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Abstract 

With in-situ surface X-ray diffraction (SXRD) and X-ray reflectivity (XRR) in combination 

with ex-situ characterization by scanning electron microscopy (SEM), X-ray photoelectron 

spectroscopy (XPS), and cyclic voltammetry (CV) the electrochemical reduction of an ultrathin 

(1.66 nm thick) single crystalline RuO2(110) layer supported of Ru(0001) was studied in acidic 

environment, providing clear-cut evidence and mechanistic details for the transformation of 

RuO2 towards hydrous RuO2 and metallic Ru. The reduction process proceeds via proton 

insertion into the RuO2(110) lattice. For electrode potentials (0 to -50mV vs. SHE) the layer 

spacing of RuO2(110) increased, maintaining the octahedral coordination of Ru (SXRD). 

Continuing proton insertion at -100 to -150 mV leads to transformation of lattice oxygen of 

RuO2 to OH and water that destroys the connectivity among the Ru octahedrons and eventually 

to the loss of crystallinity (SXRD) in the RuO2(110) film at -200 mV accompanied by a swelling 

of the layer with well-defined thickness (XRR). During the protonation process soluble Ru-

complexes may form. XPS provide evidence for the transformation of RuO2(110) to a hydrous 

RuO2 layer, a process that proceeds first homogenously and at higher cathodic potentials 

heterogeneously by re-deposition of a previously dissolved Ru complexes.  
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1. Introduction 

Electrochemical water splitting (electrolysis) will be important for a sustainable hydrogen 

economy1 in that intermittent wind and solar energy resources can be stored in chemical bonds, 

such as in H2, and can either be used directly to power vehicles and stationary devices or can 

readily be transformed back to electric energy by proton-exchange membrane (PEM) fuel cells 

whenever there is demand.2  The electrochemical hydrogen evolution reaction (HER) takes 

place at the cathode of water electrolysers.3 The HER has even been considered a prototype 

reaction in surface electrochemistry4-6, since the reaction comprises a two-electron transfer7 and 

is therefore much simpler than for instance the four-electron process of the oxygen evolution 

reaction (OER), the anodic reaction of a water electrolyser.  

Various metals have been identified to be active HER electrocatalysts in acidic media, most 

notably platinum and various Pt alloys8,9, while oxides are in general considered to be inferior 

in the HER. This simplified view is not reconciled with RuO2 and IrO2.10-17 RuO2 is actually a 

remarkably efficient electrocatalyst for HER10 that resists poisoning by heavy metals. Its 

activity in acid media is only slightly lower than that of platinum: the overpotential of RuO2 is 

50 mV higher at a current density of 0.1 A/cm2 than that of Pt.12 Accordingly, RuO2-coated 

cathodes have also been investigated and applied in industry.16,18 Even RuO2-based anodes in 

the form of dimensionally stable anodes (DSA) can face HER conditions during the shutdown 

of a chlorine electrolyser, when it intermittently functions as a fuel cell and therefore the RuO2 

based coating as the cathode.19 

However, reducible oxides are expected to be chemically unstable and are readily reduced 

to the corresponding metals in the HER potential region.20 Indeed a hydroxylation process was 

reported for RuO2/Ni cathodes under strongly alkaline HER conditions (10 M NaOH).21,22 More 

recently, Näslund et al.23 concluded from detailed XPS and XRD experiments of RuO2 coatings 

deposited on Ni that RuO2 is transformed to ruthenium oxyhydroxide phase, RuO(OH)2, that 

further reduces to metallic ruthenium upon extended treatments in the HER potential region 

under strongly alkaline conditions (8 M NaOH). The Ru3d assignment of Näslund et al. was, 

however, challenged by Karlsson et al.24 on the basis of density functional theory (DFT) 

calculated XPS shifts of Ru3d. The structure of the water-RuO2(110) interface in 0.1 M NaOH 

solution was recently studied by in-situ surface X-ray diffraction (SXRD).25 At a cathodic 

potential of -200 mV bridging OH and on-top water are formed in a low-density water layer. 

However, for the electrochemical reduction of RuO2 under acidic conditions conflicting 

results are reported in the literature. On RuO2 thin film electrodes both x-ray diffraction 

(XRD)26 and X-ray photoelectron spectroscopy (XPS)27 show that neither the bulk nor the 
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surface region of the oxide is chemically reduced to hydrous RuO2 or metallic ruthenium during 

the HER in 0.5 M H2SO4. XRD experiments indicate, however, a significant shift of the 

characteristic diffraction peaks of the RuO2 thin film electrode to lower momentum transfers Q 

during cathodic polarization in the potential region of the HER.28 The observed expansion of 

the unit cell of RuO2 is ascribed to proton incorporation in the RuO2 lattice and is found to be 

fully reversible as the characteristic diffraction peaks of RuO2 move back to their original 

positions when the polarization is turned off. The shape of the Ru3d core level peaks of RuO2 

in ex-situ XPS does not change during cathodic treatment in the HER potential region. 

Therefore, Rochefort et al.27 suggested that the atomic arrangement around each Ru center and 

the conformation of the RuO6 octahedrons are not disturbed by H insertion into the oxide 

structure. Kötz and Stucki12 concluded on the basis of ex-situ XPS studies that during cathodic 

treatment in the HER potential region under acidic conditions (0.5 M H2SO4) the surface of the 

polycrystalline RuO2 electrode is only partly reduced to some oxy-hydroxide, but complete 

reduction to metallic Ru was excluded.  

In two papers Lister et al.29,30 studied with cyclic voltammetry (CV) and in-situ SXRD the 

electro-reduction of two orientations of single crystalline RuO2, i.e., (110) and (100) in 0.5 M 

H2SO4. The CVs of RuO2(100) and RuO2(110) exhibit a reduction signature near the HER 

potential, indicating Ru-metal like behavior. SXRD reveals an expansion of the top RuO2 layer, 

but no roughening of the surface and no Ru metal formation.  

It is the main objective of the present paper to resolve these apparent discrepancies in 

the literature concerning the electrochemical reduction of RuO2 in acidic environment by 

devising a model experiment. Here, we focus on the electrochemical stability of a 1.66 nm thick 

covering single-crystalline RuO2(110) layer coated on Ru(0001) in the potential region of HER 

in acidic media (HCl, pH = 0.3), employing the in-situ techniques of surface X-ray diffraction 

(SXRD) and X-ray reflectivity (XRR) together with ex-situ characterization by scanning 

electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and cyclic voltammetry 

(CV). This dedicated model electrode design allows one to follow structural and morphological 

changes of the RuO2(110) film even in short time periods, thus being fully compatible with the 

imposed time constraints during typical synchrotron-radiation based experiments. With SXRD 

the crystallinity of the RuO2(110), while with XRR the layer thickness and its roughness can be 

followed in-situ when varying the electrode potential to more cathodic potentials. The 

RuO2(110) film turned out to be partially stable down to -150 mV with respect to standard 

hydrogen electrode (SHE), but at -200 mV vs SHE the crystallinity of RuO2 was completely 

lost, while the layer structure was still maintained with increased thickness. On the basis of 
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post-XPS and CV experiments the chemical nature of the resulting electrochemically reduced 

RuO2 film is identified with a hydrous RuO2 layer and metallic ruthenium.   

 

2. Experimental Section 

The ultrathin RuO2(110) film was grown epitaxially on a single crystalline hat-shaped 

Ru(0001) disk (7 mm diameter, MaTecK, Jülich, Germany) under ultrahigh vacuum (UHV) 

conditions. First, the Ru(0001) single crystal was sputtered with Ar+ ions at the temperature 

of 380 °C for 20 minutes in order to clean the sample. Subsequently, the sample was heated 

up to 780 °C to smoothen the rough surface. Next, the sample was annealed at 780 °C for 20 

min in an oxygen gas atmosphere of p(O2) = 2·10−7 mbar to deplete the surface near region 

from carbon contamination. This two-step procedure was repeated several times until the low 

energy electron diffraction (LEED) pattern showed an intense hexagonal diffraction pattern 

(with low background) corresponding to a clean Ru(0001) surface. RuO2(110) was grown on 

this Ru(0001) surface at a temperature of 380 °C with an oxygen pressure of 3·10−5 mbar for 

120 min.31,32 

The in-situ surface X-ray diffraction (SXRD) and X-ray reflectivity (XRR) experiments were 

conducted at beamline ID03 at ESRF, Grenoble33 equipped with a specifically constructed in-

situ electrochemical (EC) flow cell.33,34 The RuO2(110)/Ru(0001) model electrode is housed 

in a special cavity at the bottom of the inner cylindrical hole, and the counter electrode consists 

of a glassy carbon rod at the top of the cell, with a similar electrode surface of 0.5 cm2 as the 

working electrode. An Ag/AgCl electrode (3.4 M KCl) used as the reference electrode is 

located between the working and the glassy carbon counter electrode (CE). The electrode 

potential values are given versus the standard hydrogen electrode (SHE) throughout this paper. 

We used as electrolyte solution an aqueous 0.5 M HCl solution (pH = 0.3) prepared from HCl 

Suprapur® (Merck, Darmstadt, Germany) and high-purity water (18.2 MΩ·cm). HCl was 

chosen as electrolyte in order to reduce the overpotentials at the CE that oxidizes preferentially 

Cl- rather than water (oxygen evolution reaction). The produced H2 and Cl2 are removed from 

the EC flow cell by exchanging the electrolyte solution. The employed potentiostat was a PAR 

VersaStat II (Princeton Applied Research).  

First a full set of SXRD and XRR data were taken at open-circuit potential (OCP) in both 

water (OCP = 690 mV) and HCl (OCP = 150 mV). Subsequently we reduced the electrode 

potential of RuO2(110) to 0 mV, -50 mV, -100 mV, -150 mV, or -200 mV by means of 

potentiostatic pulses with a duration of 30 s. During the first 10 s of a pulse no electrolyte flow 

was applied to the cell, whereas for the last 20 s the cell was purged with fresh electrolyte. 
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After each pulse the RuO2(110)/Ru(0001) model electrode was set to a resting potential of 0 

mV and purged with fresh electrolyte for another 10 s. The SXRD and XRR data were taken 

in between the pulses at the above mentioned resting potential; the data acquisition time was 

about 55 min. With this experimental protocol (potential pulse and going back to a rest 

potential of 0 mV between consecutive pulses) only irreversible changes of the RuO2(110) 

layer can be studied. We checked for potential beam damages by measuring h- and l-scans 

before and after XRR experiments. No changes in the scans were observed.  

The above described in-situ experiments were complemented by ex-situ characterization of 

the cathodically treated RuO2(110) ultrathin films, including X-ray photoemission 

spectroscopy (XPS) experiments (PHI VersaProbe II), scanning electron microscopy (SEM) 

experiments (Zeiss Merlin) and cyclic voltammetry. XPS experiments were performed with 

the photon energy at 1486.6 eV (monochromatized Al-Kα line, excitation power ~40-50 W) 

and the X-ray spot size of ~200 µm. The pass energy was chosen to be 11.75 eV and the 

resolution was 0.5 eV (as determined with silver). The binding energy scale was calibrated 

with copper, gold and silver, so that for a conducting sample such as RuO2(110)/Ru(0001) no 

further calibration is necessary. The SEM experiments were conducted with an acceleration 

voltage of 2 kV and a probe current of 100 pA. The micrographs were obtained with the 

secondary electron (SE2) detector. 

Cyclic voltammetry was utilized to monitor possible alterations in the electrochemical 

response of the RuO2(110) surface as a result of cathodic treatment. Accordingly, the protocol 

of the electrode potential variation used during the in-situ experiments was adapted: 

potentiostatic pulses (30 s) of the desired electrode potential were applied followed by setting 

the RuO2(110) electrode to a resting potential of 0 mV for 55 min (time for acquiring the 

SXRD and XRR data at ID03). Subsequently, a cyclic voltammogram was recorded and the 

next potentiostatic pulse was applied. These experiments were conducted in an 

electrochemical glass cell utilizing an home-built electrode holder, so that only the oxidized 

surface of the Ru(0001) single crystal was exposed to the 0.5 M HCl solution. An Ag/AgCl 

electrode was used as RE, the CE consisted of a glassy carbon rod. The applied potentiostat 

was a SP-150 (BioLogic Science Instruments). 

 

3. Results  

For the SXRD experiments, l- and h-scans are defined by Ru(0001) sample (a = b = 2.71 Å, α 

= 120°, c = 4.28 Å, γ = 90°) with h and l oriented along the corresponding a and c directions in 
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reciprocal space (reciprocal direction k corresponds to an in-plane direction perpendicular to 

a). Further details can be found in previous report on the growth of RuO2(110) on Ru(0001).35 

In Figure 1 we summarize the SXRD data in the form of l- and h-scans depending on the 

applied electrode potential. The h-scans monitor the lateral periodicity, while the l-scans 

provide information on the layer spacing and the thickness of the layer. At open-circuit potential 

(OCP), the h-scan for l = 1.3 and k = 0 indicates clear peaks at h = 0.733 and h = 1.47, that are 

characteristic for a single crystalline RuO2(110) film grown on Ru(0001) with high degree of 

lateral order.35 The peak at h = 1 belongs to the first-order crystal truncation rod of Ru(0001) 

that is quite sensitive to the roughness of the RuO2(110)/Ru(0001) interface. Other diffraction 

peaks are not discernible in the h-scan ranging from 0.3 to 1.6.  

 

Figure 1: SXRD experiments of a nominal 1.66 nm thick RuO2(110) layer grown on 
Ru(0001) in the HER potential region at various electrode potentials starting from 
OCP(H2O), OCP(HCl) down to -200mV. a) h-scan at (k, l) = (0, 1.33) and b) l-scan at (h, k) 
= (0.73, 0). The strong background in the h-scans arises from diffuse scattering of the 
electrolyte. The dashed lines at h = 0.733 and l = 1.33 in the h- and l-scan, respectively, 
indicate the expected peak positions of RuO2(110). The color code is valid for both h- and l-
scans. The potential dependent scans are offset for clarity. A summary of all recorded h- and 
l-scans down to a potential of -1900 mV is shown in the Figures S1 and S2, respectively.  

 

In the corresponding l-scan at h = 0.73, k = 0 and OCP(HCl), a relatively broad maximum at 

l = 1.25 occurs that corresponds to a layer spacing of 3.4 Å, significantly larger than the 

RuO2(110) bulk layer spacing of 3.23 Å36. Obviously even under OCP conditions the layer 

spacing of RuO2(110) expands, presumably via proton incorporation, while the in-plane lattice 

vector of RuO2(110) is not affected. From its full width of half maximum (FWHM) the 
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thickness of the RuO2(110) layer is estimated to be 1.56 nm. In a control experiment the l-scans 

for OCP(HCl) with that of OCP(H2O) for pure water are compared. The maximum in the l-scan 

was in the latter case at l = 1.27, indicating that the insertion of protons causes at least part of 

the observed expansion in the layer spacing of RuO2(110).  

With increasing cathodic potential the h-scans in Figure 1a change only little up to -100 mV, 

neither the intensity nor in the h-position of the RuO2-related peaks change. At -150 mV both 

intensities of h = 0.73, 1.46 and h = 1 diminish by 50%. For an electrode potential of -200 mV 

the diffraction peak at h = 0.73 disappears almost completely in the h-scan, while the crystal 

truncation rod of Ru(0001) at h = 1.0 has not changed in intensity with respect to -150mV. 

From this experiment we conclude that the lateral periodicity of the RuO2(110) layer has largely 

been destroyed under strong HER conditions (-200 mV vs. SHE), while the interface between 

the Ru(0001) and the reduced RuO2(110) layer is still smooth.  

A similar behavior is evident from the l-scans in Figure 1b. The integral intensity of the peak 

around l = 1.2-1.35 decreases continuously with increasing cathodic polarization, indicating a 

degradation in periodicity perpendicular to the RuO2 film. At -100 mV the peak shifts to l = 

1.22, that corresponds to an layer spacing in RuO2(110) of 3.5 Å. The intensity of the peak 

decreases to 30%, while the FWHM varies only slightly. At an electrode potential of -150 mV, 

the peak shifts back to l = 1.27, i.e. RuO2(110) layer spacing is 3.4 Å, while the intensity further 

decreases. At -200 mV only a weak feature at l = 1.32 remains that corresponds to a layer 

spacing of 3.2 Å, the nominal layer spacing of bulk RuO2(110). Obviously, the perpendicular 

ordering of the Ru-O-Ru trilayers in the RuO2(110) layer is almost lost at -200 mV.  

The characteristic features (peak position, FWHM and intensity) derived from l-scans (SXRD) 

are summarized in Figure 2. In addition, there is a peak at l = 0.3 in the l-scans that is assigned 

to minor maximum of l = 0 peak due to the well-defined layer thickness of about 16 Å for the 

RuO2 and reduced RuO2 layer. The FWHM of the peak increases slightly as can be seen in the 

top of Figure 2. At OCP(H2O) the FWHM is 0.30, which is associated with a layer thickness 

of 1.56 nm (4.9 layers)35. After polarization to -150 mV the FWHM slightly increased to 0.38, 

i.e., the thickness of the RuO2(110) film decreased to 1.23 nm (3.8 layers). Due to low signal 

to noise ratio of the l = 1.3 peak below a polarization of -200 mV a reliable determination of 

the FWHM is not possible. 
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Figure 2: Peak position, FWHM (top) and integral intensity (bottom) derived from the l-scan 
data at (h, k) = (0.73, 0).  

 

The FWHM of the peak at h = 0.73 at OCP(H2O) is 0.018, which corresponds to a lateral 

dimension of 150 Å along the [-110] direction35. The FWHM, peak position, and the integral 

intensity derived from the h-scans are summarized in Figure 3. Both quantities remain constant 

upon potential variation. However, the integral intensity decreases continuously with increasing 

cathodic polarization (similar to the peak at l = 1.3 in the l-scan), indicating a continuous loss 

of lateral ordering of the film.  

 

Figure 3: Peak position, FWHM (top) and integral intensity (bottom) derived from the h-
scan data at (k, l) = (0, 1.33).  
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In conclusion, the SXRD experiments in Figure 1 prove that polarization at -200 mV destroys 

the 3-dimensionally periodic structure of the 1.56 nm thick RuO2(110) layer coated on 

Ru(0001). This “reduction” process of RuO2(110) is irreversible, as RuO2-related features do 

not recover after going back to lower cathodic potentials. In addition, from the h-scans it can 

be derived that the “reduction” process of the RuO2(110) layer takes place domain-wise, since 

the peak positions and the FWHM values do not change during cathodic treatment, whereas the 

integral intensity decreases. Such a behavior of the RuO2(110) surface under reducing 

conditions is known from previous UHV studies.35,37 

 

Figure 4: XRR experiments of a nominal 1.66 ± 0.04 nm thick RuO2(110) layer supported 
on Ru(0001) in the HER potential region at various electrode potentials starting from 
OCP(H2O), OCP(HCl) down to -200 mV. The potential dependent data sets are offset for 
clarity. A summary of all recorded XRR-scans down to a potential of -1900 mV is shown in 
Figure S3. 

 

In Figure 4 we present the XRR data as a function of the electrode potential. The black hollow 

circles represent the experimental data while the red solid lines show the simulation of the XRR 

data. For the simulations of the XRR data the software package GenX38 (v 2.4.10) was used, 

employing a two-layer model for the measurements at OCP and the low cathodic potentials. 

For more cathodic potentials (-150 mV, -200 mV) a three-layer model was applied, both models 
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are depicted in the inset of Figure 5. The two-layer model consists of a layer with varying 

thickness and electron density (modelling the initial RuO2(110) layer and the electrochemically 

reduced RuO2 layer upon increasing polarization) that is followed by an interlayer with varying 

thickness and electron density (modelling the transition from the (reduced) oxide layer to the 

substrate) on the Ru(0001) substrate (cf. inset of Figure 5, all fitted data are summarized in 

Table S1). The simulation of the XRR data at more cathodic potentials required in addition a 

third layer denoted as “altered substrate”. The most important parameters in the fitting the 

experimental XRR data are the thickness and the electron density of the (reduced) RuO2 layer. 

For OCP, the XRR scan shows clear wiggles and minima from which the layer thickness can 

be determined quite accurately. The XRR scans for OCP(HCl) and OCP(H2O) are virtually 

identical. In the present case an XRR analysis reveals a total thickness (RuO2(110) layer plus 

interlayer) of the ultrathin film of 1.66 ± 0.04 nm. This value matches quite well the thickness 

estimation based on the SXRD data (1.56 nm). Since XRR is a dedicated method to determine 

layer thicknesses we use in the following 1.66 nm as the total thickness of our RuO2(110)-based 

layer. With increasing cathodic electrode potential up to -200 mV, the RuO2(110) layer change 

continuously in that the distinct minima shift to lower values for the scattering vector q in the 

XRR scans. This observation is indicative of the continuous increase in the layer thickness, i.e., 

the RuO2(110) bulk layer swells, thereby increasing the total thickness from 1.66 ± 0.04 nm to 

2.50 ± 0.04 nm (cf. Figure 5), while the O-Ru-O layer spacing increases first and then decreases 

(see l-scan in Figure 1b).  

 

Figure 5: Total layer thickness ((reduced) RuO2(110) layer plus interlayer)  as derived from 
the fitting of the XRR data as a function of the electrode potential employing a two-layer 
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model (cf. inset, right) in the beginning and a three-layer model (cf. inset, left) at more 
cathodic potentials.  

 

Most surprisingly, even at -200 mV a layer with well-defined thickness (i.e. distinct wiggles 

are discernible) is apparent in the XRR scan, although from SXRD the three-dimensional 

periodicity has practically been lost. The electron density of the reduced RuO2 film reduces 

with the cathodic potential in a way that is consistent with the observed swelling of the layer 

due to proton insertion.   

To complement these in-situ experiments, an identically prepared RuO2(110) film was 

polarized in the HER potential region as described above and subsequently studied ex-situ by 

XPS and SEM. A comparison of the XP spectra of the freshly prepared RuO2(110)/Ru(0001) 

electrode and after cathodic polarization is shown in Figure S4. O 1s and Ru 3d spectra after 

cathodic polarization are depicted and analyzed in Figure 6.  

 

Figure 6: XP spectra of the RuO2(110)/Ru(0001) electrode after the polarization of -200 mV 
where the crystallinity of the RuO2(110) thin film almost disappeared. A peak fitting of the 
O 1s (a) and Ru 3d + C 1s (b) spectra was done according to literature.42,43,44 

 

In the O 1s spectrum (Figure 6a)) up to four features are discernible. The one at a binding 

energy (BE) of 529.4 eV is assigned to bulk O in RuO2
39,40, the two other emissions at 531.1 eV 

and 532.7 eV are ascribed to OH and H2O in hydrous RuO2, respectively41,42, while the emission 

at 533.6 eV is assigned to dissolved CO2
42. CO2 contamination has likely occurred during the 

transfer of the sample from the EC cell to the XPS apparatus through ambient atmosphere. The 

Ru 3d spectrum (Figure 6b)) consist of two (maybe composite) features at the energetic 
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positions of Ru 3d3/2 and Ru 3d5/2. Since the intensity ratio of Ru 3d5/2:Ru 3d3/2 is not 3:2 as 

expected from the degeneracy of both Ru 3d electronic transitions, we surmise that the peak at 

285-286 eV consists of two contributions, one is related to Ru 3d3/2 at 285eV and the other one 

due to C 1s at 285-288 eV. Peak fitting of the Ru 3d and O 1s spectra are overlaid in Figure 6. 

The fitting parameters of the XP spectra are summarized in Table S2. 

Quite similar XP spectra of O 1s and Ru 3d were reported for hydrous RuO2 on single crystalline 

Ru(0001) that was prepared by anodic oxidation of Ru(0001).42 Therefore, we conclude from 

SXRD, XRR and XPS experiments that the cathodic reduction of RuO2(110) on Ru(0001) at -

200 mV leads to the formation of a hydrous RuO2 layer with a relatively sharp interface towards 

Ru(0001) and well-defined thickness. 

With SEM we compare the RuO2(110)/Ru(0001) before and after cathodic treatment in the 

HER potential region (cf. Figure 7). Obviously, there are changes in the morphology 

discernible. The freshly prepared RuO2(110)/Ru(0001) surface (a) is flat with grain boundaries 

apparently visible (Figure 7a, dark contour lines). After cathodic treatment down to -200 mV 

the surface shows deposits in the form of rod-shape deposits (cf. Figure 7b) on the surface. 

These surface features are aligned along three high symmetry directions of the Ru(0001) 

substrate which in turn define the growth direction of RuO2(110).  

 

Figure 7: SE micrographs of a) freshly prepared RuO2(110)/Ru(0001) and b) after 
polarization down to -200 mV in aqueous HCl solution (pH = 0.3).   

  

While the previous characterization reveals changes in the crystal structure, morphology and 

chemical speciation of the RuO2(110) ultrathin film during cathodic polarization in the HER 

potential region, cyclic voltammetry is able to emphasize alterations in the electrochemical 
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behavior. The cyclic voltammograms (CVs) recorded after the applying pulse-rest protocol (for 

details see the experimental part) with varying pulse potentials are depicted in Figure 8.  

 

Figure 8: Cyclic voltammograms of the RuO2(110) surface recorded during the cathodic 
treatment in aqueous 0.5 M HCl with a scan rate of 100 mV·s−1. The legend gives the 
stationary pulse potentials which were applied for 30 s each. Evolving cathodic features of 
metallic Ru(0001) are marked with asterisks. The inset shows CVs with magnified current 
axis recorded right after immersion, the rest at OCP(HCl), and for various cathodic 
polarizations.  

 

The freshly prepared RuO2(110) surface was directly immersed in 0.5 M HCl. The CV of the 

clean surface is shown as black line in Figure 8 and is in good agreement with a covering 

RuO2(110) layer.29 An enlarged depiction of the inset is shown in Figure S5. After resting at 

OCP(HCl) (red line) for 55 min the CV is almost identical to the one right after immersing the 

electrode (cf. Figure S5). When the first pulse-rest procedure was conducted at a potential of 0 

mV, additional small cathodic features appear in the CV around 0.23 V and 0.45 V (marked 

with an asterisk) that become more pronounced when going to more cathodic potentials of -150 

mV and -200 mV. These cathodic features in CV are ascribed to the metallic Ru(0001) 

surface.45-48 Furthermore the capacitive current density increases slightly from OCP(HCl) to -

100 mV and then (abruptly) doubles approximately above -150 mV. This rise in the capacitive 

current density may indicate an increase in the electrochemically active surface area that is 

caused by the pseudocapacity of hydrous RuO2. At the same time the OER activity (current 

above 1.23 V) increase significantly by a factor of four. Both findings may be attributed to the 

formation of hydrous RuO2 and metallic Ru49 with their higher activity in OER than 

stoichiometric RuO2.  
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4. Discussion 

From SXRD, XRR, XPS, and CV experiments it is concluded that a 1.66 nm thick single-

crystalline RuO2(110) layer transforms into hydrous RuO2 and metallic Ru for cathodic 

electrode potentials below -150 mV. Similar conclusions were previously drawn for 

polycrystalline RuO2 electrodes.12,17 From the Pourbaix diagram of ruthenium we would have 

expected that RuO2 fully transforms to metallic ruthenium under such reducing conditions.20 

However, this is only observed in the CV of the model electrode treated at -200 mV, but XPS 

indicates clearly the presence of hydrous RuO2. Obviously, not thermodynamics but also 

kinetics determines the (meta)stability of (hydrous) RuO2 under acidic HER conditions. 

At low cathodic electrode potentials the layer spacing of RuO2(110) increased (cf. Figure 2, 

SXRD) due presumably to proton incorporation into the RuO2 lattice. This increase in layer 

distance of RuO2(110) upon contact to aqueous HCl solution at low cathodic potentials agrees 

remarkably well with previous studies on RuO2 thin films.28 At more cathodic potential (-150 

mV to -200 mV) the RuO2(110) layer transforms into a material with no long range order. 

Presumably hydrous RuO2 is formed when considering the XPS data in comparison with a 

recent study of model hydrous RuO2 on Ru(0001) prepared under OER conditions.42 Since 

hydrous RuO2 contains OH and water, as identified by ex-situ XPS (cf. Figure 6), the strongly 

reduced RuO2 layer (polarized to cathodic potential -150 mV) swelled as evidenced by an 

increase of the layer thickness from 1.66 ± 0.04 nm to 2.50 ± 0.04 nm as observed in XRR (cf. 

Figure 5). The supposed massive insertion of protons into the RuO2 lattice below -150 mV 

keeps the octahedral coordination of Ru, but destroys the connectivity among the Ru-

octahedrons and thus the crystallinity of reduced RuO2 layer (SXRD, cf. Figures 1, 2, 3) 

accompanied by a swelling of the layer (XRR) by around 0.8 nm (cf. Figure 5).  

The formation of hydrous RuO2 film is reconciled with a significantly higher capacitive current 

densities in cyclic voltammetry after cathodic polarization below -150 mV (cf. Figure 8) and 

also by the higher current density in the OER region. CVs before and after cathodic polarization 

support this view and additionally indicate that metallic ruthenium is exposed to the electrolyte. 

The cathodic features of Ru(0001) start to evolve after polarization to 0 mV already, but the 

general shape of the RuO2(110) cyclic voltammogram is largely preserved at least up to a 

potential pulse of -100 mV. After cathodic polarization to -150 mV the Ru(0001) related 

features are much more pronounced.  
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The reduction of RuO2(110) under cathodic polarization in the HER potential region can also 

be compared with the chemical reduction of RuO2(110) by exposing the surface to gaseous H2. 

Even at room temperature reduction with gaseous H2 is able to form water at RuO2(110) 

surface50, but this treatment is not able to further reduce the bulk of RuO2(110). Only at 450 K 

H2 exposure reduces the bulk of the RuO2(110) layer slowly to metallic Ru (10-5 mbar within 

1h).35 Since the HER at RuO2(110) proceeds at room temperature, full reduction to metallic Ru 

may be suppressed. Altogether, we anticipate that the evolved H2 at the cathode will not be able 

to reduce the RuO2(110) layer. Instead, the electrochemical reduction involves a sequence of 

consecutive coupled protonation and electron transfer step.   

In the following we provide an educated guess for the mechanism of the electrochemical 

reduction of a RuO2(110) layer in acidic environment that is based on the presented 

experimental results. For cathodic potentials protons penetrate the RuO2(110) layer and are 

inserted by a coupled proton plus electron transfer and it comes to a reduction of Ru from 

oxidation state from IV to III and to finally 0 for metallic ruthenium. For low potentials down 

to -100 mV vs. SHE proton insertion results in the transformation of lattice O into hydroxyl 

groups and the reduction of RuIV to RuIII . Both steps cause an expansion of the interlayer 

spacing of RuO2(110) as evidenced by SXRD without changing the local octahedral 

coordination of Ru. Since the crystallinity of the RuO2(110) film is still high (SXRD), the 

connectivity of most of the Ru-O6 octahedrons is assumed to be still intact. However, the 

formation of hydroxyl groups will lead to rehybridization of O from sp2 to sp3 thereby 

weakening the O-Ru bonding (conservation of bond order). Below a cathodic potential of -150 

mV vs. SHE and therefore with increasing degree of protonation this bond weakening will lead 

to O-Ru bond breaking and a loss of the connectivity of the Ru-O6 octahedrons. In the SXRD 

experiments the O-Ru bond breaking is reflected by a diminishing crystallinity of the 

electrochemically reduced RuO2(110) film. As long as the covering film does not dissolve, a 

well-defined layer is maintained as evidenced by XRR experiments whose layer thickness has 

increased (XRR). This part of the mechanism of the electrochemical reduction of the RuO2(110) 

layer can be considered as “homogeneous” transformation.  

In summary, we suggest the “homogeneous” electrochemical reduction to proceed via the 

following steps: 

(1) RuIVO2 + H+ + e- ⇌ RuIIIO(OH) 

(2) RuIIIO(OH) + H+ + e- ⇌ RuII(OH)2 

(3) RuII(OH)2 + H+ + e- ⇌ RuI(OH) + H2O 
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(4) RuI(OH) + H+ + e- ⇌ Ru0 + H2O 

However, the connectivity of the Ru octahedral can even be reduced to a degree that soluble 

Ru-complexes are formed with enhanced mobility in the electrochemical double layer. The 

chemical nature of such complexes are not precisely known, however, they are likely to be Ru-

oxyhydroxide complexes. We can presume neutral Ru complexes to be solvated; negative Ru 

complexes are unlikely, while positive Ru complexes will not leave the cathode. After 

additional protonation of the solvated neutral Ru complex the cation is re-deposited on the 

surface. This solvation and protonation process provides the required mobility for the 

“heterogeneous” transformation that is evidenced from SEM experiments. We recognize 

deposition in the form of rod-shaped structures on the surface that are likely formed by 

nucleation and growth (heterogeneous growth).  

Just for comparison reasons we address briefly the electrochemical reduction of RuO2 in 

alkaline conditions, a process that may be substantially different. While protons H+ can easily 

penetrate the bulk of a RuO2 film, this is not be the case for water that is split to hydroxyls OH- 

and adsorbed hydrogen atoms under alkaline conditions. Water can only interact at the surface 

of RuO2(110) and adsorbed H is immobile at room temperature.40,51 Therefore, we anticipate 

that bulk RuO2 (110) under alkaline conditions is more reluctant to electrochemical reduction 

and will form smoother reduced RuO2 films than under acidic conditions.         

The observed reduction process of a 1.66 nm thick RuO2(110) layer is not in contradiction with 

a previous study by Lister et al.30. In their study a bulk RuO2 single crystal was employed as 

model cathode and in-situ SXRD did not indicate any alterations in the crystallinity of RuO2 

except that the roughness of the surface increased. However, even if bulk RuO2 is partly reduced 

at the surface, the hydrous RuO2 part is likely to be not crystalline and therefore invisible in 

SXRD, while the remaining RuO2 core is still fully visible in XRD.  

Quite in contrast, in our study a 1.66 nm thick RuO2(110) layer on Ru(0001) was employed and 

as soon as this single crystalline film loses part of its crystallinity the RuO2-related X-ray 

diffraction peaks are strongly affected. This is also the appeal of our present approach using 

well-designed model electrodes. The reduction of a ultrathin RuO2(110) layer on Ru(0001) is a 

well-designed experiment in that the cathodic polarization in the HER potential region attacks 

only the RuO2(110) layer but leaves the underlying Ru(0001) substrate fully intact. Therefore, 

after electrochemical reduction the RuO2-based layer exhibits a sharp hydrous RuO2/Ru(0001) 

interface as reconciled with XRR and quite in contrast to the recently reported preparation of 

hydrous RuO2 by anodic oxidation of Ru(0001).42 From a preparation point of view the 
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reduction of RuO2(110) in the potential region of HER opens the way to produce a hydrous 

RuO2 layer with a well-controlled thickness that can be used as a model catalyst for studying 

for instance the catalytic dehydrogenation reactions in detail.  

Conclusions 

We prepared a ultrathin (1.66 ± 0.04 nm thick) single crystalline RuO2(110) film fully covering 

the Ru(0001) substrate that served as a model cathode for the electrochemical reduction of 

RuO2(110) in the potential region of HER in acidic environment and was studied by in-situ 

SXRD and XRR experiments and supplemented by ex-situ XPS, CV, and SEM experiments. 

With this experiment we demonstrate that in acidic medium RuO2(110) can be 

electrochemically reduced (homogeneous transformation) to a hydrous RuO2 layer with well-

defined thickness and rod-shape deposits (heterogeneous transformation). We propose that for 

cathodic potentials protons penetrate the RuO2(110) layer and are inserted by a coupled proton 

and electron transfer, thereby transforming lattice O to OH and water and reducing the oxidation 

state of Ru. Upon cathodic polarization in the HER potential region (down to -100 mV vs. SHE), 

first a variation of the layer spacings of RuO2(110) was observed with SXRD that is ascribed 

to proton insertion into the RuO2 lattice, maintaining the octahedral coordination of Ru and 

proper connectivity of the octahedrons (rutile structure). Proceeding to even further cathodic 

potentials destroys the crystallinity of the RuO2(110) layer (h- and l-scans in SXRD), 

presumably by transforming lattice O into OH and H2O, thereby breaking the connectivity 

among the Ru-octahedrons. For a cathodic potential of -200 mV the periodicity of the 

RuO2(110) is lost. The formation of OH and water into the RuO2 lattice leads to swelling of the 

layer (observed in XRR). Spectroscopic signatures in O 1s and Ru 3d XP spectra are compatible 

with the formation of hydrous RuO2.  
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- complete experimental SXRD and XRR data sets 

- comparison of XP spectra before and after polarization 
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