance table for precious metal catalysts IrO, and RuO,

Catalysts I/mA cm™ Overpotential/mV Electrolyte Ref.
RuO,IrO,/Ti (Ru/Ir=7/3) 10 195 0.1 M H,SO, This work
RuO,IrO,/Ti (Ru/Ir=7/3) 10 288 0.1 M H,S0, ( aﬂe?}:;:g:l?t;ktest)
IrO,/RGO 5 >420 0.5 M H,S0, [27]
3D ordered macroporous IrO, 0.5 220 0.5M H,SO, [28]
3D IrO, with dendrite-like structures 10 270 0.5 M H,SO, [29]
Ultrafine IrO, nanorods 70 258 0.5 M KOH [30]
IrO,-RuO,@Ru (3: 1) 100 567 0.5 M H,S0, [31]
Pt-IrO, (Pt: Ir=1:9) 40.8 514 0.5 M H,SO, [32]
Porous reticular Ru/RuO, 10 288 1M KOH [33]
Mesoporous RuO, 10 266 0.1 M HCIO, [34]

was smaller than that of the RuO, catalyst, which indicates that
OER is more likely to occur in the presence of IrO,-based catalysts.
Furthermore, it is found that the OER potential of the RuO,IrO,/
Ti (Ru/Ir=7/3) electrode was lower than that of the RuO,IrO,/Ti
(Ru/Ir=5/5, 3/7) with the increase of Ir content at applied current
density of 100 and 300 mA cm . For example, at an applied cur-
rent density of 300 mA cm ™, the OER potential of the RuO,IrO,/
Ti (Rw/lr=7/3, 5/5, 3/7) electrode was 1.54V, 1.55V, and 1.58V,
respectively. It indicates that RuO,IrO,/Ti (Ru/Ir=7/3) electrode
exhibits higher catalytic activity. As an example, the chronopoten-
tiometry curves of RuO,/Ti and RuO,IrO,/Ti (Ru/Ir=7/3) elec-
trodes in 0.1 M H,SO, are shown in Fig. 6. As for the density of
500 and 600 mA cm ", the OER potential of the RuO,IrO,/Ti (Ru/
Ir=7/3) catalysts was 1.65V and 1.72'V, respectively, which were
lower than those of the RuO,/Ti electrode (2.01V, 2.14V). The
above results imply that the RuO,IrO, (Ru/Ir=7/3) catalysts show
higher electrocatalytic activity for OER. RuO,IrO,/Ti (Ru/Ir=7/3)
exhibits more effectiveness as the catalytic electrode for OER in
water electrolysis in a wide range of current densities. The unique
structure and specific interaction between RuQO, and IrO, may be
the reason for high electrocatalytic activity. The improvement of
electrocatalytic activity of RuO, and IrO, catalyst may be ascribed

to the higher specific surface area, which is well demonstrated by
CV results. In addition, to demonstrate the excellent OER cata-
Iytic activity of IrO,/RuO, (Ru/Ir=7/3), we compared the OER
performance of other recently reported noble metals [27-34], as
shown in the Table 2. On one hand, the preparation of bimetallic
oxide materials reduces the amount of Ir used and solves the
problem of extreme scarcity of Ir. On the other hand, the synergis-
tic effect between the bimetallic oxides improves the OER cata-
Iytic activity of the materials.

Stability is a key parameter in determining the industrial ex-
change of catalysts for applications [35,36]. The stability of the cat-
alyst was evaluated by comparing the change in current density at
constant potential and the difference in LSV curves before and
after long-term operation. We used the overpotential correspond-
ing to the current density of 10mA cm ™ as the input voltage, and
observed the change in current over time. From Fig. 7(a), the cur-
rent density of RuO,IrO, (Rw/Ir=7/3) decayed from 10 mA cm™
to 6.5mA cm” through 72 h of stability testing. The advantage of
the interfacial effect of the alloy material combined with the high
corrosion resistance of IrO, prevented a further reduction in cur-
rent density [37]. The overpotential of 10mA cm™ current den-
sity was from 195 mV growth to 288 mV (Fig. 7(b)). Even so, it is

Korean J. Chem. Eng.(Vol. 39, No. 3)
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Fig. 8. Typical XPS survey spectra of RuO,IrO,/Ti (Ru/Ti=7/3): (a) Ru 3d, (b) Ir 4f.
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Fig. 9. (a), (b) SEM images of the RuO,IrO,/CP (Ru/Ir=7/3) at different magnifications, and (c) EDX analysis of RuO,IrO, nano-dendritic

crystal coated on the carbon fiber.

comparable to the catalytic performance of other noble metal cata-
lysts reported in the literature (Table 2).

Fig. 8 shows the XPS spectrum of RuO,IrO,/Ti (Ru/Ti=7/3). It
demonstrates the presence of Ru and Ir in RuQ,IrO,/Ti. In the Ru
3d XPS spectra (Fig. 8(a)), the Ru could be found at different chemi-
cal valances, with Ru** 3d,,, and Ru*" 3ds,, located at 284.2 ¢V and
280.2 €V, while the location of Ru® was at 281.5eV [38,39]. The
peak at 284.8 eV corresponding to Cls needs to be split in the
spectrum of Ru due to the presence of contaminating carbon [40].
As shown in Fig. 8(b), the peaks centered at 64.35 and 61.38 eV
correspond to Ir*" 4f;, and Ir*" 4f,, [41], while the peak at 62.41
€V originated from Ir'* [42]. In addition, one satellite peak at 65.8
eV was also observed. The XPS characterization results show that
Ru/Ir does not exist in just one valence state, suggesting that there
is a charge transfer between Ru and Ir. It is the change in elec-
tronic structure that leads to the enhancement of electron transfer
in the catalytic process, which increases the OER catalytic activity
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of the catalyst.
3. Surface Morphology and Performance of the Optimal Com-
position RuO,IrO, Supported on the Carbon Paper in a Sin-
gle Cell

A single cell was fabricated by choosing the optimal RuO,IrO,
(Ru/Ir=7/3) as the catalyst for OER. The RuO,IrO, (Ru/Ir=7/3)
catalyst was grown directly on the conductive carbon paper by dip-
coating/calcination. The morphology and performance of RuO,IrO,
(Ru/Ir=7/3) as the anode catalyst on the single cell were explored.
Fig. 9 shows the SEM images of the RuO,IrO,/carbon paper elec-
trode with 7/3 in Ru/Ir atomic ratio. It can be seen that a uniform
distribution of oxidized IrO, nano dendritic crystals was formed
on the carbon fiber. Of note is that RuO,IrO, directly grows on
the carbon paper during the preparation, which is remarkably dif-
ferent from that prepared by the CCM method. The EDX analy-
sis (Fig. 9(c)) confirmed the presence of Ru and Ir in the nano-
dendritic crystal with 7/3 in Ru/Ir, which is consistent with the
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Fig. 10. (a) Performance of the RuO,IrO,/carbon paper (Ru/Ir=7/3) based MEA for oxygen electrode in the PEM water electrolysis cell at dif-
ferent applied current density; (b) The performance of RuO,IrO,/carbon paper (Ru/Ir=7/3) for oxygen evolution in the PEM water
electrolysis cell under the current density of 400 mA cm * (Note: 0.4 mg cm * Pt/C as hydrogen electrode; 0.4 mg cm * RuQ,IrO, for

oxygen electrode; cell temperature: 30 °C).

metal ratio of the initial precursor salts. Apparently, the method
used in this work is beneficial to improve the porosity of the gas
diffusion layer and exposure of the catalyst sites. Consequently, a
better single cell performance can benefit from the obvious im-
provement of gas-liquid two-phase mass transfer properties.

The RuO,IrO, coated on conductive carbon paper with 0.4 mg
cm™” metal loading was made as to the basis for MEA prepara-
tion. The performance of the electrolytic cell was evaluated in a
pure water electrolyte at 30 °C. The variations of the single cell volt-
age with time under different current densities are provided in Fig.
10. It is significantly obvious that the low current density of 200
mA cm’ corresponds to a cell voltage of 2.5V for the water elec-
trolysis cell (Fig. 10(a)). Meanwhile, there is a positive correlation
between cell voltage and current density. Fig. 10(b) shows the per-
formance of the catalyst for OER in the PEM water electrolysis cell
at a higher current density of 400 mA cm . The corresponding
cell voltage of a single cell reached up to 2.9 V. In principle, a high
current density corresponds to a large overpotential, which leads
to a reduction in the performance of the single cell, especially for
the oxygen electrode. Furthermore, the stability of the water elec-
trolysis cell remained good with the increase of operation time.
The results indicate that RuO,IrO, with nano dendritic crystal struc-
ture on the anode side is directly grown on the carbon paper with
the unified whole structure.

CONCLUSIONS

In summary, we proposed a feasible preparation strategy to grow
RuO,IrO, directly on the Ti substrate by using the dip-coating/cal-
cination method without the addition of the classical sprayed ink.
The effects of the composition of the catalytic electrode on the
morphology and electrochemical performance of RuO,IrO, were
investigated systematically. The obtained RuO,IrO, showed uni-
form nano dendritic crystal structure. The combination of IrO,
and RuO, significantly improved OER activity. Meanwhile, results
showed that the optimal molar ratio between Ru and Ir in the
RuO,IrO, electrocatalyst was 7/3. As expected, a cell voltage as low
as 2.50 V was barely required current density of 200mA cm™

when the RuO,IrO, (Rw/Ir=7/3) with 0.4 mg cm > metal loading
and 20% Pt/C as the anode and cathode catalyst, respectively. Over-
all, such a great comprehensive performance of the electrode has a
great potential prospect in the PEM water electrolysis application
field.
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