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ABSTRACT: Proton-exchange membrane water electrolyzers produce hydrogen from water and electricity and can be 
powered using renewable energy; however, the high overpotential, high cost, and limited supply of the oxygen evolution 
reaction (OER) electrocatalyst are key factors that hinder wide-scale adoption. Ruthenium oxide (RuO2) has a lower 
overpotential, lower cost and higher global supply compared with iridium oxide (IrO2), but RuO2 is less stable than IrO2. As 
an approach to improve the catalytic stability, we report the effect of titanium substitution at different concentrations within 
nanoscale RuO2, Ru1-xTixO2 (x=0−50 at %), on the structure, OER activity and stability using combined experiments and theory. 
Titanium substitution within rutile RuO2 affects the electronic structure resulting in regions of electron accumulation and 
electron depletion at the surface and shifts the d-band and O2p band centers to higher binding energies.  Calculations show 
that the effects of Ti on electronic structure are highly dependent on not only concentration but also on the specific dopant 
location. From electrochemical testing and analysis of the electrolyte and simulations, titanium substitution at low 
concentrations (12.5 and 20 at %) improves catalyst stability and lowers Ru dissolution. Experiments of OER activity agree 
with theory that Ti substitution results in a higher overpotential when averaging over all adsorption sites.  Theoretical 
analysis shows that specific sites predominately act as catalytic sites for the OER, while metal dissolution occurs at different 
sites. Specifically, OER has the lowest barriers at penta-coordinated Ru sites, while hexa-coordinated Ru sites have the lowest 
energetic barriers for dissolution. 

INTRODUCTION  
Rather than producing hydrogen from fossil fuels, 
electrochemical water splitting (overall reaction: 2H2O → 
2H2 + O2) can produce hydrogen and oxygen from water and 
electricity and be powered by clean, renewable sources 
including wind and solar energy.1 Lowering the cost of 
producing H2 from water splitting is a major goal, as 
outlined by the U.S. Department of Energy’s Hydrogen Shot 
goals (cost of clean H2: $1 per 1 kilogram in 1 decade) and 
can substantially contribute to decarbonizing our energy 
supply system and addressing zero-emission challenges.2 
Proton exchange membrane (PEM) electrolyzers that 
function under acidic conditions offer advantages of high 
voltage efficiencies at high current densities, high pressure 
operation, and fast kinetics for the cathodic hydrogen 
evolution reaction (HER).3, 4  In contrast to the fast HER 
kinetics, the anodic oxygen evolution reaction (OER, overall 
reaction in acid: 2H2O → O2 + 4 H+ + 4 e-) exhibits sluggish 

reaction kinetics that result in high overpotentials and 
significant efficiency losses.3, 5 Noble metal-based catalysts 
(Ru, Ir, Pt) have been primarily investigated for acidic OER 
catalysts; however, prior work supports that all known 
acidic OER catalysts with reasonable activity (Ru, Ir, Pt) are 
also unstable and dissolve under the highly oxidative 
potentials (≥1.5 VRHE) and highly acidic environment (pH 
≤1) of PEM electrolyzers.1, 6, 7 Obtaining highly active, stable, 
and lower-cost OER catalysts remains a major challenge and 
impediment to wide scale adoption of proton-exchange 
membrane (PEM) electrolyzers.1, 8, 9 
Iridium-based catalysts (metallic Ir, IrOx) are currently 
considered to exhibit the best balance of activity and 
stability,10 and therefore many studies including recent 
work by our groups11, 12 and other groups3-5, 7 have 
investigated iridium-based catalysts. However, iridium has 
high costs and an extremely limited global supply,21 and 
exploring non-Ir catalysts is of significant interest.9  



 

Ruthenium in both oxide (RuOx)13, 14 and metallic7, 14 forms 
has shown substantially higher acidic OER activity 
compared to Ir oxide (IrOx) and metallic Ir, respectively. The 
lower overpotential of RuOx compared to IrOx can lower the 
required energy input and thus reduce operating costs since 
input electricity cost is a primary cost driver for 
electrolysis.9   Furthermore, the relative abundance of Ru is 
also higher than Ir in the upper continental crust.15 The 
higher abundance of Ru, along with other factors relative to 
the market, results in a significantly lower price of Ru than 
Ir (Ru is ~11 % the price of Ir) and Pt (Ru is ~51% the price 
of Pt) (see ES1, Table S1).16     
 Despite the higher activities, lower costs and higher 
global abundance of Ru compared to Ir, Ru-based catalysts 
have not been widely utilized in commercial PEM 
electrolyzers since RuO2 and Ru catalysts show higher 
instability and dissolution compared to IrO2 and Ir.7, 17 
Interaction of Ru with other metals and supports influences 
both activity and stability.  Previously reported approaches 
to improve the stability of Ru-based OER catalysts include 
Au-Ru nanoparticles,18, 19 RuxNb1-xO2,20 RuIr oxides,21 Pd-
Ru,22 CrRuOx,23 pyrochlore-type Y2Ru2O7-d and related 
compositions,24, 25 atomically dispersed Ru on PtCu metal 
alloys,26 and ultrathin RuO2 films on 3D substrates.27 
 Due to its relevance, important computational efforts 
have been done to understand the OER mechanisms on 
transition metal oxides.28-31 Density functional theory 
(DFT)-derived mechanisms proposed by Norskov et al. 
address the analysis based on a single active site where the 
adsorbate evolution mechanism (AEM) takes place.32 From 
this pioneering work, some important modifications have 
been postulated. Shao-Horn et al., for instance, proposed the 
presence of exposed metal atoms on the active facet to be 
distributed between hexa- and penta-coordinated metal 
sites as well as different surface oxygen positions.33 
Furthermore, other authors postulated the active 
participation of lattice oxygen into the oxygen evolution 
from its recombination with an adsorbed oxygen atom 
through a lattice oxygen mechanism (LOM).34 The LOM is 
highly dependent on the facet exposed by the catalyst 
nanoparticle.35 Moreover, other studies have focused their 
efforts on elucidating pure and doped transition metal 
oxides performance on OER and catalyst dissolution36-41 
showing promising results from RuO2, IrO2 and TiO2 based 
catalysts. Prior studies have investigated Zn-,42 Mn-,43 and 
Mn-Fe-doped44 RuO2 OER catalysts. Doping of Co within 
RuO2 was shown from DFT calculations to alter the electron 
density and influence changes in the binding energies of 
intermediates resulting in lower activation energies.45  
Despite higher activities, the long-term durability of Co-
doped RuO2 under OER conditions remains unclear due to 
the instability of Co under these conditions.12, 46 Further, the 
atomic-level effects of dopants within RuO2 on the OER 
activity, mechanism and dissolution are still not well 
understood.  
 Titanium is a potentially useful substituent since TiO2 
is thermodynamically stable under the highly acidic (pH ≤1) 
and high potentials (>1.5 VRHE) required for OER.1, 47 Prior 
work has investigated Ir-Ti mixed oxides to improve 
stability48 and evaluated IrTiOx as a catalyst and support.49  
So called dimensionally stable anodes (DSAs) synthesized 

by coating a solution of Ru and Ti salts onto Ti metal 
followed by thermal decomposition have been utilized 
industrially for chlorine evolution50 and explored for OER.51 
A prior study reported electrodeposited Ru1-xTixO2  on 
metallic Ti.52  Rather than coating Ru1-xTixO2  onto Ti metal, 
solution-phase synthesis routes have been investigated; 
however, obtaining Ti substituted within the RuO2 phase is 
synthetically challenging, and a number of synthetic routes 
result in separate RuO2 and TiO2 phases.53, 54 Synthetic 
routes to substitute Ti within RuO2 have been reported;55-58 
however, the OER activity and stability of Ti-substituted 
RuO2 has not been previously investigated. Here, we report 
the effect of Ti-substituted RuO2 at different Ti 
concentrations on the atomic and electronic structure, 
oxygen evolution activity and stability using both 
experimental and theoretical analysis.  
 
RESULTS AND DISCUSSION 
Morphology and Elemental Composition of Synthesized 
Ru1-xTi-xO2. Ruthenium oxide and Ti-substituted ruthenium 
oxide, Ru1-xTi-xO2, with different nominal atomic 
concentrations of Ti (x = 0, 12.5, 20 and 50 at. %), notated 
as RuO2, Ru0.87Ti0.13O2, Ru0.80Ti0.20O2 and Ru0.50Ti0.50O2 
respectively (the 12.5 at % Ti material is notated as 
Ru0.87Ti0.13O2 to limit the stoichiometric notation to two 
decimal places), were synthesized according to the steps 
outlined in Figure 1a. Details of the synthesis and 
characterization are described in the Supporting 
Information. The morphology and elemental composition of 
the synthesized Ru1-xTixO2 materials were evaluated using 
scanning electron microscopy (SEM) (Figure 1b-e). As 
shown in Figure 1b, the RuO2 sample consists of nanoscale-
sized particles that sometimes form larger spherical 
aggregates. In general, the nanoscale Ru1-xTixO2 materials 
show heterogeneous morphologies consisting of smaller 
roughly spherical particles and larger prismatic shaped 
particles (Figure 1c-e). The different particle shapes are 
prominently observed within the Ru0.50Ti0.50O2 material 
(Figure 1e and ESI, Figure S2).  From SEM images, the 
samples with higher Ti concentrations show larger particle 
sizes and a larger number of prismatic shaped particles; 
however, this condition does not translate into an increase 
in the content of Ti within the prismatic particles, as 
observed by energy dispersive x-ray spectroscopy (EDS). 
The evaluation of the Ru:Ti atomic ratio within these 
different particle shapes showed a higher atomic percent of 
Ru within the prismatic shaped particles (ESI, Figure S2). 
The presence of different compositions indicates different 
phases are formed which correlates with x-ray diffraction 
and scanning transmission electron microscopy analyses 
discussed below. The heterogeneous composition of the 
materials may be related to differences in the kinetics of 
formation of Ru-O and Ti-O bonds,59 as the condensation 
reactions are affected by the different electronegativities of 
the metals, pH, and the type of precursors used during 
synthesis;59, 60 however, further studies are needed to 
understand the effect of synthetic parameters on the 
condensation reaction and growth process.  
 Despite the observed heterogeneity, EDS micrographs 
(Figure 1g-i and ESI, Figure S3) show that the overall 
distribution of Ti and Ru within the sample is relatively 



 

homogeneous at the micron scale. The Ru:Ti atomic ratios 
of the Ru1-xTi-xO2 samples obtained from EDS analysis are 
summarized in ESI, Table S2. The Ru:Ti ratios from EDS data 
are in the range of the nominal synthetic ratios; however, 
the Ru1-xTixO2 materials exhibit lower experimental content 
of Ru compared to the synthetic ratios, which may be due, 
in part, to volatilization of a fraction of RuO461, 62 during the 
thermal treatment step, which is in line with the observed 
black color of the internal walls of the muffle after thermal 
treatment of the material. The Ti-substituted materials 
show comparable BET surface areas, pore volumes pore 
widths, and pore-size distributions as RuO2 (ESI, Table S2, 
Figure S4).  

Crystalline Structure: XRD and DFT Analyses.  The 
crystal structures of the Ru1-xTixO2 samples were 
determined by powder X-ray diffraction (XRD) and Rietveld 
analysis. The experimental XRD patterns of Ru1-xTixO2 and 
patterns for standard rutile structures of RuO2 and TiO2 are 
presented in Figure 2a. The full-scale experimental 
diffraction patterns, Rietveld fitting and full-scale 
theoretical diffraction pattern calculated from DFT-
determined structures are shown in ESI, Figure S5-S7. The 
indexing of peaks from all samples is consistent with a 
tetragonal rutile phase (space group P42/mnm) as shown in 
Figure 2c, which agrees well with previous reports of 
materials synthesized under similar thermal conditions.62, 63 
No phase separation corresponding to anatase or rutile TiO2 

phases was detected, which is consistent with the formation 
of solid solutions.64 Figure 2a shows the XRD region that 
includes the rutile (110) and (101) lattice planes. The 
narrower peak width of samples with Ti indicates larger 
crystalline domain sizes, which is consistent with the larger 
particles for materials with Ti observed by SEM (Figure 1). 
Asymmetric peak shapes were observed which suggests the 
presence of solid solutions with different compositions. 
With increasing Ti concentration, the peak associated with 
the (110) plane shifted toward lower 2θº values with 
respect to RuO2, while an opposite trend is observed for the 
(101) plane. This same behavior was obtained for the 
theoretical X-Ray diffraction patterns (Figure 2b).  
 Structural data from Rietveld fitting for the RuO2 
sample indicated the presence of a single phase with lattice 
parameters a = b= 4.490 Å and c =3.086 Å. This structure 
was in good agreement with the calculated parameters 
determined by DFT, a = b = 4.487 Å and c = 3.108 Å, and 
those reported in literature.65-68 The Ru1-xTixO2 (x = 0, 12.5, 
20 and 50 at. %) samples showed the presence of two 
phases of which one of them was in lower proportion of 2-
14% (ESI, Table S3). In particular, the Ru0.87Ti0.13O2 and 
Ru0.50Ti0.50O2 samples showed slight asymmetry for the 
(110) and (101) peaks indicating structures with different 
Ru-Ti compositions, which was corroborated by STEM 
analysis (described below). The quantitative analysis of 
Ru0.87Ti0.13O2 and Ru0.50Ti0.50O2 from Rietveld fitting showed 

 
Figure 1. Steps for synthesis of Ru1-xTi-xO2, (x = 0, 12.5, 20 and 50 at. %), scanning electron microscopy (SEM) images of (b) 
RuO2, (c) Ru0.87Ti0.13O2, (d) Ru0.80Ti0.20O2 and (e) Ru0.50Ti0.50O2; SEM image and energy-dispersive x-ray spectroscopy (EDS) 
mapping analysis of Ru0.80Ti0.20O2 (f-i) showing distribution of ruthenium, titanium, and oxygen within the structure.  

(a)

Glovebox 
(Argon) 

• Ru nitrosyl nitrate
• Ti isopropoxide
• Ru1-xTix (x= 0, 13, 20 and 50 at %)
• Ethanol

• NH3/ethanol
• H2O2 30 v/v%

  
      

  
    



 

a total Ti concentration of 30 at. % and 52 at. %, respectively 
(ESI, Table S3), which differed slightly from Ti 
concentration determined by EDS (21 and 54 at. %), 
although the trend was the same.  Phase separation has 
been reported under similar thermal treatment conditions, 
which is in line with the metastable behavior of Ru1-xTixOy 
materials.69 The presence of multiple phases with different 
compositions increases the complexity of the analysis; 
however, we considered that the physicochemical and 
electrochemical properties would likely be dominated by 
the majority (86-98%) phase, and therefore we focus our 
analysis and discussion on the predominant phases 
observed.  
 The a and c lattice parameters from DFT and 
experimental analyses as a function of the composition 
(Figure 3d) show a lattice expansion in a and a lattice 
compression in c as the Ti content increases. The differing 
trends in the a and c lattice parameters with Ti 
concentration are not clearly explained on the basis of the 
ionic radii of Ru4+ (62.0 pm) and Ti4+ (60.5 pm) alone.70 
Prior work supports the differing trends in the a and c 

lattice parameters with Ti concentration result from the 
different d-electrons distribution and bonding within the 
rutile crystal structure.63  The changes in lattice parameters 
with Ti concentration are also consistent with the DFT 
radial distribution function analysis (ESI, Figure S8) which 
shows that the main pair interaction distances of the Ti-
doped structures are shifted with respect to their values in 
pure RuO2. For example, the Ru-Ru bond distance (ESI, 
Figure S8a) becomes shorter at high Ti concentration, while 
the closest Ru-Ti distance (main peaks in ESI, Figure S8b) is 
also shorter compared to the Ru-Ru distance in RuO2, 
whereas the 2nd closest remains similar to Ru-Ru in RuO2. 
The original oxide exhibits two well defined Ru-O distances 
of 1.94 Å and 1.98 Å, and the shortest distance tends to 
elongate as Ti is added, with one predominant M-O distance 
(around 1.96 Å) found at 50% Ti concentration. Ti 
substitution lowers the c/a ratio as shown from 
experimental and DFT calculated structures (Figure 2e), 
and the downward trend in c/a with Ti is in line with the 
lower  different c/a ratios of TiO2 compared to RuO2 from a 
prior study (ESI, Table S3).63 A closer look at the 
experimental and DFT calculated c/a ratios (Figure 3e) 

 
Figure 2. Experimental and theoretical crystal structures for RuO2 and ruthenium-titanium oxides determined from XRD and from 
DFT calculations; (a) powder XRD patterns of RuO2, Ru0.87Ti0.13O2, Ru0.80Ti0.20O2 and Ru0.50Ti0.50O2 and reference patterns (RuO2-
rutile and TiO2-rutile); (b) theoretical XRD patterns from original RuO2 structure and Ru1-xTixO2 (Ti-doped) structures at 12.5, 25, 
and 50% at % Ti; (c) representative crystal structure of Ru0.42Ti0.58O2 found as majority phase within the sample Ru0.50Ti0.50O2 

showing crystallographic positions of ruthenium, titanium and oxygen within the rutile crystal structure; (d) comparison of 
theoretical and experimental lattice parameters (a and c) based on Ti content (at. %); experimental content of Ti corresponds to 
the averaged value; and (e) comparison of theoretical and experimental c/a ratios. 

 



 

showed small discrepancies which can be associated with 
distortions of the experimental rutile lattice, generated 
during the synthesis59 and/or the heterogeneous 
distribution of Ti within the structure as observed by STEM 
discussed below. 
 Scanning Transmission Electron Microscopy 
Characterization.  High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) was 
performed to characterize the atomic-level structure of 
RuO2 and Ru0.80Ti0.20O2 materials. Insight into the 
morphology, elemental distribution, and structural 
organization at the atomic scale was carried out by 
combining HAADF-STEM mapping and linear scan EDS 
analyses. A representative low-resolution image of RuO2 
(Figure 3a) shows small nanoscale particles with relatively 
narrow size-distribution and prismatic shapes. For RuO2, 
the analysis of the atomic structure showed a high degree of 
crystallinity with almost no observed defects and very 
sharp, clean edges (Figure 3b). The measured lattice 
spacing of around 0.32 nm is consistent with the (110) 
plane of rutile RuO2.  

Figures 3c-l show images and analysis of the Ru0.80Ti0.20O2 
sample. The Ru0.80Ti0.20O2 sample containing Ti shows 
clusters of small nanoparticles and bigger particles with 
prismatic shapes (Figure 3c), consistent with the SEM 
analysis discussed above. Analysis at higher resolution 
shows small nanocrystallites within Ru0.80Ti0.20O2 and 
corroborates the presence of short-range solid solution 
regions as highlighted by circles and arrows (Figure 3d). 
The prismatic-shaped particles within Ru0.80Ti0.20O2 (Figure 
3e) shows a very crystalline structure with clean edges and 
a homogeneous atomic distribution which suggests highly 
ordered sites at the surface of these particles. The EDS line 
scan (Figure 3l) shows that Ti is atomically distributed 
within the structure; however, localized mapping analysis 
over different areas and over different types of particles 
(Figure 3g-k) showed heterogeneous Ru-Ti distribution. 
The relative Ru:Ti compositions determined from EDS from 
different areas is summarized in tabular form in Figure 3f. 
The EDS line scan (Figure 3l) shows presence of Ti-rich 
structures on the surface of the small nanoparticles (higher 
intensity of Ti signal at the edges of the scan). The higher 
relative concentration of Ti at the surface may reduce the 

 
Figure 3. Low and high resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
images of RuO2 (a-b). Low and high resolution HAADF-STEM images of Ru0.80Ti0.20O2 showing particle distribution and atomic 
arrangement (c-e). Mapping EDS of Ru0.80Ti0.20O2 over different areas (g-k), the relative Ru-Ti distribution is summarized in the 
table (f). Linear EDS scan and elemental profile over a cluster compose for small particles (l). Dark areas correspond to sites with 
high content of Ti, while bright ones, correspond to area with high content of Ru, as observed by the increasing of intensity in 
the profile.  

 



 

relative surface concentration of catalytically active Ru 
sites.  
 Computational Model.   The computational methods 
in this study are fully explained in the Supplemental 
Information.  Here, we provide details of the computational 
model and specific sites and notation used for the Ti 
substituents. It is a challenge to decide on a representative 
computational model for the surface composition of this 
complex system. Here, we assume that the top surface 
composition has the Ti concentration of the bulk system. 
For the surface calculations, a periodic 3-layer, 2x2 (110)-
RuO2 slab with a surface area of 6.22 x 12.68 Å2 and 10 Å of 
vacuum space on top of the surface to avoid any periodic 
interactions was used. The slab’s top layer is formed by 
eight Ru atoms (four penta- and four hexa-coordinated) and 
twelve oxygen (four bridge, OB, being the most exposed 
oxygen atoms on the surface, and eight tri-coordinated, Ot, 

at the same height level as the metal atoms). For all 
calculations, the bottom layer, i.e., the lowest eight metal 
atoms and sixteen oxygen atoms are fixed, and from this 
slab, the top layer was doped with Ti species to achieve 
three different atomic concentrations: 12.5%, 25%, and 
50%. Figure 4 shows the resulting surface models. The 
12.5% and 25% Ti top surface coverage lead to more than 
one surface arrangement according to the Ti atomic 
configurations (Figure 4b to f). We use the nomenclature 5D 
and 6D to indicate the surfaces where Ti is doped on the 
penta- and hexa-coordinated sites respectively.  To describe 
specific sites within each of the slabs, we used the notation 
Metal-CoordinationSite Number where Metal=Ru or Ti, 
coordination=5 or 6, and Site Number=1-4.  For example, as 
shown in Figure 4g, the slab with 50 at % Ti has two 5-
coordinated Ru sites (Ru-51 and Ru-52), two 6-coordinated 
Ru sites (Ru-61 and Ru-63), two 5-coordinated Ti sites (Ti-52 

 
Figure 4.  (a) Pristine RuO2 surface and Ru1-xTixO2 doped surface models for (b) 12.5% Ti-5D, (c) 12.5% Ti-6D, (d) 25% Ti-
5D, (e) 25% Ti-6D, (f) 25% Ti-5/6D, and (g) 50% Ti-5/6D slabs. For each surface, starting from the top left, sites are notated as 
Metal-CoordinationSite Number where Metal=Ru or Ti, coordination=5 or 6, and Site Number=1-4.   For example, Ru-54 notates a 
Ru atom that is 5-fold coordinated at site number 4. The site numbers from the original RuO2 slab were maintained for the Ti-
substituted slabs; oxygen atoms from Ot1 to Ot8 are tri-coordinated, and oxygen atoms from OB1 to OB4 are bridge- or double-
coordinated. Underlined oxygen sites indicate O-Ti bonding. Color code: red, oxygen; silver, ruthenium; light blue, titanium. 
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and Ti-54), and two 6-coordinated Ti sites (Ti-62 and Ti-64). 
The rutile-like (110) surface is found to be the most stable 
facet of these crystalline compounds, including RuO2.71-73 
Moreover, the stoichiometric RuO2(110)-OB termination is 
considered to be the most stable one for all (110) surfaces 
of crystals with the rutile structure.74, 75 The predominance 
of this plane is also shown in both the experimental and 
theoretical findings from the x-ray diffraction and scanning 
transmission electron microscopy analyses, discussed 
above. The cyclic nature of the OER mechanism will lead to 
water deprotonation on undercoordinated Ru, proton 
adsorption on O bridge sites, as well as to variable oxygen 
coverage and presence of OH and water.78, 79     While this 
work focuses on the effect of a foreign element such as Ti on 
the various reaction and dissolution steps, the  important 
aspect of changes in surface composition will be included in 
future work.  
 Electronic Structure: XPS and DFT Analyses. X-ray 
photoelectron spectroscopy (XPS) was used to probe the 
effect of titanium substitution within RuO2 on the energies 
of core and valence electrons at the surface region (XPS 
survey spectra are shown in ESI, Figure S9). XPS spectra of 
the O2s bands of Ru1-xTixO2 are shown in Figure 5a.   The 
binding energy of the core O2s peaks of RuO2 appears at 
21.4 eV, and incorporation of Ti shifts the core O2s peaks to 
higher binding energies (values shown in ESI, Table S7). The 
shifts of the O2s peak to higher binding energies for Ru1-

xTixO2 compared to within RuO2 support that surface 
oxygens have gained electron density. This result agrees 
with the electron density accumulation observed on 
oxygens surrounding Ti-doped atoms, determined by DFT 
(Figure 5e) and is also in line with a previous study that 
reported a higher O2s binding energy of oxygen within 
rutile TiO2 (22.4 eV) compared to within RuO2 (21.1 eV).80 
The O1s peak was also analyzed and can be deconvoluted 
into contributions of O-Ru, O-Ru satellite, Ti-O, and O-C 
components (ESI, Figure S10, Table S7),81, 82 with the O-Ru 
satellite and Ti-O bands too close in binding energy (< 1 eV) 
to be adequately resolved.  The relative intensity of the O1s 
peak corresponding to Ti-O increases with Ti concentration, 
as expected. Fitting analysis of the Ru3d and overlapping 
C1s region (ESI Figure S11, Table S7) shows Ru 3d5/2 and 
3d3/2 peaks with binding energies consistent with Ru4+ 
within an anhydrous rutile structure.81 The fitting analysis 
of the overlapping region of Ti 2p3/2, Ti 2p1/2 and Ru 3p3/2 

peaks (ESI Figure S12, Table S7) shows a main Ti 2p3/2 peak 
with binding energy consistent with Ti4+ within the 
structure.82  In addition, a Ti 2p3/2  peak (relative area ~5%) 
at lower binding energy is also observed. The lower binding 
energy Ti 2p3/2  peak is consistent with the binding energies 
reported for Ti3+;82  however, prior work also supports that 
Ti 2p peaks can be influenced by final state screening 
effects83 and therefore further analysis is needed to confirm 
the origin of the lower binding energy Ti 2p peak.       
 XPS data of the valence bands of Ru1-xTixO2 are shown 
in Figure 5b, and an expanded view near the Fermi level is 
shown in Figure 5c. The valence bands of RuO2 and Ru1-

xTixO2 arise from bonds between valence electrons of O2- 
([He] 2s22p6), Ru4+ ([Kr]4d4), and Ti4+ [Ar]3d0 and can be 
understood based on prior work to describe the energy 
level diagrams of rutile oxides.63, 84 In agreement with 

Goodenough’s model for the electronic structure of rutile 
oxides,84, 85 the valence bands shown in Figure 5d can be 
described as consisting of (i) two bands with dominant O 2p 
character (notated as O2pσ and O2pπ) and (ii) metal d-bands 
that lie above the O 2p bands and are at or near the Fermi 
level. The notation of the bands is based on the symmetry of 
the orbitals with respect to the axis defined by the chain of 
octahedra within the rutile structure,86 where each oxygen 
anion has three co-planar near-neighbor cations, and the 
anion 2pπ orbitals are directed perpendicular to this plane. 
The octahedral coordination environment of the metal sites 
(MO6, M=Ru4+ or Ti4+) splits the five d orbitals into higher 
energy, doubly degenerate eg states and lower energy, 
three-fold degenerate t2g states. However, the orthorhombic 
component of the crystalline field completely removes the 
degeneracies of the d-states, and the three t2g orbitals split 
into two dπ orbitals and a dǁ orbital directed along the c-axis. 
Based on the d4 electron configuration of Ru4+, the two dπ 

orbitals are fully occupied, while the d0 configuration of Ti4+ 
has two empty dπ orbitals. The energy levels and 
occupancies of d-electrons within rutile oxides also explains 
how TiO2 (d0) is an insulator, while RuO2 (d4) exhibits metal-
like conductivity. ESI, Figures S13 and S14 provide all the 
calculated Density of States (DOS) contributions of the 
individual orbitals in the bulk and surface top layer 
respectively.  
 From XPS experiments, Ti substitution is observed to 
shift the O2pπ bands to higher binding energies (Figure 5b), 
and similarly the Ru dπ  peaks are shifted to slightly higher 
binding energies (Figure 5c); values are provided in ESI, 
Table S8. In addition, the intensity of the Ru dπ peaks 
relative to the O2p bands is lowered with Ti substitution 
(Figure 5b), which is expected since Ti substitution lowers 
the relative concentration of Ru at the surface. The shifts in 
the valence O2pπ and Ru dπ peaks indicate that Ti 
substitution affects the electron density distribution around 
oxygen and metals within the structure. The shifts to higher 
binding energies of the O2p (as well as O2s and O1s) peaks 
with Ti substitution are in-line with different 
electronegativities of six-coordinated Ru4+ (χ= 1.848) 
compared to Ti4+ (χ= 1.730)87 that result in more basic Ru-
O-Ti bonds compared to Ru-O-Ru bonds. The shifts of the 
valence Ru dπ peaks are related to the different c/a ratios 
(Figure 2c) based on the Goodenough model, which showed 
the relative energies of the d and dǁ orbitals  depend on the 
c/a ratio within the unit cell.88  
DFT analyses yield further insights into the Ti-induced 
electronic effects. An essential characteristic of RuO2 is its 
conductor or metallic behavior, manifested in the absence 
of band gap at the Fermi energy level, as well as a 
conduction band gap up to 10.4 eV.89, 90 Figure 5d 
summarizes the calculated total density of states (TDOS) 
relative to the Fermi level, and the results of the d- and p-
band center calculations for each bulk system are presented 
in ESI, Table S4.  Although the general conducting 
characteristic from RuO2 is not altered, Ti contributes new 
states above the Fermi energy while reduces the states 
population on and below the Fermi energy. Titanium 
substitution results in shifting of the d-band center 
from -1.11 eV for RuO2 to -1.32 eV for 50 at% Ti substituted 
RuO2, away from the Fermi level (ESI, Table S4). This effect 



 

may be related to the TiO2 semiconductor nature.91 ESI, 
Figure S13 shows the contributions of the Ru-4d, O-2p, and 
Ti-3d bands to the bulk TDOS, while ESI, Figure S14 
summarizes the top layer Ru-penta and hexa-coordinated 

4d, O-2p, and Ti-3d bands contribution to the surface TDOS.  
As Ti substitutes Ru, the oxide becomes spin-polarized, 
especially the 4d states of the metal atoms but also the O 2p 
(ESI, Figure S13). The effect is even more pronounced on 

 
Figure 5.  Experimental X-ray photoelectron spectra (XPS) of RuO2, Ru0.87Ti0.13O2, Ru0.80Ti0.20O2 and Ru0.50Ti0.50O2 in the (a) 
O 2s region, (b) valence band region, and (c) expanded view of the valence band region from -1 to 2 eV; (d) DFT calculated total 
density of states (TDOS) and d-band center for original RuO2 (grey) and Ru1-xTixO2 at 12.5% (red), 25% (yellow), and 50% 
(green) Ti concentration. Vertical dashed lines indicate the d-band center shift to lower values shown in Table 3; and (e) electron 
density difference ∆ρ = ρRu1−xTixO2 − ρRuO2 showing electron density accumulation (yellow) and depletion (light blue) for 
12.5%-5D, 12.5%-6D, 25-5D, 25-6D, 25% 5/6D, and 50% doped slabs. 
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the surface, inducing reactivity enhancement or depletion 
in specific sites (ESI, Figure S14). 
 The surface d-band center (ɛd) is an approximate 
reactivity descriptor that has been used to describe the 
interaction between adsorbate valence states and 
the s and d states of a transition-metal.92 For the (110) 
surface, ESI, Figure S14 identifies differences between Ru-
penta and hexa-coordinated 4d-band contributions to the 
TDOS and shows the computed values for the Ru active sites 
(i.e.,  penta-coordinated) band center. The TDOS population 
and the changes in the d-band center of the surface top layer 
resemble the bulk structure. However, the surface d-band 
center is a direct indicator of adsorbate-surface interaction, 
and, when shifted down with respect to the Fermi energy, 
reflects a weakening in adsorbates adsorption.93  
Interestingly, ESI Figure S14 shows that the Ti effect is 
highly dependent not only on concentration but also on the 
specific dopant location. At 12.5% Ti, with Ti-6D sites the d-
band center is shifted much farther to the left (-1.45 eV) 
compared to the shift observed with Ti-5D sites (-1.40 eV). 
At 25% Ti, we confirm this trend as we detected a lower 
shift for Ti-5D sites (-1.43 eV) compared to Ti-6D sites (-
1.48 eV) as shown in ESI, Figures S14d-e. For 25% Ti, an 
intermediate value (- 1.46 eV) is observed when both 
dopant sites are present (for the 5/6-D slab) as shown in 
ESI, Figures S14f, hinting for the reduced reactivity effects 
from Ti-6D sites. 
 Similarly, the centroid of the projected density of 
states of the O 2p orbitals relative to the Fermi energy, or 
the O 2p-band center, has been used as electronic descriptor 
for a variety of properties in different oxides.94, 95 ESI, Table 
S4 presents the O 2p-band center calculated for the bulk 
structures simulated in this work. In agreement with the d-
band behavior and with the XPS shifts in the O-binding 
energy, the O 2p-band center shows a trend of having more 
negative (away from the Fermi level) values as the Ti 
concentration increases (-3.05 for RuO2; -3.19 eV for 50 at% 
Ti substituted RuO2). Moreover, an interesting effect is 
observed on the exposed (110) surface. ESI, Figure S14b,d 
shows that the prevalence of Ti-5D  sites shifts the OB 2p-
band center to more negative (away from the Fermi level) 
values relative to the pristine RuO2 surface, but the 
presence of Ti-6D  sites (ESI, Figure S14c, e, f, and g) induces 
a shift to less negative values (closer to the Fermi level) in 
the same descriptor. This is in agreement with the expected 
O p−TM d-band hybridization due to the large overlapping 
between the Ti 3d and OB 2p states,94 and it aligns the above 
discussed d-band center shift.  
 After elucidating the effects in core electron regions, 
we carried out integrated projected crystal orbital Hamilton 
population (IpCOHP) calculations using the local orbital 
basis suite toward electronic-structure reconstruction 
(LOBSTER)96-99 software package in order to understand 
the effect of Ti in bonding interactions. The IpCOHP serves 
as an indicator of the bonding strength interaction between 
two specified atoms, i.e., the more negative the IpCOHP is, 
the stronger the atom pair interaction, and the higher the 
energy cost to remove any of the two species.  Table S5 and 
Table S6 show the average value of the computed IpCOHP 
for different M-O pairs in the bulk and surface structures, 
respectively. Two trends emerge: the Ru-O pairs show a 

weaker value that becomes more evident as the Ti 
concentration increases, and the Ti-O pairs are the weakest 
independently of Ti concentration. Moreover, Table S6 
illustrates that the M-OB interactions are stronger, as 
evidenced by more negative IpCOHP, than the M-Ot ones.  
 Up to this point, we demonstrated the influence of Ti 
presence in both RuO2 bulk and (110)-surface structures 
based on XPS, DFT-derived d-band and O2p band center 
shifts, and M-O bond strengths. Stronger binding energies of 
the O core electrons in the Ti-doped structures revealed by 
XPS were confirmed by the O2p band shifts, and by 
formation of weaker M-O bonds. In addition to Ti 
concentration, the location of the dopant was found to be an 
important factor.  A useful way to visualize this effect is 
through the electronic density difference ∆𝜌𝜌 =
𝜌𝜌𝑅𝑅𝑅𝑅1−𝑥𝑥𝑇𝑇𝑇𝑇𝑥𝑥𝑂𝑂2 − 𝜌𝜌𝑅𝑅𝑅𝑅𝑂𝑂2  as reported in Figure 5e. A significant 
electron depletion (light blue) is obtained at the doped sites 
(Ti atoms) and electron accumulation (yellow) between the 
doped sites and the neighbor OB and Ot atoms. It is worth 
noticing how the presence of only 5D metal sites (Ti-5D) 
induces a slight electron depletion on the neighboring Ru 
penta-coordinate atoms, while having only 6D metal sites 
(Ti-6D) induces a small electron density accumulation on 
the same Ru sites. These observations agree with the 
relatively weaker O-Ru bonds on the Ti-doped surfaces, 
being slightly stronger on 6D than on 5D surfaces, 
concluded from Table S5.  The bottom part in Figure 5e 
(noted “side view”) shows the effect of surface Ti on the 
subsurface layers, beyond the second and even third layer 
of the slab. This subsurface effect is enhanced as the surface 
concentration of doped sites increases, in agreement with 
previously reported work in both RuO2 and IrO2-doped 
surfaces.45, 100 The presence of  Ti-6D or both 5D- and 6D 
sites highly influences the electron accumulation on the OB 
atoms bonded to them, which are expected to be active sites 
on proton exchange reactions. Besides the bond strengths 
shown in ESI, Table S5 and the XPS results, the electronic 
effect is confirmed by the Bader electronic charges 
analysis101-103 summarized in ESI, Tables S9 and S10. 
Compared to the pristine surface, the Bader charges on the 
Ru atoms of 5D surfaces at 12.5% Ti (ESI, Table S10) show 
subtle increases suggesting higher oxidation states for 5-
coordinated Ru atoms and more reduced oxidation states 
for 6-coordinated Ru atoms. On 6D surfaces, the 5-
coordinated atoms are more reduced, whereas the 6-
coordinated keep about the same charge as on RuO2.  At 
higher Ti concentrations, similar charge patterns exist.  
Accordingly, the O atoms become less negative with respect 
to those in the pristine RuO2, whereas the O on the 6D 
surfaces are more negative, and the trend is more evident 
as Ti concentration increases.  The less negative charges 
especially on the OB atoms may align with a trend to more 
covalent Ru-OB bonds, which during electrochemical 
oxidation may help reactions that require bond breaking or 
forming, whereas the more negative O values indicate more 
basic metal-oxygen bonds.  
 The Bader estimate of the atomic charges is less 
accurate than other methods to identify changes in the 
oxidation states, which is why we discuss the atomic 
magnetization next. As discussed briefly above, the (110)-
RuO2 cleaved surface is spin-polarized (ESI, Figure S14) 



 

while the bulk structure is not (Figure 5d and ESI, Figure 
S13), in agreement with previous reports,104 and this spin 
difference becomes more noticeable with the increase in Ti 
concentration. Understanding the spin polarization 
characteristics is important as it correlates to the 
structure’s magnetization and to changes in the oxidation 
states of the surface atoms.105, 106 Previous reports 
suggested that this property may play a significant role in 
the electrolysis of water104 while informing about the 
oxidation state and electronic distribution. We compared 
the magnetic moment of the metal atoms on the surface of 
the RuO2 and Ru1-xTixO2 slabs with their average Bader 
charge, following the effect of Ti-D on Ru atoms, as shown 
in Table 1. Our calculations show that Ti atoms keep a 
defined closed range for both the magnetic moment and the 
Bader charge regardless of their concentration and 
coordination, with average values of 0.024 μB and 2.34 |e|, 
respectively.  Table 1 shows the magnetization on the Ti-5D 
and Ti-6D sites in the 12.5% and 25% slabs, and the 
combination of the two types in the 25%-5/6D and 50% 
slabs.  Posysaev et al. showed a correlation between the 
average Bader charge and oxidation states for binary oxides 
in single- and mixed-valence compounds and surfaces.107 
Based on this correlation, Ti atoms in our calculated 
systems show a clear +4 oxidation state in their low spin 
configuration. For the clean RuO2 surface atoms, Table 1 
Table 1 shows a very well-defined set of values for the 
penta- and hexa-coordinated metal atoms.  Torun et al.104 
reported that the stronger spin polarization effect 
corresponds to the 0.652 μB from the hexa-coordinated 
metals compared to the average -0.127 μB from the penta-
coordinated sites, suggesting a possible change in the 
oxidation state of the respective metal atom. For the Ru 
atoms, the charge range in Table S5 suggests a +4 
compound, but the changes in magnetization and spin 
difference from DOS analysis indicate a possible 
preferential variation between low and high spin 
distribution for the remaining 4d4 valence electrons. High 
spin configuration is possible when the crystal field splitting 
energy (Δo) is low relative to the spin-pairing energy (P), 
which are determined by the tendency for electrons to repel 
each other and the energy cost to pair electrons.108 There 
are no studies of this nature in RuO2 systems, and more 
details should be addressed in future work. However, from 

Table 1, we can clearly identify classes of Ru atoms. We used 
colors to differentiate them. In pure RuO2, there are two 
type of Ru atoms (characterized by their magnetic moment 
and Bader charge): Ru bonded to Ot atoms (penta-
coordinated, colored blue) and Ru bonded to OB (hexa-
coordinated, colored green), with magnetic moments in 
agreement with those reported by Torun et al.104 At 12.5% 
Ti, the two types of Ru atoms still display similar magnetic 
moment and Bader charge as in the pristine surface, except 
for the Ru atoms located closest to a Ti atom (Ru-51 in the 
5D surface, and Ru-61 in the 6D surface appear to be in a 
higher oxidation state, colored yellow and red, 
respectively). In the 25% Ti surface, the 5D surface is less 
changed compared with RuO2, but the 6D surface follows a 
similar trend as the 6D at 12.5%, with the Ru atoms located 
close to Ti appearing in a higher oxidation state (red). When 
Ti is doped both in 5 and 6D at 25%, we see the same 
oxidation trend as in the 5D and 6D at 12.5%. Large 
oxidation effects are also detected on the Ru atoms close to 
the Ti atoms on the 50% surface, where the purple color 
indicates a different magnetic moment trend in the Ru 5-
coordinate atoms. Judging from the changes in atomic 
magnetic moments, these differences reflect alternative 
distributions of the external d-electrons in the t2g and eg 
orbitals due to a ligand effect, that can also be observed in 
the DOS shown in ESI, Figure S14. Thus, Ru atoms in the 
vicinity of Ti atoms may exist in a higher oxidation state that 
will affect the reactions on these sites.  However, as 
discussed below, only penta-coordinated sites were found 
to stabilize adsorbates. We hypothesize (and come back 
later to this point supported by with additional simulations) 
that Ru-penta-coordinated atoms participate actively in the 
OER reaction, whereas the hexa-coordinated ones may 
contribute to stabilize the structure from undergoing the 
corrosion reaction.  
 Experimental Analysis of Electrochemical Oxygen 
Evolution Reaction Activity. The initial surface condition 
was evaluated from a thin-film of Ru1-xTixO2 (0, 12.5, 20 and 
50 at. %) supported on a gold electrode at a loading of 25 
µgCat cm-2, in Ar-saturated 0.1 M HClO4, using cyclic 
voltammetry (CV). The CVs (ESI, Figure S15) showed very 
similar voltammetric features for all samples. The presence 
of titanium within the RuO2 structure did not result in any 
observable new oxidation/reduction process in comparison 

Table 1. Magnetic moment (MM) and average Bader charge |e| for surface metal atoms on RuO2 and Ru1-xTixO2 slabs. Bold, 
underlined numbers indicate Ti-D sites. Magnetic moments for RuO2 surface penta-, hexa-coordinated, and OB and Ot (not shown 
in Table) atoms are in agreement with previous reports from ref.93 Different colors are used to group the same trends in the MM 
and charge values.    

Slab 0% 12.5%-5D 12.5%-6D 25%-5D 25%-6D 25%-5/6D 50% 
Coord. 

Position 
MM Bader MM Bader MM Bader MM Bader MM Bader MM Bader MM Bader 
[μB] |e| [μB] |e| [μB] |e| [μB] |e| [μB] |e| [μB] |e| [μB] |e| 

51 -0.13 1.65 0.390 1.74 -0.227 1.59 -0.302 1.72 -0.399 1.63 0.347 1.69 -0.656 1.72 
52 -0.12 1.65 0.028Ti 2.34 Ti -0.227 1.59 0.023 Ti 2.34 Ti -0.399 1.63 0.025 Ti 2.31 Ti 0.024 Ti 2.30 Ti 
53 -0.12 1.65 -0.263 1.66 -0.227 1.59 -0.301 1.72 -0.398 1.63 -0.292 1.63 -0.656 1.72 
54 -0.13 1.65 -0.155 1.67 -0.227 1.59 0.023 Ti 2.34 Ti -0.398 1.63 -0.228 1.66 0.024 Ti 2.30 Ti 
61 0.652 1.92 0.720 1.77 1.376 2.02 0.88 1.91 1.367 2.00 1.440 1.99 1.541 2.05 
62 0.652 1.92 0.721 1.77 0.022 Ti 2.41 Ti 0.88 1.91 0.016 Ti 2.43 Ti 0.027 Ti 2.19 Ti 0.034 Ti 2.35 Ti 
63 0.652 1.92 0.721 1.77 0.596 1.92 0.88 1.91 1.367 2.00 0.664 1.85 1.541 2.05 
64 0.652 1.92 0.720 1.77 0.696 1.89 0.88 1.91 0.016 Ti 2.43 Ti 0.735 1.87 0.034 Ti 2.35 Ti 

 

 



 

to undoped RuO2. However, a lower current is observed 
with increasing Ti concentration, which is consistent with 
lower surface area determined from BET analysis (ESI, 
Table S2) and larger particle sizes observed by SEM and 
STEM. The electrochemical active surface area (ECSA) 
(Figure 6d) shows similar trends when compared to the 
Brunauer−Emmett−Teller surface area from nitrogen 
physisorption; however, the surface areas obtained by the 

electrochemical method were significantly lower (ESI, 
Figure S16). Similar behavior was reported by Faustini et 
al.,109 suggesting that alternative approaches to determine 
ECSA should be further explored.  
 The initial OER electrocatalytic activity of the samples 
was assessed using the three-electrode setup, and the 
current was normalized by both ECSA and catalyst mass 

 
Figure 6.  Initial OER activity current in the oxygen evolution reaction (OER) voltage region for RuO2, Ru0.87Ti0.13O2, 
Ru0.80Ti0.20O2 and Ru0.50Ti0.50O2  tested in Ar-purged 0.1 M HClO4 under rotation at 2500 rpm; (a) current from linear sweep 
voltammetry, normalized to catalyst mass; (b) comparison of OER mass activities at 1.51 VRHE ; (c) comparison of OER specific 
activity at 1.51 VRHE normalized to electrochemical surface area; (d) comparison of electrochemical surface area (ECSA) 
determined by double layer capacitance; . (e) Comparison of the OER mass activity with the content of Ti at.%; (f) Tafel plots 
and slopes of RuO2, Ru0.87Ti0.13O2, Ru0.80Ti0.20O2 and Ru0.50Ti0.50O2  within the 1.47-1.51 VRHE voltage range determined by linear 
sweep voltammetry and normalized to catalyst electrochemical surface area. 
 

(e)

(f)



 

(Figure 6a-c). Figure 6a corresponds to the current from 
linear scan voltammetry at a scan rate of 20 mV s-1, after 
ohmic drop and background correction, normalized by 
catalyst mass. The mass and specific OER activities obtained 
from LSV at 1.51 V are summarized in Figure 6b and Figure 
6c. The mass activity of the synthesized nanoscale RuO2 
(223 mA/mgcat) was at least an order of magnitude more 
active than the catalysts with Ti (i.e. 23 to 5 mA/mgCat). 
Figure 6e shows a clear reduction of mass activity with the 
increase of Ti content. Both STEM (Figure 3) and XPS (ESI, 
Figure S9) support Ti species at the surface which reduces 
the number of catalytically active (i.e. RuOx) surface sites.  
 The OER specific activity, related to the effectiveness 
of the reaction per active site, was also higher for RuO2 (0.39 
mA/cm2cat) in comparison to Ru1-xTixO2 (0.24 to 0.06 
mA/cm2cat); however, these differences were smaller in 
comparison to the differences in mass activity. The OER 
specific activity shows a clear decrease with increasing Ti 
concentration, with the specific activity trend RuO2 > 
Ru0.87Ti0.13O2 > Ru0.80Ti0.20O2 > Ru0.50Ti0.50O2. The direct 
comparison of activities among the literature is complicated 
by different experimental conditions and analyses used for 
the evaluation of oxygen evolution reaction; however, our 
synthesized RuO2 shows a specific activity that is within the 
range of values reported for RuO2 by other groups (ESI, 
Table S11).8, 13, 24, 110  
 The decrease in specific activity by the incorporation 
of titanium within the RuO2 phase can be associated to 
different factors.  As observed from our DFT calculations, 
the electronic structure was significantly affected by the 
presence and concentration of Ti (Figure 5), and the 
electronic effects are highly site-dependent. Changes in the 
electron density distribution around Ru-active sites from Ti 
substitution modifies the adsorption/desorption energy of 
oxide/hydroxide species and influences the oxygen 
evolution reaction. As discussed further below using DFT 
analysis, we were able to determine that Ti-substituted into 
specific sites resulted in a higher activation energy than 
within the undoped structure. We also note that changes to 
the electronic conductivity due to Ti substitution, and/or 
the presence of a small (~5%) amount of Ti3+ (from XPS 
analysis, ESI, Figure S12, can influence the measured OER 
activity. Several prior studies have reported a reduction of 
conductivity of Ru1-xTixO2 with higher percent of Ti, 
affecting the activity.53, 64, 67, 111  Prior studies of Ru1-xTixO2 
coatings51 and electrodeposited Ru1-xTixO2  (x=0.31, 0.61)52 
on metallic Ti report higher OER activity with Ti 
incorporation compared to RuO2, which is different than 
our study of Ru1-xTixO2 prepared via wet chemistry which 
shows lower mass and specific OER activity with Ti 
incorporation. The differences may be due to different 
synthesis methods, structural differences, specific surface 
sites expressed, and experimental methods and analysis 
used to determine OER activity. 
 The Tafel plots (Figure 6f) within 1.47 to 1.51 VRHE (iR-
corrected potentials) showed average Tafel slopes with 
very similar values for all catalysts (i.e., 48 to 55 mV dec-1). 
The linear behavior in this potential region confirms a 
kinetically controlled process.12 The values of Tafel slopes 
are in good agreement with those commonly reported in 
literature for RuO2.112  The similarity of the slopes suggests 

that similar mechanisms occur on the RuO2 and Ru1-xTixO2 

catalysts, and at least from Tafel analysis, Ti substitution 
does not result in a significantly different reaction 
mechanism. A prior theoretical study of the OER process on 
RuO2 (110) reported the Tafel slope was influenced by 
surface rearrangement.113  The correlation of the 
experimental Tafel slope to specific theoretical reaction 
pathway is affected by a number of factors (e.g. symmetry 
factor, contribution of adsorbed species, rearrangements of 
reaction sites, and influence of the electrolyte, etc.)114 which 
complicates the direct unambiguous assignment of the 
reaction mechanism from the experimental Tafel slope 
alone.   
 Computational Analysis of Reaction Mechanism.  
To determine how Ti substitution influences the OER, we 
considered that after the water oxidation steps, the OER 
may go through three possible mechanisms, Direct Oxygen 
Recombination Mechanism (Mechanism 1), O and OH 
Recombination Mechanism (Mechanism 2), and Associative 
Mechanism (Mechanism 3), which are described by the 
following reaction steps (* represents an active site). 
Water Splitting  
2 H2O + 2*  → 2 OH* + 2 H+ + 2 e- (1) 
2OH* → 2O* + 2 H+ + 2 e-  (2) 
Oxygen Evolution  
Mechanism 1: Direct Oxygen Recombination Mechanism 
O* + O* → O2*   (3) 
Mechanism 2: O and OH Recombination Mechanism 
O* + OH* → OOH*   (4) 
OOH* → O2 + H+ + e-    (5) 
Mechanism 3: Associative Mechanism 
O*+ H2O → OOH* + H+ + e-   (6) 
OOH* → O2 + H+ + e-    (7) 
All three mechanisms have the same first and second 
oxidation steps (Eq. 1 and Eq. 2) which we refer to as “water 
splitting steps”. The oxygen evolution mechanisms differ in 
the steps to form O-O, and we refer to these steps as “oxygen 
evolution steps”. The following sections describe the effect 
of Ti substitution on the reaction energies and activation 
energies of the water splitting and oxygen evolution steps.  
 Water Splitting. Relative reaction and activation 
energies for the first and second oxidation stages (Eq. 1 and 
Eq. 2) of the water molecule are shown in Figure 7a and b, 
and values are provided in ESI, Table S12. Adsorption was 
evaluated on all non-equivalent penta-coordinated sites for 
both Ru and Ti sites (ESI, Table S13). No favorable 
adsorption was found on hexa-coordinated sites. The first 
oxidation stage (eq. 1) has an exothermic nature (Figure 7a, 
and ESI, Table S12). The reaction energies (blue columns) 
become less exothermic at low Ti concentrations for Ti sites 
in all surfaces and for Ru sites on 6D surfaces. However, at 
higher Ti concentrations the exothermicity increases on the 
Ti sites. Most of the reaction coordinate profiles are barrier-
less or have very low activation energies ranging up to 0.09 
eV.  
 The second water oxidation stage (eq. 2) shows a 
clearer dependence on the reaction site and titanium 



 

concentration: reactions on Ru sites (Figure 7b and ESI, 
Table S12) have lower activation energy (orange column) 
compared to the pristine RuO2 surface, with activation 
energies ranging up to 0.32 eV and reaction energies 
between -0.16 and -0.01 eV. The energy profiles are mostly 
like the pristine surface, and less improvement is found on 
the 25%-6D and 12.5%-6D surfaces, revealing that the Ti 
role depends on the doped site location. On the other hand, 
reactions on Ti sites have considerably higher activation 
barriers and endothermic energies, and therefore the 
reaction on Ti sites for this step does not have a high 

probability. For all Ti-5D surfaces, activation and reaction 
energies are quite similar to each other, with an increase up 
to 66% in the activation energy compared to the pristine 
RuO2 surface. Thus, for this reaction step, the actual reaction 
performance on Ti-D sites is independent of their 
concentration on the surface.  
 These water-splitting energetic results agree with 
studies done in similar systems.45,114  The barrier-less initial 
oxidation stage suggests a spontaneous reaction. To 
confirm this, we carried out ab initio molecular dynamics 

 
Figure 7. Relative reaction (blue) and activation energies (orange) for the (a) first and (b) second water splitting steps; (c) direct 
oxygen recombination mechanism; (d) first step of the oxygen and hydroxide recombination mechanism; and the (e) first and 
(f) second stages of the water-oxygen associative mechanism. 
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(AIMD) simulations up to 20 ps. ESI, Figure S18 (and 
supporting text in ESI) summarizes three of the study cases 
evaluated at 20 ps: the pristine RuO2 surface, and the 25%-
6D and 50% Ti coverage. Snapshots shown for each case 
(ESI, Figure S18) allows the observation of the spontaneous 
first oxidation reaction and an interesting dynamic proton 
exchange on the Ti-doped surfaces within the timeframe of 
the simulations. On the other hand, no second water 
oxidation was observed within the same simulation 
timeframe, as expected due to the larger barriers.  The 
explicit solvation effect included in the AIMD simulations 
supports concluding that: 1) earlier water splitting is 
detected in the Ti-doped surfaces compared to the pristine 
surfaces; 2) in all cases, water splitting does not occur from 
the direct molecule-surface interaction but with active 
presence of free water molecules, and this is a frequently 
observed interaction; 3) the presence of Ti sites promotes a 
dynamic proton exchange on the surface that favors water 
splitting. 
 Oxygen Evolution Steps: a) Direct oxygen 
recombination. In Mechanism 1, two water molecules 
undergo complete oxidation (steps 1 and 2) to form two O* 
species on adjacent active sites, followed by their 
combination on the surface to form O2 (eq. 3). When 
evaluated on the pristine RuO2 surface, the reaction energy 
is very unfavorable (1.40 eV) being a totally uphill reaction. 
When Ti is added into the system, two general trends are 
observed; the first one is that Ti-5D sites improve the 
energetics of the closest 5-coordinate Ru sites reducing the 
endothermic reaction energies and the activation energies 
for the  50%, 25%-5D, 25%-5/6D, and 12.5%-5D slabs 
(Figure 7c). Moreover, the reaction on Ti-5D sites also 
shows an improvement for the 50% and 25%-5D slabs. This 
is interesting because even though the reaction and 
activation energies on Ti are considerably high, for this step, 
the Ti presence induces an overall better performance with 
respect to the pristine RuO2 surface for this mechanism. 
Figure 7c shows that all other Ru sites (those not closest to 
the Ti-5D site) do not show any improvement. The 
energetics in these sites are like the original oxide sites, and 
the presence for Ti-6D sites, makes the reaction slightly less 
favorable on the remaining penta-coordinated sites. These 
results are explained from the adsorption energies of the 
atomic and molecular oxygen reported in ESI, Table S13. O* 
adsorption is considerably weaker on Ti-5D than on Ru 
sites, with differences ranging between 0.74 and 1.11 eV 
compared with the Ru site that is neighboring a Ti site. 
Similar phenomena occur for the coupled O*-O* and O2*, 
where their adsorption energies are weaker when 
evaluated on Ti-5D than on Ru sites.  
b) Oxygen and hydroxide recombination. Mechanism 2 
(eq. 4 and 5) considers the combination of adsorbed oxygen 
with a partially oxidized hydroxide molecule (OH*) that 
forms an adsorbed hydroperoxyl group (OOH*), which 
undergoes subsequent oxidation to form O2. The first step 
(eq. 4), summarized in Figure 7d, is the least favorable 
reaction of all evaluated in this study, with a reaction energy 
of 1.64 eV and a totally uphill reaction for the pristine RuO2 
surface, which remains unaltered the 25%-6D and 50% 
cases (Figure 7d). In the 12.5%-5D, 25%-5D, and 25%-5/6D 
configurations, the reaction becomes even less favorable 

with reaction energies up to 1.89, 1.75, and 1.73 eV, and 
activation energies of 1.93, 1.76, and 1.73 eV (all uphill, no 
transition state detected), respectively. Although OOH* 
adsorption on Ti-5D sites is weaker by about 0.4 eV 
compared to the adjacent Ru sites, reaction and activation 
energies for OOH* formation on Ti-5D sites are lower, with 
the 50% coverage being the best performance with 0.91 and 
1.04 eV reaction and activation energy, respectively. The 
OOH* oxidation step (eq. 5) is the same as the one discussed 
below (eq. 7) for the associative mechanism. 
c) Associative mechanism. In Mechanism 3, a free water 
molecule reacts with an adsorbed oxygen to form a 
hydroperoxyl group, which then follows the oxidation 
mechanism reacting with the surface oxygen to form O2 (eq. 
6 and 7, Mechanism 3).  The reaction and activation energies 
are summarized in Figure 7e and f. The first step (Figure 7e) 
on the pristine RuO2 surface is endothermic with 0.45 and 
0.76 eV reaction and activation energy, respectively, 
becoming less endothermic on the Ti sites, and the trend 
increases at higher Ti concentrations. Although the reaction 
on Ru sites becomes more endothermic compared to the 
pristine surface, the activation energy decreases as the 
concentration of Ti increases, which is aligned with the 
easiness of water splitting observed in presence of Ti. The 
activation energy for this step is higher in all Ti sites than 
that on the pristine oxide surface. The second OER step (eq. 
5 and 7 for Mech. 2 and 3, respectively) is exothermic and 
the presence of Ti improves the exothermicity of the Ru 
sites, with the Ru sites far from Ti showing lower activation 
barriers. Ti-5D sites exhibit less exothermic behavior. On 
the other hand, the activation energies are in the range of 
10-2 to 10-1 eV, which gives an insight into the almost 
spontaneous nature of this step. 
 In summary, the DFT reaction energetics and barriers 
suggest that Ti effect on oxygen evolution is highly 
dependent on the type and location of the dopant site and 
on Ti concentration. The Ti-5D sites induce a better 
performance of the neighboring Ru-5 sites. Even though 
that improvement is not enough to make OER mechanisms 
1 and 2 favorable, lower activation energies are found in 
Figure 7c and d in presence of Ti-5D sites. Overall, reactions 
on Ti sites are the least favorable of all, except for the first 
step of the oxygen and hydroxyl recombination; however, 
the presence of predominant 5D sites over 6D sites (as for 
the 50%, 25%-5/6D, and 25%-5D slabs) improves the 
energetics of Ru-5 sites. The 12.5%-5D slab also shows an 
improvement in the Ti’s Ru-5 neighbor, but all other Ru-5 
sites show similar energetics to the pristine slab, so no 
major improvement could be considered with the low 
coverage.  Based on this, the associative mechanism 
(Mechanism 3) appears as the most promising one for the 
oxygen evolution. If Mechanism 3 is followed, the rate-
determining step (rds) appears to be the OOH* formation 
on the surface, which precedes oxygen evolution. For the 
most likely rds (Figure 7e, eq. 6, Mechanism 3, step 1), with 
the exception of two sites (Ru-51 site in 12.5%-5D slab and 
Ru-51 site in 50% slab), all other sites within the 12.5%, 
25% and 50% Ti-doped structures have higher activation 
energies compared to RuO2. In addition, for this reaction all 
Ru-5 sites have lower activation energies compared to Ti-
5D sites, which supports that this step of the OER occurs 



 

predominately on Ru sites rather than Ti sites. Within the 
proposed rds (Figure 7e), we note that two sites, Ru-51 from 
the 25%-5/6D slab and the Ru-51 from the 50% slab, have 
slightly lower activation energies than RuO2.  

Solvation effects were also shown as very relevant in 
Mechanism 3 which is based on the reaction between a 
water molecule from the electrolyte and the surface oxygen, 
yielding adsorbed OOH. Evaluation of the activation barrier 
for such reaction on pristine RuO2 and 12%Ti-doped RuO2 
surface (ESI, Figure S19) reveals the cooperative effects of 
the surface atoms. In addition, the AIMD simulations also 
hint to further effects of the full solvation environment on 
this reaction, and the subsequent OOH deprotonation. It is 
our aim to evaluate the main Ti effects on reactivity and 
stability. Additional solvation effects should be 
incorporated in future work. 
 We calculated all the energy profiles for reactions 
involving electrons by adding the potential effect using 
Norskov’s approach,115 which provides the potential effect 
to the reaction energies of the individual OER steps. These 
results, summarized in ESI, Figure S17, show the free 
energy of the intermediates evaluated for the penta-
coordinated Ru sites on the pristine, and Ti-substituted 
surfaces at 12.5%-5D, 25%-5D, and 50% Ti concentration. 
It is concluded that for potentials of 1.23V or higher, the 
complete energetic pathway becomes downhill. We note 
however that changes in potential are tied to changes in 
surface composition, 33 which  will be addressed in future 
work. 
 Computational Data/Analysis Related to OER 
Activity and Structural Stability due to Titanium 
Substitution. The structural stability of transition metal 
electrocatalyst materials lies on the stability of M-O 
bonds;116 if they are too weak it may lead to easy lattice-
driven OER and structural collapse and possibly to metal 
dissolution. We calculated the oxygen binding energy 
within the bulk structure as an indicator of the M-O strength 
bond. Following the approach proposed by Dixit et al.,116 the 
oxygen binding energy corresponding to the bulk structures 
is obtained as function of Ti concentration, and the results 
are summarized in Figure 8a. The oxygen binding energy, 
∆𝐸𝐸𝑂𝑂2

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  , described by the following equation  

∆𝐸𝐸𝑂𝑂2
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑀𝑀−𝑂𝑂(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) + 𝐸𝐸𝑂𝑂2(𝑔𝑔) − 𝐸𝐸𝑀𝑀−𝑂𝑂(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)  

was calculated taking as reference the total energy of the 
bulk system with two adjacent oxygen vacancies 
(𝐸𝐸𝑀𝑀−𝑂𝑂(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)) obtained from removing the closest O-O pair 
in the structure, the energy of a gaseous oxygen molecule 
(𝐸𝐸𝑂𝑂2(𝑔𝑔)), and the total energy of the bulk system with no 
vacancies (𝐸𝐸𝑀𝑀−𝑂𝑂(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)). Note that based on this definition, 
∆𝐸𝐸𝑂𝑂2

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   is related to the easiness for O2 release from the 
lattice.   The decrease in the binding energy of O2 shown in 
Figure 8a suggests that there is a loss of M-O strength in the 
Ti-doped structures compared to the RuO2 structure up to 
1.63 eV, which may facilitate oxygen release via a lattice 
mechanism.116 Note that following O2 release from the 
lattice, some surface reconstruction is expected to follow.  
Later we correlate these energies to observed changes in 
the electrochemical surface area. 
 

 
Figure 8. (a) Oxygen binding energy (eV) as function of Ti 
concentration in the bulk structure. There is a loss of M-O 
strength compared to the RuO2 structure up to 1.63 eV in 
oxygen binding energy, which may induce oxygen evolution 
reaction from O-O interaction within the lattice; (b) average 
theoretical overpotential vs. activity descriptor for each 
concentration evaluated, (c) results from all adsorption sites 
evaluated on the different surface slabs; activity trend compared 
with previous reports from ref32 (black triangles): 
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 Extrapolating the analysis to surface structures, we 
perform a similar examination based on the adsorption 
energies for neighboring O* atoms on the surfaces (ESI, 
Table S13) which are the negative of oxygen binding energy, 
suggested as an important descriptor of surface 
reactivity.117 These data show that the presence of Ti 
reduces the oxygen binding energy on the surface up to 1.12 
eV (50% slab) and that the reduction is due to the lower 
adsorption energy of O* on Ti sites compared to Ru sites 
(ESI, Table S13). This surface dynamics helps to reduce both 
the activation and reaction energy for the oxygen 
recombination on the dopant neighboring site as discussed 
above, and it improves the overall surface activity for 
Mechanism 1 involving two specific active sites.  
 To complement this analysis, a second approach was 
followed focusing on the reactivity of adsorbed oxygen 
rather than that of the metal site as a key descriptor for 
oxidation chemistries as the OER.110 We calculated the 
energy needed to deprotonate an adsorbed OH* to form 
adsorbed O* (step 2 in the three mechanisms), which is 
defined as the negative of the hydrogen binding energy on 
an oxygen site. This descriptor is understood as an 
indicative of the reactivity of the oxygen atom due to the 
nature of the adsorption site. Following the nomenclature 
proposed by Dickens et al.,110  the activity descriptor was 
defined as 

∆𝐸𝐸𝑂𝑂 − ∆𝐸𝐸𝑂𝑂𝑂𝑂 = 𝐸𝐸𝑂𝑂∗ +
1
2
𝐸𝐸𝐻𝐻2(𝑔𝑔) − 𝐸𝐸𝑂𝑂𝑂𝑂∗ 

where ∆𝐸𝐸𝑂𝑂 − ∆𝐸𝐸𝑂𝑂𝑂𝑂 ≡ ∆𝐺𝐺𝑂𝑂 − ∆𝐺𝐺𝑂𝑂𝑂𝑂 is a commonly used OER 
descriptor,110 and the results are shown in ESI, Table S14. Ti 
sites show a considerably higher deprotonation energy 
compared with Ru sites (up to 60.6%, 68.6%, and 77.4% 
higher deprotonation energy for the 12.5%, 25%, and 50% 
Ti coverage, respectively, compared to the pristine RuO2 
surface), thus indicating lower metal activity. Moreover, 
values for Ru sites remain in a close range of 0.15 eV 
(maximum reduction of 8% and maximum increment of 
3%), so from this descriptor the main adsorbed oxygen 
activity, and thus the Ru activity, appears to be independent 
on Ti concentration on the surface. The results agree with 
the study of the reaction energetics that suggested this is a 
thermodynamically and kinetically favorable step, with 
certain sites having lower activation energies than the 
pristine surface, and surfaces such as the 6D- showing much 
less improvement.  
 Moreover, the surface O atoms are crucially important 
as proton receptors in water splitting reactions; thus, we 
analyzed their effect on O-H bond strength and catalytic 
activity. IpCOHP analysis for both O-H* and M-O pairs with 
adsorbed H* are summarized in ESI, Tables S15 and S16. 
ESI, Table S15 displays the H* adsorption energies and pair 
H-O IpCOHP [eV] on surface oxygen atoms (OB and Ot) from 
(110)-Ru1-xTixO2 showing that adsorption is only favorable 
on OB atoms, although the IpCOHP values for the H*-Ot pairs 
are, in average, as strong as the IpCOHP for the H*-OB pairs 
for the same Ti concentrations. On the other hand, ESI, 
Table S16 presents the IpCOHP between the metal sites and 
the respective O site with adsorbed H*. Comparing their 
equivalent M-O pairs from ESI, Table S16, we find an 
important reduction on the IpCOHP strength due to the 
extra interaction with the adsorbed H*. Thus, IpCOHP 

values for both O-H* and M-O pairs with H* adsorbed follow 
similar trends as obtained from surface atoms: the higher 
the Ti concentration the lower the IpCOHP values, and for 
similar concentrations the lowest IpCOHP values 
correspond to O-Ti bonds. 
 To go beyond energetics, we use the ∆𝐸𝐸𝑂𝑂 − ∆𝐸𝐸𝑂𝑂𝑂𝑂  
descriptor to calculate the theoretical overpotential from 
DFT calculations.32 Using the relationship 
𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 = {𝑚𝑚𝑚𝑚𝑚𝑚[(Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂∗), 3.2 𝑒𝑒𝑒𝑒 − (Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂∗)]

/𝑒𝑒} − 1.23 𝑉𝑉  
we obtained the theoretical overpotentials plotted in 
Figure 8b,c (values provided in ESI, Table S14) including the 
data reported by Man et al.32 that established the volcano-
type relationship between Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂∗ and the theoretical 
overpotential. Prior analyses of separate RuO2 and TiO2 
rutile phases using this approach determined RuO2 binds 
oxygen only a little too weakly, while TiO2 binds O* too 
weakly.118 In Figure 8b, we report the overpotential vs the 
activity descriptor averaged for each Ti concentration. We 
find that at high Ti surface concentrations, the structure 
exhibits a higher overpotential and lower reactivity closer 
to the one of pristine TiO2, whereas the values for pristine 
RuO2 lie in close agreement between those reported for 
RuO2 and IrO2. On the other hand, Figure 8c summarizes the 
data from each active site evaluated, with two groups of 
data related to the Ru-5 and Ti-5D sites, showing the better 
performance of the Ru-5 sites. Within the inset of Figure 8c 
we observe that two sites (Ru-53 site in the 12.5%-5D slab 
and Ru-52 site in the 12.5%-6D slab) show Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂∗ 
values closer to the top of the volcano plot (i.e. predicted to 
have higher activity) compared to the best site, Ru-52, 
within RuO2, while the rest of the sites show values farther 
away from the top of the volcano plot (i.e. predicted to have 
lower activity). This is clear evidence of the specificity of the 
surface sites for maximizing activity, and of the effect of Ti 
on enhancing the activity of these sites. However, the 
existence and proportion of such active surface Ru sites 
depend on many other factors including synthesis, 
corrosion reactions, and surface restructuring, among 
others.  
 Experimental Analysis of Electrochemical Oxygen 
Evolution Stability. In addition to high activity, the 
stability of the materials under OER conditions is a key 
factor for long-term durability and wide-scale adoption of 
PEM water electrolyzers.119 While a number of studies 
report Ru and RuO2 materials as the or among the most 
active OER catalysts, stability remains a major concern.7, 14, 

120 The stability of Ru1-xTixO2 materials (x = 0, 12.5, 20 and 
50 at %) was evaluated using a previously reported 
accelerated durability testing protocol (ADT) consisting of 
applying a constant potential (1.6 VRHE) over 13.5 h.9 The 
comparison of the current in the OER potential region, OER 
activity normalized by mass and surface area, Tafel slopes 
and ECSAs before and after ADT, are summarized in Figure 
10a-e. Figure 10b corresponds to the mass activity obtained 
at 1.51 VRHE from LSV before (initial) and after ADT (final). 
According to the data, RuO2 after ADT has a significant loss 
of performance associated to a reduction of mass activity of 
47 % from 223 to 119 mA/mgcat. The reduction of mass 
activity of RuO2 resulted from the reduction of both ECSA 
and specific activity (Figure 10c,d). For the Ti-substituted 



 

samples (Ru1-xTixO2), the OER mass activity after ADT 
showed a substantial increase of 40 to 114 %. The changes 
in mass activity can be related to multiple factors including 
loss of material during the electrochemical process, changes 
in electrochemical surface area, reduction of the specific 

activity due to surface changes, changes in morphology and 
mass transport processes, and decreasing of conductivity, 
etc. From our data, the increase of the OER mass activity of 
nanoscale Ru1-xTixO2 catalysts after ADT is primarily 
correlated to the increase of ECSA (Figure 10d), and not by 

 
Figure 9. Comparison of oxygen evolution reaction (OER) activity, electrochemical surface area (ECSA) and Tafel slopes from 
initial and final (after accelerated durability testing (ADT)) measurements of RuO2, Ru0.87Ti0.13O2, Ru0.80Ti0.20O2 and 
Ru0.50Ti0.50O2; (a) current in the OER voltage region determined from linear sweep voltammetry measurements, normalized to 
catalyst mass; (b) comparison of initial and final OER mass activities at 1.51 VRHE;; (c) comparison of initial and final OER 
specific activities at 1.51 VRHE; (d) comparison of initial and final ECSAs; (e) comparison of initial and final Tafel slopes; (f) 
relationship of percent of dissolved Ru within electrolyte  after ADT determined from Inductively coupled plasma mass 
spectrometry (ICP-MS) measurements to atomic percent of titanium with the samples determined from EDS measurements; ADT 
was carried out using a potentiostatic procedure by holding the working electrode at 1.6 VRHE-iR-corrected for 13.5 hours under rotation 
at 2500 rpm in Ar-purged 0.1 M HClO4.  
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an improvement of the specific activity, which showed a 
slight reduction for all catalysts (Figure 10c).  The opposite 
trends in stability observed for the Ti-substituted samples 
between mass activity (increases after ADT) and specific 
activity (decreases after ADT) underlies the importance of 
considering the effect of changes in surface area when 
evaluating stability. We note that a similar increase in 
activity after stability tests was reported for (Ru,Co)O2;121  
however, the activity was reported on a mass basis and did 
not consider the changes in surface area after the stability 
tests.  The relative reduction of specific activity was higher 
for RuO2 (44 %) compared to Ru1-xTixO2 with x=12.5 and 20 
at % Ti (17 %), indicating that Ru1-xTixO2 with low amounts 
of Ti (12.5-20 at %) resulted in improved stability 
compared to RuO2. However, high amounts of Ti (50 at%) 
resulted in lower specific activity after ADT compared to 
RuO2.  
 Ru dissolution from RuO2 that occurs during OER has 
been previously reported.41  Therefore, the quantification of 
active Ru material leached into the solution is an important 
parameter.  The analysis of the electrochemical stability 
was complemented with the analysis of Ru ions leached into 
the solution after ADT test (Figure 10f). The RuO2 material 
demonstrated the lowest stability (highest Ru dissolution) 
in comparison to Ru1-xTixO2. This data demonstrates that the 
presence of Ti within the RuO2 structure stabilizes the 
nanoscale material against Ru dissolution, and this 
stabilization improves with the concentration of Ti.122 The 
Ru0.50Ti0.50O2 catalyst showed both lower specific activity 
after ADT and the lowest Ru dissolution, which may be due 
to the clearly different particle shapes (ESI, Figure S2) and 
phase separation (Figure 3) present in the material that 
contribute differently to the activity and stability. In 
addition, we also determined that during ADT some Ti was 
also dissolved in the electrolyte solution (ESI, Figure S20), 
which may partially result from surface Ti3+ present as 
determined from XPS analysis (ESI, Figure S12).   
 The Tafel plots of RuO2, Ru0.87Ti0.13O2 and Ru0.80Ti0.20O2 
show the Tafel slopes slightly increased above the standard 
deviation after ADT (Figure 10e); however, the values 
remained similar to those commonly reported in literature. 
The similar Tafel slopes before and after ADT suggests that 
similar reaction mechanisms are followed after ADT. In 
contrast, the Ru0.50Ti0.50O2 catalyst showed a major increase 
in its Tafel slope after ADT. A higher Ti/Ru ratio on the 
surface after ADT may modify the reaction mechanism, 
although the complexity of the system, as discussed above, 
requires further investigation to explain changes after ADT 
for the Ru0.50Ti0.50O2 material. We also note that RuO2 as well 
as Ru1-xTixO2 may undergo significant structural changes 
after stability tests. A prior study of well-defined, 
unsubstituted RuO2 surfaces reported significant 
differences after a second stability test.41  
 We further calculated the “stability number” (S-
number) defined as the ratio between the number of moles 
of evolved oxygen and dissolved catalytically active metal 
(in this case ruthenium), previously put forth as a metric for 
electrocatalyst stability,122 and determined that 
introduction of Ti lowers the S-number (ESI, Figure S21). 
However, we also note that our stability testing was 
performed at 1.6 V. Higher voltages (in the range of ~1.7-

2.0 V) are typical operating voltages for PEM electrolyzers,17 
and further work is needed to determine how Ti influences 
activity and stability at higher voltages.113 Compared with 
previously reported S-numbers for Ir-based catalysts, the 
Ru1-xTixO2 catalysts showed S-numbers in the range of 
hydrous IrOx powders, higher S-numbers than Ba2PrIrO6 
powder, but lower S-numbers compared to rutile IrO2,122 
although differences in testing conditions influence the 
direct  comparison.    
 A number of factors may influence the improved 
stability from Ti substitution. Goodenough et al. proposed 
that the improvement of Ru stability can be associated to 
changes of the oxidation potential from interaction of other 
metals.123 As mentioned above, the inclusion of Ti changes 
the electronic structure within the catalysts, which modifies 
the M-M and/or M-O binding energies. As shown by the 
discussion on the IpCOHP results (ESI, Tables S5 and S6), Ti 
interaction influences the strength of breaking of both 
surface and subsurface Ru-O bonds; however, further 
analysis of the effect of Ti on the Ru dissolution process is 
needed.  
 The stability results in Figure 9 may be also related to 
the electronic effects caused by Ti substitution in RuO2.  The 
Ti stabilizing effect resulting in much lower Ru dissolution 
can be associated to the reactivity changes found when Ti is 
introduced into the RuO2 structure. Signatures of less 
reactive surfaces were characterized by d-band center and 
O-2p band center shifts away from the Fermi energy, and by 
higher binding energies of the O 2p electrons shown by XPS. 
In addition, the surface electron density distribution shows 
regions of electron depletion near Ti atoms and electron 
accumulation on top of O atoms. This electron accumulation 
suggests a more basic character of the Ru-O-Ti bonds. The 
oxidation states of surface Ru atoms are greatly altered by 
the introduction of Ti; even though only the penta-
coordinated atoms are active sites for the catalytic reaction, 
both the penta- and hexa-coordinated Ru show an 
interesting oxidation state variation, with some Ru atoms in 
a higher oxidation state, and others slightly reduced. We 
suggest that while the penta-coordinated are active 
catalytic sites, the hexa-coordinated may play a role to 
prevent Ru dissolution.  As proposed by Goodenough,123 the 
metal dissolution may result from the corrosion reaction: 
Ruoct5+ O2- (RuO4)solution competing with the reaction Ruoct5+ 

O2-    Ruoct4+ O -   allowing Ru to remain on the surface acting 
as a catalytic site.  However, if the corrosion reaction is 
shifted to more anodic potentials,123 then the equilibrium 
reaction prevails and Ru stays on the surface. Such potential 
shift can be produced by elements such as Ti which make 
the M-O bonds more basic. This basic character is given by 
the more negative charges on the O atoms, detected as an 
increasing trend as the Ti concentration increases (ESI, 
Table S10). Moreover, such basic sites should also be able to 
hold protons more tightly as found by the H-adsorption 
energies on the O sites of the Ti-doped surfaces (ESI, Table 
S15). Although Ti controls Ru dissolution, the changes 
observed in the ECSA denote surface reconstruction that 
should be given both by catalytic activity and by metal 
dissolution. Interestingly, the lattice O2 release inferred 



 

from Figure 8a shows a minimum binding (corresponding 
to maximum O2 release) at 25% of Ti on the surface, which 
agrees with the maximum change in ECSA observed in the 
experiments.  Thus, we speculate that the Ti concentration 
where the surface exhibits maximum roughness correlates 
with the theoretical value where O2 tends to be the easiest 
to be released from the lattice.  
 Whether the activity and stability of OER catalysts are 
inherently linked or not remains a point of discussion. The 
predominant current thinking regarding acidic OER 
catalysts is that activity and stability are inherently linked 
since they share a common intermediate.124, 125 A prior 
study further suggests the existence of a fundamental and 
universal correlation between the oxygen evolution activity 
and the corrosion of metal oxides based on the 
thermodynamic instability of the oxygen anion in the metal 
oxide lattice.126 However, other’s data on oriented thin films 

of RuO2 supports that there is no correlation between OER 
activity and stability,41 while another study reported Ru 
dissolution was observed at lower potentials than OER.127 
The interrelationships may be altered within metal-
substituted RuO2 where the metal substituent influences 
electronic structure, activity and stability. Importantly, our 
study shows that the effect of substitution on activity is 
highly dependent on the site, and specific sites may 
predominately act as catalytic sites for the OER, while other 
sites influence metal dissolution.  To further investigate this 
point, constrained AIMD (c-AIMD) simulations were 
performed to evaluate dissolution of Ru and Ti surface 
atoms from the pristine RuO2(110) surface and Ru1-xTixO2 
surfaces at 25%-5D, 25%-6D, and 50% Ti concentration. 
The thermodynamic integration within the slow-growth 
approach was used to follow the dissolution of penta- and 
hexa-coordinated metals on the surfaces and evaluate the 

Figure 10. Top row: Activation energy necessary for dissolution of (a) Ru-penta (Ru-5) and Ru-hexa (Ru-6) coordinated, 
(b) Ti-penta (Ti-5) and Ti-hexa (Ti-6) coordinated breaking their main surface and subsurface O bonds. Color code for 
bars: black, RuO2; green, surface with Ti at. 25% atomic concentration doped on penta-coordinated sites (Ti-5D); blue, 
surface with Ti at. 25% atomic concentration doped on hexa-coordinated sites (Ti-6D); red, surface with Ti at. 50%; solid 
bars indicate penta-coordinated metal dissolved and fading ones indicate hexa-coordinated metal dissolved.  Bottom: 
Snapshots illustrating main events during Ru-5 dissolution: (c) initial structure, (d) Breaking of surface and subsurface 
O bonds followed by water bonding and oxidation, and (e) Separation of final stable RuO4 dissolved species. Color code: 
black, Ru-5 dissolving; purple, Ot atoms; green, O atoms from free water molecules.  
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free energy pathway of the dissolving cation step by step 
starting from an initial configuration on the surface, until it 
forms a stable and fully dissolved species in the aqueous 
media. These simulations were carried out using the Blue 
Moon ensemble method as implemented in VASP.128-132 In 
this way, we evaluate the activation barriers involved in the 
cation dissolution and identify important intermediate 
steps along the dissolution path.133-135 
 The analyses were performed on the (110) surface, 
where penta- and hexa-coordinated metals have very well-
defined coordination with surface and structural or 
subsurface oxygens. In the case of penta-coordinated atoms, 
the bonding interactions include one subsurface and four 
three-fold coordinated oxygen atoms (Ot). The c-AIMD 
results indicate that the key step for penta-coordinated 
metal dissolution is related to the energetic barrier needed 
for the dissolving atom to break bonds with the structural 
and initial Ot oxygen atoms. On the other hand, the hexa-
coordinated metal atoms form bonds with two Ot atoms and 
four bridging or two-fold coordinated oxygen atoms (OB), 
two of them being surface oxygen atoms located on the 
outmost part of the surface, and the other two being 
subsurface atoms. For the case of hexa-coordinated metals 
dissolution, the c-AIMD results show that the key step in the 
dissolution process is the breaking of the bonds of the metal 
with the sub surface oxygens (M-OBsub). Figure 10 
summarizes the activation energies obtained for the key 
steps described above for the dissolution of Ru and Ti, both 
penta- and hexa-coordinated on RuO2(110) pristine surface 
and Ru1-xTixO2 surfaces at 25%-5D, 25%-6D, and 50% Ti 
concentration (Figure 10a and b) and shows snapshots of 
intermediate steps found along the dissolution path (Figure 
10c to e). 
 Figure 10a shows that in the pristine surface, 
dissolution of Ru hexa-coordinated atoms (Ru-6) is 
considerably more favorable than that for Ru penta-
coordinated (Ru-5) ones.  In presence of Ti, Ru dissolution 
becomes less favorable (higher barriers) as the 
concentration of Ti increases. For example, Ru penta-
coordinated dissolution exhibits an activation energy of 
2.51 eV, which increases 72% up to 4.32 eV at 50% Ti 
concentration. At 25% Ti, the barrier for Ru-5 dissolution is 
2.70 eV when Ti is located in the 5D sites, whereas in 
presence of Ti-6D sites the activation energy increases to 
2.97 eV. In all cases there is a clear Ti effect on the barriers 
that translates in less Ru-5 dissolution. The activation 
energy for Ru hexa-coordinated atoms is considerably 
lower, with a value of 0.99 eV in the pristine surface. This 
barrier follows the exact same trend as for the penta-
coordinated atoms, with the activation energy increasing as 
Ti concentration increases. For these cases, is clearer the 
effect caused by Ti-5D and -6D sites. At 25% Ti coverage, Ti-
5D slightly increases the activation energy up to 1.01 eV, 
while the Ti-6D sites induce an increase of around 72% with 
an activation energy of 1.70 eV. Finally, Ti at 50% increases 
the activation energy more than twice, up to 2.04 eV, 
showing an important degree of stabilization of Ru-6 atoms 
against dissolution.  
 Figure 10b summarizes the activation energies for the 
key steps evaluated for the dissolution of Ti penta- and 
hexa-coordinated atoms. Ti dissolution exhibits a 

considerably lower activation energy compared to Ru. Ti-5 
exhibits activation energies of 1.48 eV and 2.41 eV in the 
25%-5D and 50% slabs, respectively. Finally, Ti-6 not only 
exhibits the lowest dissolution activation energies overall, 
but also presents a different trend were its value decreases 
with increasing Ti concentration, as can be seen from the 
0.35 eV and 0.26 eV activation energies on the 25%-6D and 
50% slabs, respectively. The large barriers for Ti-5 
dissolution in 50% compared with 25% are in agreement 
with the experimental results (ESI, Figure S20) that show 
less Ti dissolved at 50%, suggesting that Ti-5 may be a 
contributor to the leached Ti, in addition to Ti-6. 
 
CONCLUSIONS  
Using experiments and theory, we evaluated nanoscale 
titanium-substituted ruthenium oxide, Ru1-xTixO2 (x=0−50 
at %) as a model system of how the interaction of highly 
active, unstable metal (Ru) with a stable, relatively inactive 
metal (Ti) within a rutile oxide affects the atomic and 
electronic structure, the OER mechanism, activity and 
stability.  Experimentally, nanoscale ruthenium-titanium 
oxides were synthesized using a wet chemistry route that 
utilized basic conditions. The computational model 
substituted Ti at different sites within a RuO2 (110) slab. 
The Ru:Ti atomic ratios within the experimentally 
synthesized materials are slightly higher than the nominal 
synthetic ratios. XRD analysis supports that the materials 
are predominantly (86-98%) single phase and have Ti 
within the rutile lattice, and a small second phase with 0-6% 
Ti is also present. From both experiment and theory, Ti 
substitution alters the crystal lattice parameters and lowers 
the c/a ratio.  
 Titanium substitution with RuO2 alters the surface 
electronic structure, and the experiments and theory are in 
good agreement. Experimentally, the incorporation of Ti 
shifts core oxygen XPS and valence XPS bands (Ru 4d and O 
2p valence) to higher binding energies, and the calculated 
DOS shows shifting of the d-band center and O2p band 
center to higher binding energies. From computations, Ti 
substitution results in regions of electron accumulation and 
electron depletion within the surface, and the effects are 
highly dependent on specific substitution sites and Ti 
concentration.     
 The incorporation of Ti within the rutile RuO2 
structure affects the OER activity and reaction 
intermediates. From rotating disk electrode measurements, 
Ti substitution lowers the OER mass activity, OER specific 
activity, and ECSA. The reaction energies and activation 
energies of multiple OER reaction pathways (associative 
mechanism, direct oxygen recombination mechanism, and 
O and OH recombination mechanism) were evaluated on 
both Ru and Ti active sites using DFT, and the associative 
mechanism on Ru sites was determined to be the most likely 
reaction pathway. The effect of Ti substitution on the 
reaction energies and activation energies is highly 
dependent on the site.  The correlation of the theoretical 
overpotential with the oxygen binding energy, commonly 
considered an OER descriptor, shows that substituting Ti 
into RuO2 increases the oxygen binding energy of some sites 
and decreases the oxygen binding energy of other sites, and 
the effect also depends on Ti concentration. At each 



 

concentration, the average oxygen binding energy over all 
sites predicts lower OER activity with Ti substitution, which 
is in line with the experimental results and suggests that the 
synthesized Ru1-xTixO2 nanomaterials express 
predominately lower OER activity surface sites. However, 
calculations also indicate that at a Ti concentration of 12.5 
at % results in specific sites that have an oxygen binding 
energy that is closer to the top of the volcano plot.  
 Solvation effects incorporated in the water splitting 
reactions with AIMD simulations. Revealed that: 1) earlier 
water splitting is detected on the Ti-doped surfaces 
compared to the pristine surfaces; 2) in all cases water 
splitting does not occur from the direct molecule-surface 
interaction but involves active presence of free water 
molecules, and this is a frequently observed interaction; 3) 
the presence of Ti sites promotes a dynamic proton 
exchange on the surface that favors water splitting. 
 In addition to affecting OER activity, titanium 
substitution affects the OER stability and Ru dissolution. 
From experimental accelerated durability testing, Ti 
substitution increases both the OER mass activity and the 
ECSA, which may be due to Ru and/or some Ti dissolution 
from the structure that increases surface area. When 
normalizing for the surface area, all Ti-substituted samples 
showed lower OER specific activity after the durability 
testing, which is the reverse trend observed for OER mass 
activity. Ti substitution at low and intermediate 
concentrations (12.5 and 20 at %) shows improved OER 
stability and lower Ru dissolution compared to RuO2.  
Interestingly, the stability and Ru dissolution for the higher 
Ti concentration of 50 at % was somewhat of an anomaly 
since this material showed lower OER stability compared 
with RuO2, but also lower Ru dissolution, which may result 
from the different particle morphologies within the 
material that contribute differently to these processes. 
Overall, experimentally we find that Ti substitution within 
RuO2 at low and intermediate concentrations lowers the 
OER specific activity and increases the stability. The results 
obtained at high Ti concentration support that higher 
concentration of Ti does not necessarily inherently further 
improve stability, but that the effect of Ti on the OER activity 
and stability or RuO2 depends on the Ti concentration, 
synthesis route, and how the metal incorporates within the 
surface.   
 Analysis of stability from calculations indicates that Ti 
substitution improves stability and also suggests that the 
effect of Ti substitution on stability is also highly site-
specific: there may be sites that contribute to OER while 
other sites are involved in Ru dissolution. The role of Ti on 
reducing barriers for Ru dissolution is shown clearly from 
the c-AIMD simulations. Dissolution of Ru hexa-coordinated 
atoms is considerably more favorable than that for Ru 
penta-coordinated ones.  In the presence of Ti, Ru 
dissolution becomes less favorable (higher barriers) as the 
concentration of Ti increases, which is in agreement with 
the experimental results that show Ti substitution with 
RuO2 lowers the amount of dissolved Ru and therefore 
improves stability. Comparing the most probable sites for 
OER (penta-coordinated Ru) and dissolution (hexa-
coordinated Ru), OER and dissolution occur at different 
sites. We consider that activity and stability may be coupled 

to some extent; however, different sites may affect activity 
and stability and the effects depend on the metal 
substituent, site, and concentration. The understanding 
how specific sites influence electronic structure, activity 
and stability provides a design strategy to obtain higher 
activity, improved stability and lower cost OER 
electrocatalysts. 
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