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A B S T R A C T   

Metal oxide solid solution thin films containing binary mixtures of iridium, ruthenium, rhodium, and palladium 
were combinatorially synthesized by DC reactive magnetron sputtering to investigate the compositional 
dependence of properties relevant to neural interfacing applications. The binary metal oxides studied included 
Ir(1-x)MxOy where M = Pd, Rh, and Ru. The properties of the binary metal oxides are compared to that of their 
single metal oxide endmembers which include palladium oxide (PdOx), ruthenium oxide (RuOx), rhodium oxide 
(RhOx), and iridium oxide (IrOx). The binary metal oxides exceed the electrochemical performance of their 
respective single metal oxide endmembers (as measured by cyclic voltammetry) at film thicknesses generally 
greater than 700 nm. The binary metal oxide concentrations which produce robust microstructures and excep-
tional electrochemical performance have been identified to be but are not limited to x ≥ 0.5 for Ir(1-x)RhxOy, x ≥
0.34 for Ir(1-x)RuxOy, and x ≥ 0.14 for Ir(1-x)Pdx Oy. XPS analyses suggest that the electrochemical enhancements 
observed are at least partly due to the presence of higher oxidation states in the binary metal oxides when 
compared to that of the corresponding single metal oxide endmembers.   

1. Introduction 

Treatment of many neurological diseases and disorders is tradition-
ally achieved through use of pharmaceuticals or surgical procedures. 
The former is appealing due to the diverse number of drugs that are 
available for the treatment of a wide range of conditions, the relative 
ease of intake by the patient, and the relative ease of production. 
However, pharmaceuticals lack specificity in their treatment and can 
become less effective over time due to the development of drug toler-
ance [1–3]. Surgical approaches, while necessary in some circum-
stances, can often be traumatic and come with a greater risk of infection 
[4–6]. Moreover, surgical procedures often require use of pharmaceu-
ticals to assist in the recovery process. 

Implantable neural interfacing devices supplant many traditional 

pharmaceutical and surgical treatments due to their high specificity and 
efficacy while minimizing or eliminating many of the peripheral and 
downstream effects associated with use of pharmaceuticals [7–11]. 
These devices often require only minimally invasive implantation 
resulting in shorter recovery times and reduced risk of infection. 
Furthermore, because of the mechanism leading to their effectiveness, 
negative side-effects such as dependence or treatment tolerance are not 
present, thus granting extended efficacy via long-term implantation 
[12–16]. The trajectory for further refinement of neural interfacing 
devices is in large part predicated on increased miniaturization of de-
vices and electrodes which enable higher spatial resolution, precision, 
and reliability [17–21]. 

An important characteristic of sputtered IrOx and Ir-containing bi-
nary and ternary metal oxide systems is the growth of nanoflake 
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microstructure [22–24] as shown in Fig. 1a. This microstructure has 
been observed to increase the charge exchange properties of films due to 
its high surface area [25,26]. However, despite this electrochemical 
enhancement, nanoflake microstructure has been reported to be me-
chanically fragile [26]. Thus, there is a need to identify and develop new 
materials for implantable neural interfacing applications to enhance 
charge exchange between the electrode-tissue interface, in the absence 
of non-nanoflake microstructure. This work addresses this need by 
investigating the changes in microstructure, chemical composition and 
state, and cathodic charge storage capacity (CSCC) performance (as a 
function of thickness) in Ir(1-x)Mx binary metal oxide films where M =
Pd, Rh, Ru. 

2. Materials and methods 

Ir(1-x)MxOy (M = Pd, Rh, Ru) depositions were performed using DC 
reactive magnetron sputtering with a TM-Vacuum Smart-Jar (U.S.A.) 
system. Sputtering was performed with three two-inch circular planar 
cathodes (Angstrom Sciences ONYX cathode, U.S.A.). The two-inch Ir, 
Ru, Rh, and Pd targets were of 99.95% Purity (Johnson Matthey Inc., U. 
K.). The Ru and Rh targets had thicknesses of 0.64 cm, and the Ir and Pd 
targets had thicknesses of 0.32 cm. Targets were indirectly cooled with 
flowing water at 14 ◦C. 

Depositions were performed at ambient substrate temperature with a 
working distance of 10 cm. Single metal oxides were sputtered from a 
single cathode and were supplied 100 W of power from a pulsed DC 
power supply (Advanced Energy Pinnacle Plus, U.S.A.). Two Ir targets 
were supplied 25 W of power each from two different pulsed DC power 
supplies operated at a frequency of 140 kHz and a reverse period of 1.8 
μs (Advanced Energy Pinnacle Plus, U.S.A., and Trumpf Hüttinger Tru-
Plasma DC1000, DE). The Pd, Rh & Ru targets were supplied 50 W of 
power from a DC power supply (Advanced Energy MDX-1000, U.S.A.). 

Two nominally identical depositions were performed. The first films 
were deposited onto 316 stainless steel foil (316 SS) (McMaster-Carr, U. 
S.A.) while the secondary films were deposited on SiO2/Si substrates 
(University Wafer, U.S.A.). Depositions were performed at 30 mTorr 
working pressure (WP) and 20% oxygen partial pressure (OPP), with an 

overall gas flow rate of 50 sccm (O2 + Ar). Prior to deposition, substrates 
were RF etched for a duration of 5 min at 100 W with high purity Ar gas 
flowing at 50 sccm at a working pressure of 20 mTorr to insure excellent 
adhesion. 

The cathodic charge storage capacity (CSCC) was measured with a 
potentiostat/galvanostat (Metrohm Autolab, PGSTAT204, NL). A three- 
electrode setup was utilized (ALS-CO Ltd. Plate Material Evaluating Cell, 
JP) using Ag|AgCl reference electrode (RE) (ALS-Co Ltd. RE-1B, JP), a 
coiled platinum wire counter electrode (CE), and the coated 316 SS 
served as the working electrode (WE). The geometric surface area of the 
WE in the cell was 0.46 cm2. The electrolyte used was a phosphate- 
buffered saline (PBS) solution (VWR Ultra-Pure PBS, 10×, USP sterile, 
U.S.A.) diluted to 0.1 M with DI water and had a pH of 7.4. The voltage 
was swept at 0.10 V/s over the −0.4–1.0 V voltage window for 5 cycles, 
with the CSCC values calculated from the 5th cycle voltammograms. 
Only the CSCC of the binary metal oxide films which possessed similar 
metallic concentrations within a compositional tolerance of x ± 0.01 
(based on relative metallic concentration) and which possessed different 
thicknesses from the combinatorial matrix are reported. 

Surface morphology of the as-deposited films on 316 SS substrates 
was examined with a field emission SEM (Thermo-Fisher Scientific 
APREO-S, U.S.A.). Elemental composition of the films deposited on 316 
SS substrates was evaluated using energy dispersive spectroscopy (EDS) 
(Oxford Instruments Ultim Max, U.K.) and is presented as the ratio of 
metals measured in the films. Film thicknesses were measured using 
stylus profilometry (Ambios XP-2 Surface Profiler, U.K.) using a liftoff 
method on films deposited on SiO2/Si substrates from the secondary 
deposition. Using JMP® software, a standard least squares model was 
used to estimate film thicknesses that were not measured directly on the 
witness sample. 

To identify key relationships between parameters, a full factorial 
design was selected that took into consideration the ratio of metals, 
oxygen content (at. %), and the thickness dependent CSCC of the single 
and binary metal oxides. 

XPS experiments were performed using a Physical Electronics Ver-
saProbe III instrument equipped with a monochromatic Al-Kα x-ray 
source (hν = 1486.6 eV) and a concentric hemispherical analyzer. 

Fig. 1. SEM micrographs of the surface microstructure of (a) IrOx, (b) PdO, (c) RuOx, and (d) RhxOy thin films synthesized at 20% OPP and 30 mTorr WP.  
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Charge neutralization was performed using both low energy electrons 
(<5 eV) and argon ions. The binding energy (BE) axis was calibrated 
using sputter cleaned Cu (Cu 2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV) and 
Au foils (Au 4f7/2 = 83.96 eV). Peaks were charge referenced to the CHx 
band in the carbon 1 s spectra at 284.8 eV. Measurements were made at 
a takeoff angle of 45◦ with respect to the sample surface plane. This 
resulted in a typical sampling depth of 3–6 nm (95% of the signal 
originated from this depth or shallower). 

3. Results 

3.1. Microstructure 

Representative microstructures of Ir(1-x)PdxOy films are presented in 
Fig. 2a–d. Ir(1-x)PdxOy films with low Pd content (x = 0.14) develop 
nano-spherical grains that cluster into large irregular shapes as shown in 
Fig. 2a. At these high Ir concentrations some evidence of nanoflake 
microstructure is present as indicated in Fig. 2a. However, incorporation 
of even small amounts of Pd is largely able to suppress the development 
of the nanoflake microstructure. In the intermediary solid solution re-
gion (0.14 < x < 0.90), the microstructure is dominated by nano- 
spherical grains that combine into small clusters as shown in Fig. 2b. 
On the opposite end of the compositional gradient where Pd concen-
trations are considerably higher (x ≥ 0.90), Ir(1-x)PdxOy films adopt 
microstructure that begins to resemble that of the PdOx (Fig. 2b) end-
member as shown in Fig. 2c and d, for x = 0.90 and 0.95, respectively. 
The microstructure in films with x > 0.90 is uniquely characterized by 
large irregularly-shaped polygonal grains that grow alongside the nano- 

spherical grains observed in the intermediate solid solution region (0.14 
< x < 0.90). An overview of the compositional ranges investigated based 
on metallic content and expected microstructural characteristics are 
presented in Table 1 and Fig. 3. 

This microstructural evolution is notable as it suggests that, initially, 
Pd is substitutionally replaced by Ir in PdOx at Pd metal sites at high Pd 
concentrations (x ≥ 0.90). These microstructural characteristics indicate 
the primary solubility limits of Ir into PdOx. At decreasing x, this is 
followed by a region that can be characterized as the intermediate solid 

Fig. 2. SEM micrographs of Ir(1-x)PdxOy films deposited on 316 SS substrates with Pd content of, (a) x = 0.14, (b) x = 0.50, (c) x = 0.90, and (d) x = 0.95.  

Table 1 
Microstructures based on M-content for Ir(1-x)MxOy metal oxide systems.a  

Oxide system Nanoflake Intermediate Mx 

Ir(1-x)PdxOy x < 0.14 0.14 ≤ x ≤ 0.90 x > 0.90 
Ir(1-x)RuxOy x < 0.34 0.34 ≤ x ≤ 0.70 x > 0.70 
Ir(1-x)RhxOy x < 0.50 x ≥ 0.50 x ≥ 0.50  

a Films synthesized at 20% OPP and 30 mTorr WP. 

Fig. 3. Composition of Ir(1-x)PdxOy based on relative metallic content and 
corresponding expected microstructural characteristics. 
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solution (0.14 < x < 0.90) for the Ir(1-x)PdxOy system. The crystal 
structure over this intermediate region is disordered and deviates from 
the structure of either of the single metal oxide endmembers, i.e. PdOx 
and IrOx. Finally, at Pd concentrations of approximately x ≤ 0.14, films 
are in a primary solid solution zone as indicated by the presence of 
nanoflake-like microstructure. Within this compositional region, how-
ever, the IrOx crystal structure is primary with Pd substituting into the Ir- 
lattice sites. 

Representative microstructures of Ir(1-x)RuxOy films over a range of 

compositions are shown in Fig. 4a–d. Nanoflake and nanoflake-like 
microstructures (Fig. 4a) develop in Ir(1 x)RuxOy films below approxi-
mately x < 0.34. As the Ru content (x) approaches 0.34, the micro-
structure of Ir(1-x)RuxOy consisted of large approximately spherical 
clusters of nanospherical grains as shown in Fig. 4b. Mirroring the Ir(1- 

x)PdxOy system, the Ir(1-x)RuxOy similarly develops nanospherical grains 
in the intermediary compositional solid solution range (0.34 > x > 0.7) 
as depicted in Fig. 4c. As shown in Fig. 4d, for high Ru concentrations (x 
≥ 0.70) the Ir(1-x)RuxOy grains remain nano-spherical in size but cluster 
into irregular polygonal shapes reminiscent of the RuOx endmember 
oxide shown in Fig. 1c. The range of compositions based on the atomic 
ratio of Ir/Ru and the corresponding distinguishing microstructural 
characteristics are summarized in Table 1 and Fig. 5. 

Microstructures of films which form at various compositions of Ir(1 

x)RhxOy are presented in Fig. 6a–d. At concentrations of x < 0.50, the 
Ir(1-x)RhxOy films develop nanoflakes similar to those shown in Fig. 1a 
and mixed nano-spherical/flake microstructure as shown in Fig. 6a. Ir(1- 

x)RhxOy with Rh concentrations of approximately x ≈ 0.50 grow 
variably-sized tightly-packed clusters of nano-spherical grains as shown 
in Fig. 6b. At x > 0.50 (Fig. 6c–d), films grow clusters of nano-spherical 
grains. Additionally, the complete suppression of nanoflake growth was 
observed to be at Rh concentrations of x ≥ 0.50. No clear microstructural 
distinction can be made between the intermediate compositions (x >
0.50, Fig. 6c) and high Rh content films (x > 0.85, Fig. 6d). This lack of 
distinction in microstructure extends to the microstructure of the RhOx 
(Fig. 1d) endmember. This characteristic may suggest that Ir is equally 
soluble into RhOx as Rh is into IrOx. The range of compositions based on 
the ratio of metals and expected microstructures are summarized in 
Table 1 and Fig. 7. 

3.2. Chemical analysis 

3.2.1. EDS 
The chemical composition as measured by EDS for each of the binary 

metal oxides in which XPS was performed are presented in Tables 2, 3, 
and 4 for Ir(1-x)PdxOy, Ir(1-x)RuxOy, and Ir(1-x)RhxOy, respectively. The 
quantification of chemical composition using EDS rather than XPS was 

Fig. 4. SEM micrographs of Ir(1-x)RuxOy deposited on 316 SS substrates with Ru content of (a) x = 0.10 (b) x = 0.24 (c) x = 50, and (d) x = 0.70.  

Fig. 5. Composition of Ir(1-x)RuxOy based on relative metallic content and 
corresponding expected microstructural characteristics. 
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selected due to severe interference in XPS spectral lines which differ 
based on the binary metal oxide system being investigated. For instance, 
the Ir(1-x)PdxOy has severe interference between the Pd and O1s spectral 
lines, the Ir(1-x)RuxOy experiences severe interference due to Ru–C 
spectral lines, while the Ir(1-x)RuxOy is interfered by the Rh and Ir 4d3/2 
peaks. EDS analysis shows for all single metal and binary metal oxide 
systems, the coatings are measured to be non-stoichiometric. Specific to 
the binary metal oxides, the metallic concentration of each constituent 

metal is observed to strongly influence the amount of oxygen present. As 
one metal in the binary metal oxide system dominates, the oxygen 
content is shown to tend towards the oxygen content of that dominant 
single metal oxide endmember. 

The amount of oxygen detected in the IrOx endmember is consider-
ably greater when compared to that of all Ir(1-x)PdxOy films. The 
disparity is likely due to the transition from nanoflake and nanoflake- 
like microstructure to nanospherical microstructure as well as changes 
in oxidation state of the binary metal oxides. These observations also 
suggest that the substitution of Pd into metal Ir-lattice sites (and vice- 
versa) strongly influences the chemical bonding occurring in the films 
and are reflected in the oxygen content. 

The oxygen content in the Ir(1-x)RuxOy is notably higher when 
compared to that of the RuOx endmember but lower when compared to 
the IrOx endmember. The difference in oxygen content in the end-
members could be due to the presence of nanoflake-like microstructure 
for the IrOx films and the lack thereof in the RuOx films. Interestingly, 
the Ir(1-x)RuxOy films possess oxygen content ≈ 70% regardless of 
metallic composition which may reflect the oxidation state of the 
materials. 

The oxygen content of Ir(1-x)RhxOy is greater than that of the RhOx 
endmember regardless of composition and is generally less than that of 
the IrOx endmember. The changes in microstructure and thereby the 
changes in chemical bonding are likely to strongly influence these var-
iations in oxygen composition. Generally, the oxygen content is lowered 
with the incorporation of Rh and tends more strongly towards the RhOx 
endmember oxygen content values. 

3.2.2. XPS 
Multiple chemical states are detected in the Ir(1-x)PdxOy system as 

shown in Table 2. The BE peaks for the endmember PdOx synthesized 
under nominally identical conditions are detected at approximately 
335.7 and 337.3 eV for the 3d5/2 spectral line as shown in Fig. 8a. The 
335.7 eV BE peak is shifted 0.7 eV higher from the metallic BE peak as 
shown in Fig. 8a and suggests the presence of an oxide. Indexing of this 
BE suggests a metallic (Pdo) or Pd2+ oxidation state (PdO) [27] and is 

Fig. 6. SEM micrographs of Ir(1-x)RhxOy deposited on 316 SS substrates synthesized at 30 mTorr and 20% OPP with Rh content of, (a) x = 0.42, (b) x = 0.50, (c) x =
0.80, and, (d) x = 0.85. 

Fig. 7. Composition of Ir(1-x)RhxOy based on relative metallic content and 
corresponding expected microstructural characteristics. 
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assigned Pd/PdOx. The higher BE peak at 337.3 eV suggests multiple 
oxidation states primarily Pd2+ and Pd4+ (PdOx with x ≤ 2) and is 
assigned as PdOx. Previous XRD analysis on these films indicates the 
Pd2+ oxidation state is dominant in these films [25,26]. The IrOx end-
member BE peaks are detected at 61.2 and 61.9 eV for the 4f7/2 spectral 
line as shown in Fig. 9a and provided in Table 2. The lower BE peak can 
be associated with both Ir-metal (Iro) and/or IrO2 thus it is assigned Ir/ 

IrOx, while the higher BE peak is less ambiguous and associated closely 
with the Ir4+ (IrO2) oxidation state of IrOx and is assigned IrOx (where x 
≤ 2). Previous XRD analysis suggested that the Ir4+ oxidation state is 
dominant in these coatings [26]. 

Assuming substitutional replacement of Ir into PdO, dissolving 6% Ir 
(at.%) in PdO results in notable chemical shifts of the Pd/PdOx and PdOx 
3d5/2 BE peaks as shown in Fig. 8b. The Pd/PdOx experiences a 1.6 eV 

Table 2 
Ir(1-x)PdxOy EDS composition and XPS binding energy.a  

Composition (at.%) Ir:Pd ratio 4f7/2 Position (eV) 3d5/2 Position (eV) 

Ir Pd O Ir Pd Ir(1-x)Pdx
4+ Ir(1-x)Pdx

5+ Ir(1-x)Pdx
2+ Ir(1-x)Pdx

4+

26.66  0  73.34 100% 0%  61.2  61.9  0  0  
32.07  5.01  62.93 86% 14%  61.9  63  336.7  338.4  
15.44  28.83  55.73 35% 65%  62  62.9  336.8  338.3  
4.56  43.41  52.04 10% 90%  62.2  63  337  338.5  
3.01  46.52  50.47 6% 94%  61  61.9  337.3  338.8  
0  52.58  47.42 0% 100%  0  0  335.7  337.3  

a Films synthesized at 20% OPP and 30 mTorr WP. 

Table 3 
Ir(1-x)RuxOy EDS composition and XPS binding energy.a  

Composition (at.%) Ir:Ru ratio 4f7/2 Position (eV) 3d5/2 Position (eV) 

Ir Ru O Ir Ru Ir(1-x)Rux
4+ Ir(1-x)Rux

5+ Ir(1-x)Rux
3/4+ Ir(1-x)Rux

4+

26.66  0  73.34 100% 0%  61.2  61.9  0  0  
23.95  7.14  68.91 77% 23%  61.9  63  281.3  282.4  
20.54  9.46  70.00 68% 32%  61.9  63.1  281.2  282.3  
13.44  15.17  71.40 47% 53%  61.9  63.2  281.2  282.3  
6.21  22.60  71.19 22% 78%  61.9  63.4  281  282.8  
0.00  34.69  65.31 0% 100%  0  0  280.2  282.2  

a Films synthesized at 20% OPP and 30 mTorr WP. 

Table 4 
Ir(1-x)RhxOy EDS composition and XPS binding energy.a  

Composition (at.%) Ir:Rh ratio 4f7/2 Position (eV) 3d5/2 Position (eV) 

Ir Rh O Ir Rh Ir(1-x)Rhx
4+ Ir(1-x)Rhx

5+ Rho Ir(1-x)Rhx
3+

26.66  0  73.34 100% 0%  61.2  61.9  0  0  
22.43  1.83  75.74 92% 8%  61.7  62.6  0  308.5  
25.84  9.32  64.84 73% 27%  61.9  62.8  0  308.7  
20.55  11.82  67.63 63% 37%  61.9  62.8  0  308.7  
4.37  28.94  66.69 13% 87%  62  62.9  0  308.6  
0  35.68  64.32 0% 100%  0  0  307.6  308.6  

a Films synthesized at 20% OPP and 30 mTorr WP. 

Fig. 8. High resolution XPS spectra and deconvolution analysis of the Pd 3d5/2 spectral line for (a) PdOx (b) Ir(0.06)Pd(0.94)Oy (c) Ir(0.86)Pd(0.14)Oy synthesized at 30 
mTorr WP and 20% OPP. 
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positive shift from 335.7 and 337.3 eV, while the PdOx peak positively 
shifts by 1.5 eV from 337.3 and 338.8 eV. The Pd/PdOx is reassigned to 
Ir(1-x)PdxOy where y ≤ 1, the shifted BE suggests the presence of a + 2 
oxidation state for the binary metal oxide films. Additionally, this Ir(1- 

x)Pdx
2+ BE peak is shown to negatively shift with increasing Ir-metal 

concentration somewhat systemically and thereby acts as an indicator 
to the changing chemical bonding characteristics of the binary metal 
oxide solid solutions. This systematic shift is suspected to be related to 
the chemical bonding and oxidation state changes that are a result of the 
difference in the native oxidation states of the endmember single metal 
oxides i.e., Pd2+ and Ir4+. The previously assigned PdOx BE peak is 
reassigned to Ir(1-x)Pdx

4+ as shown in Fig. 8c and is believed to be related 
to the +4 oxidation state of the Ir(1-x)PdxOy films, thus in this case y ≤ 2 
for this solid solution. Notably, the BEs of the Ir(1-x)Pdx

4+ are distinctly 
greater than the BEs measured for the endmember Pd4+ oxidation state 
[27] which may suggest that higher oxidation states are present. Similar 
to the Ir(1-x)Pdx

2+ BE peaks, Ir(1-x)Pdx
4+ peaks undergo negative chem-

ical shifts with increasing Ir-metallic content; however, the +4 peaks 
shifts are not systematic. This may indicate a stable chemical state is 
present. On the opposite end, the Ir-related 4f7/2 BE peaks experience a 
positive chemical shift with increasing Pd-content (so long as 0 < x <
0.94) when compared to that the of the IrOx endmember as shown in 
Fig. 9b and c and provided in Table 2. The lower energy peak previously 
assigned to Ir/IrOx experiences a ≈0.7 eV positive chemical shift, while 
the IrOx peak undergoes a 1.1 eV positive shift. The lower energy peak is 
assigned to Ir(1-x)Pdx

4+ as it matches closely with the Ir4+ oxidation state 

BE peak. The notably higher BE of the IrOx peak previously associated 
primarily with Ir4+ may suggest a +5 oxidation state of Ir(1-x)PdxOy (for 
0 < x < 0.94) and is assigned as Ir(1-x)Pdx

5+. 
The XPS results for the Ir(1-x)RuxOy system are presented in Table 3. 

Unlike the single metal oxide endmembers for the Ir(1-x)PdxOy system 
which had differing native oxidations states, the native oxidation state of 
both endmembers oxides is +4. The 3d5/2 spectral line relating to the 
RuOx endmember is indexed and the spectra are presented in Fig. 10a. 
The lower BE (280.1 eV) is assigned to the non-stoichiometric oxide Ru/ 
RuOx, while the higher BE peak located at 282.2 eV indicates the pres-
ence of Ru4+ species (RuO2) [27]. The Ru/RuOx BE peak undergoes a 
positive chemical shift from 280.1 to approximately 281.2 eV ± 0.1 
when at least 22% Ir (at.%) is substituted in the RuOx Ru metal lattice 
sites as shown in Fig. 10b. The greater BE of the Ir(1-x)RuxOy when 
compared to that of the single metal oxide endmember suggests a 
combination of +3 and +4 oxidation state are likely present, therefore 
the Ru/RuOx peak is reassigned to Ir(1-x)Rux

3/4+. Interestingly, a small 
but incremental positive chemical shift is identified in the 3d5/2 Ir(1- 

x)Rux
4+ spectral line with increasing Ir-content, this may indicate a 

change in the chemical bonding of the binary metal oxide as one end-
member metal becomes dominant. Initially, a 0.6 eV positive shift is 
observed in the higher energy 3d5/2 spectral line previously assigned to 
the Ru4+ oxidation state occurs when x = 0.78 (22 at.%. Ir) the spectral 
line shifts back towards the Ru4+ endmember value with increased Ir- 
content (x < 0.78). This transition is believed to be related to the 
change in chemical bonding from a primary solid solution where RuOx is 

Fig. 9. High resolution XPS spectra and deconvolution analysis of the Ir 4f7/2 spectral line for (a) IrOx (b) Ir(0.06)Pd(0.94)Oy (c) Ir(0.86)Pd(0.14)Oy synthesized at 30 
mTorr WP and 20% OPP. 

Fig. 10. High resolution XPS spectra and deconvolution analysis of the Ru 3d5/2 spectral line for (a) RuOx (b) Ir(0.22)Ru(0.78)Oy (c) Ir(0.77)Ru(0.23)Oy synthesized at 30 
mTorr WP and 20% OPP. 
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dominant to a less structured intermediate solid solution. Nonetheless, 
because this spectral line remains close to that of the Ru4+ BE peak it is 
appropriate to reassign it to Ir(1-x)Rux

4+ for the binary metal solid so-
lution. A positive chemical shift of approximately 0.7 eV (61.9 eV) is 
observed in the 4f7/2 spectral line previously assigned to Ir/IrOx. Inter-
estingly, this BE peak does not fluctuate in value with changing 

composition for the Ir(1-x)RuxOy system suggesting a stable bonding 
characteristic for this chemical state. This shifted BE is associated with 
the Ir4+ oxidation, and thus is assigned as Ir(1-x)Rux

4+ for the Ir(1-x)RuxOy 
system. These BEs are shown to be invariant with composition. The 
higher BE (61.9 eV) 4f7/2 previously assigned to IrOx (x ≤ 2) is positively 
chemically shifted to higher BEs for the Ir(1-x)RuxOy system. This shift is 

Fig. 11. High resolution XPS spectra and deconvolution analysis of the Ir 4f7/2 spectral line for (a) IrOx (b) Ir(0.22)Ru(0.78)Oy (c) Ir(0.77)Ru(0.23)Oy synthesized at 30 
mTorr WP and 20% OPP. 

Fig. 12. High resolution XPS spectra and deconvolution analysis of the Rh 3d5/2 spectral line for (a) RhOx (b) Ir(0.13)Rh(0.87)Oy (c) Ir(0.92)Rh(0.08)Oy synthesized at 30 
mTorr WP and 20% OPP. 

Fig. 13. High resolution XPS spectra and deconvolution analysis of the Ir 4f7/2 spectral line for (a) RhOx (b) Ir(0.13)Rh(0.87)Oy (c) Ir(0.92)Rh(0.08)Oy synthesized at 30 
mTorr WP and 20% OPP. 
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incremental, when x = 0.23 the chemical shift is 1.1 eV as shown in 
Fig. 11c (when compared to that of the IrOx endmember) and further 
increases with increasing Ru-content (Fig. 11b). While previously 
associated with the Ir4+ oxidation state, this positive chemical shift 
suggests that higher oxidation states are likely present in the Ir(1-x)RuxOy 
system and thus this spectral line is assigned as Ir(1-x)Rux

5+. Based on 
stoichiometry, the oxygen content as measured by EDS for these films is 
in general agreement with the presence of a +5 oxidation state. 

The BEs for the Ir(1-x)RhxOy system are provided in Table 4. Similar to 
the other binary metal oxides in this study, multiple chemical states are 
present. The 3d5/2 RhOx endmember spectral lines indicate that both 
metallic and oxide are present as shown in Fig. 12a. Two Rh-related 
peaks are present, a metallic Rh peak (Rho) at a BE of 307.6 eV, and a 
RhOx at a BE of 308.6 eV. The oxide peak matches with +3 oxidation 
state and is therefore assigned as Rh3+. Due to the previously mentioned 
severe interference shown in Fig. 12b and c, the speciation of the Ir(1- 

x)RhxOy films using the Rh spectral lines is difficult. Nonetheless, for the 
BE peaks which are discernable in the Ir(1-x)RhxOy, the previously 
assigned Rh3+ endmember BE peak is present and is therefore assigned 

as Ir(1-x)Rhx
3+ for the Ir(1-x)RhxOy system. The Ir-related 4f7/2 BE peaks 

are much more manageable and are shown to undergo positive chemical 
shifts with increasing Rh-content as shown in Fig. 13b and c and pre-
sented in Table 4. The Ir/IrOx assigned peak shifts towards the Ir4+ value 
and is therefore assigned as Ir(1-x)Rhx

4+ for the Ir(1-x)RhxOy system. The 
IrOx BE peak primarily associated with the Ir4+ oxidation state similarly 
shifts to what is likely a higher oxidation state and is therefore assigned 
as Ir(1-x)Rhx

5+. Similar to the other two binary metal oxide systems, 
these BE peaks that shift with metallic concentration are likely related to 
the changing chemical bonding characteristics based on the solubility of 
each metal into the other metals lattice sites. 

3.3. Cyclic voltammetry 

The CSCC of Ir(1-x)PdxOy films as a function of composition and 
thickness are presented in Fig. 14. Generally, the CSCC trends upward 
with decreasing Pd-concentrations with all compositions possessing 
superior electrochemical performance when compared to that of the 
pure PdO. On the other hand, only compositions where x ≥ 0.23 possess 

Fig. 14. CSCC as a function of film thickness of Ir(1-x)PdxOy using the natural 
thickness gradient from the combinatorial approach selected. (v = 0.1Vs 1, 0.1 
M PBS solution, GSA ≈ 0.46 cm2, reference Ag|AgCl). 

Fig. 15. Typical cyclic voltammograms (1st, 3rd, and 5th cycle) of (a) Ir(0.84)Pd(0.16)Oy, (b) Ir(0.06)Pd(0.94)Oy, deposited on 316 SS substrates and synthesized at 20% 
OPP and 30 mTorr WPs. (v = 0.1Vs 1, 0.1 M PBS solution, GSA ≈ 0.46 cm2, reference Ag|AgCl). 

Fig. 16. CSCC as a function of thickness in Ir(1-x)RuxOy films exhibiting a 
thickness dependent gradient. (v = 0.1Vs 1, 0.1 M PBS solution, GSA ≈ 0.46 
cm2, reference Ag|AgCl). 
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superior electrochemical performance over pure IrOx. The CSCC data 
also suggests that at compositions where Pd is assumed to be close to its 
solubility limit in the IrOx metal lattice sites i.e., x ≈ 0.15, the CSCC 
exceeds all other compositions for thicknesses greater than or equal to 
800 nm. The difference in the slope of the CSCC observed at x ≈ 0.15 may 
be related to changes in film morphology and microstructure that occur 
at this threshold. Representative cyclic voltammograms for the Ir(1- 

x)PdxOy system are shown in Fig. 15a and b for high Ir and high Pd- 
content films, respectively. In both cases the cyclic voltammograms 
are shown to stabilize following the initial scan. The relative difference 
of the initial scan is likely related to the oxygen trapped in the solution 
(the PBS solution was not explicitly deaerated) and in the film. Addi-
tionally, the presence of small amounts of unreacted metal may also be a 
contributing factor to the variation in the initial scan, however, the 
subsequent scans suggest that films are nearly or completely oxidized 
when grown. 

The CSCC values for the Ir(1-x)RuxOy films as functions of composition 
and thickness are presented in Fig. 16. The slope of the CSCC as a 

function of thickness of each composition of Ir(1-x)RuxOy was greater 
than that of the single metal oxides. Additionally, the cross-over thick-
nesses where the binary metal oxide system exceeds the electrochemical 
performance of the pure oxides were approximately 600 nm, and 
600–700 nm, for IrOx and RuOx, respectively. At 1 μm the electro-
chemical performance of the Ir(1-x)RuxOy films was considerably greater 
than that of either of the single metal oxides. Furthermore, the CSCC 
improved as Ru content in the films increased. The representative cyclic 
voltammograms for the Ir(1-x)RuxOy system are presented in Fig. 17a and 
b for high Ir and high Ru-content, respectively. Similar to the Ir(1-x)PdxOy 
oxide system, the initial scan differs somewhat in comparison to that of 
the 3rd and 5th scans with similar explanation as previously discussed. 
Upon the third sweep for both compositions the voltammogram is shown 
to be extremely stable, showing very little fluctuation in the curve shape, 
peak current height, and peak potential locations. These characteristics 
strongly suggest that over the potential scan range and number of cycles 
tested the Ir(1-x)RuxOy are oxidized prior to cyclic voltammetry (i.e., 
during growth) and are electrochemically stable. 

The CSCC as a function of thickness and composition of the Ir(1- 

x)RhxOy films is presented in Fig. 18. The Ir(1-x)RhxOy solid solutions 
exhibited superior electrochemical performance when compared to 
either of the single metal oxides at thicknesses above 750 nm. Generally, 
as the Rh content is increased the electrochemical performance is 
reduced in the Ir(1-x)RhxOy. The highest performing films are those that 
are dominated by nanoflake growth (x = 0.08 and 0.24). Those films 
dominated by nano-spherical growth while exhibiting nanoflake 
microstructure (x = 0.43) showed similar electrochemical performance 
to films that formed large clusters of nanospherical grains (x ≈ 0.50). 
The slope of the CSCC as a function of thickness is shown to change at a 
rate between those of the single oxides. Similar to the other two binary 
oxide systems, representative CV curves for the Ir(1-x)RhxOy are shown in 
Fig. 19a and b for high Ir and high Rh-content films, respectively. A 
comparable response in the CV curves is observed in the Ir(1-x)RhxOy to 
that of the other two binary metal oxides. The evolution of the curves 
suggests the films are electrochemically stable, possess insignificant 
amounts of unreacted metal, and as a result are likely nearly or fully 
oxidized when synthesized. 

4. Discussion 

The solubility limit of each metal into the host metal oxide lattice can 
be inferred from the micrographs, and knowledge of their respective 
compositions. These solubility limits are consistent with XRD 

Fig. 17. Typical cyclic voltammograms (1st, 3rd, and 5th cycle) of (a) Ir(0.77)Ru(0.23)Oy, (b) Ir(0.22)Ru(0.78)Oy, deposited on 316 SS substrates and synthesized at 20% 
OPP and 30 mTorr WPs. (v = 0.1Vs 1, 0.1 M PBS solution, GSA ≈ 0.46 cm2, reference Ag|AgCl). 

Fig. 18. CSCC as a function of thickness in Ir(1-x)RhxOy films exhibiting a 
thickness dependent gradient. (v = 0.1Vs 1, 0.1 M PBS solution, GSA ≈ 0.46 
cm2, reference Ag|AgCl). 
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observations in previous work in the binary metal oxide systems 
[25,26]. The Hume-Rothery rules, which describe the solubility of an 
element into a metal to form a solid solution, can be applied to these 
metal oxide systems with some additional considerations [28–31]. These 
rules suggest that there will be limited solubility of Pd into IrOx and vice- 
versa. For instance, Pd2+ dissolving into the lattice position of Ir4+ will 
result in a cation vacancy and thereby a non-neutral crystal structure 
with two uncompensated electrons (i.e., one O2−). As a consequence, 
adjacent Ir4+ could be reduced to Ir2+ or Pd could be oxidized further to 
Pd4+ to maintain charge neutrality. In the case of Pd dissolving into IrOx 
Ir metal lattice sites, the creation of oxygen vacancies is expected to 
occur in order to balance uncompensated charge. Additionally, the size 
factor and valency (considering the ionic radii of the assumed oxidation 
states) are also likely to play a meaningful role in the solubility of the 
metals. Regardless of the charge compensation that occurs, these sub-
stitutional defects due to differences in native oxidation states, and the 
criteria expressed in the Hume-Rothery rules strongly influence the 
resultant microstructure of the binary metal oxide films. While defects 
are likely and expected in these films, further testing is required to 
investigate the prevalence and nature of the defects that develop in these 
binary metal oxides films as a function of metallic composition. 

The XPS results were shown to provide key insights into the changing 
chemical state of the coatings. When compared to the single metal oxide 
endmembers, the binary metal oxides in general resulted in considerable 
positive shifts in the comparable spectral line BEs. In many cases the 
positive shifts exceeded the BE of known oxidations states of the single 
metal oxide endmember indicating activation of higher oxidation states 
in the binary metal oxides. The nature of this oxidation could be a result 
of charge compensation resulting from substitutional defects which 
depend on the various characteristics of the endmembers previously 
discussed. Additionally, multiple chemical states were identified to be 
present in the binary metal oxide films, some spectral lines were shown 
to shift systemically with increasing/decreasing metallic concentration, 
some examples of this behavior include the Ir(1-x)Pdx

2+ 3d5/2 spectral 
line, Ir(1-x)Rux

5+ 4f7/2 spectral line, and the Ir(1-x)Rhx
5+ 4f7/2 spectral 

line. This behavior may indicate that some chemical species present in 
the binary metal oxide films are less chemically stable and will be 
oxidized and reduced or change chemical bonding more readily based 
on metallic concentration. 

Nanoflake growth has been associated with the (011) surface of 
rutile IrO2 (Ir4+) and has been shown to develop under higher surface 
energy conditions [26]. The minimum compositional ranges required to 
suppress nanoflake growth while maintaining improved electrochemical 
performance for each of the binary Ir(1-x)MxOy metal oxide systems have 

been identified. Each binary metal oxide system required different so-
lute concentrations in order to transition from a primary solid solution 
while exhibiting nanoflake structure to an intermediate solid solution 
structure with a different crystal structure based on microstructural 
characteristics. Similar concentration limits have been identified for Ir 
into the MOx lattice. The solute concentrations required for the micro-
structural transitions to occur are broadly described by the Hume- 
Rothery rules (with additional considerations for ceramic systems) and 
substitutional defect effects [32–34]. Among the three binary metal 
oxide systems, the Ir(1-x)PdxOy required the least (x ≈ 0.14), while the 
Ir(1-x)RhxOy system required the greatest (x ≈ 0.50) amount of M metal 
for suppression of nanoflakes. In all cases, these values are likely related 
to the substitutional solubility limits of each element into the host ox-
ide's metal lattice sites. 

The electrochemical performance as measured by CV for all binary 
metal oxides improved with increased film thickness, and each vol-
tammogram suggested the films were electrochemically stable. This 

Fig. 19. Typical cyclic voltammograms (1st, 3rd, and 5th cycle) of (a) Ir(0.92)Rh(0.08)Oy, (b) Ir(0.13)Rh(0.87)Oy, deposited on 316 SS substrates and synthesized at 20% 
OPP and 30 mTorr WPs. (v = 0.1Vs 1, 0.1 M PBS solution, GSA ≈ 0.46 cm2, reference Ag|AgCl). 

Fig. 20. CSCC as a function of film thickness for the primary solubility limit 
compositions of the binary metal oxides; The results from the single metal oxide 
endmembers are included for comparison. (v = 0.1Vs 1, 0.1 M PBS solution, 
GSA ≈ 0.46 cm2, reference Ag|AgCl). 
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characteristic is attributed to the morphology that results from the 
sputtering pressure conditions [35–39]. Generally, the slopes of the 
CSCC as a function of thickness for each binary metal oxide system were 
greater than that of their single metal oxide endmember. As a conse-
quence, film thickness had a greater contribution to electrochemical 
performance such that the binary metal oxides were only able to 
outperform their single metal oxide endmembers if grown above specific 
thicknesses. For the Ir(1-x)RhxOy and Ir(1-x)RuxOy systems, all composi-
tions outperformed their single metal oxide endmembers if grown to 
thicknesses ≥ 750 nm. However, only two compositions (x = 0.15 and 
0.23) for the Ir(1-x)PdxOy system were able to electrochemically 
outperform both endmembers and only if grown at thicknesses ≥ 800 
nm. Direct comparison of the electrochemical performance of the binary 
metal oxides at 1 μm thicknesses and which possess chemical compo-
sition near or at the assumed primary solubility limits of the M metal 
(Fig. 20) indicate that, the systems with the strongest to weakest per-
formance are Ir(1-x)RuxOy, Ir(1-x)PdxOy, and Ir(1-x)RhxOy, respectively. In 
addition to the thickness dependence, high resolution XPS revealed that 
the binary metal oxides were seemingly have higher activated oxidation 
states when compared to that of their single metal oxide endmembers. It 
is suspected that the activation of these higher oxidation states are 
strong contributors to the improved performance of the binary metal 
oxide films, with the most obvious case being the Ir(1-x)PdxOy system. 
Therefore, somewhat unsurprisingly, films which possess a greater 
abundance of higher activated oxidation states will have better charge 
exchange. Microstructure and chemical state are deemed to be deter-
mining characteristics that contribute to the electrochemical perfor-
mance of the single and binary metal oxide films. However, it is likely 
that the defects in the crystal structure of the films also have a 
contributing role in electrochemical performance, thus more work is 
required to better deconvolute these factors. 

5. Conclusions 

The microstructural and electrochemical characteristics of the binary 
metal oxides were demonstrated to be generally more desirable than 
those of their single metal oxide endmembers. This is particularly 
important with respect to suppression of nanoflake growth in the IrOx 
primary solid solution regions of the binary metal oxides. Importantly, 
the solute concentration for each binary metal oxide which suppressed 
nanoflake growth were identified and found to be approximately x ≥
0.13, x ≥ 0.34, and x ≥ 0.50, for Ir(1-x)PdxOy, Ir(1-x)RuxOy, and Ir(1- 

x)RhxOy, respectively. In addition, the activation of higher oxidation 
states including a +5 oxidation state in the binary metal oxide systems 
are believed to be key characteristic contributing to the enhanced per-
formance of these films over the single metal oxide endmembers. The 
desirable microstructures and favorable electrochemical characteristics 
observed in these binary metal oxide systems demonstrate that these 
materials are strong candidates for further testing for use in implantable 
neural interfacing applications. 
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