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Abstract

The storage of renewable energy is a pressing challenge to overcome in the transition
towards a power grid based on plentiful, yet intermittent energy supplies. The renewables-
driven electrolysis of water to form hydrogen fuel is an attractive avenue, but requires better
oxygen-evolution reaction (OER) catalysts to be feasible at scale. RuO, is touted as one of
the superior OER catalysts, but only under acidic conditions — RuO, electrocatalysts suffer
from poor stability under alkaline conditions. In this work, we evaluate three photode-
posited RuO, OER electrocatalysts, all prepared via a scalable photodeposition method.
Based on electrochemical and spectroscopic studies (x-ray photoelectron spectroscopy and

X-ray absorption spectroscopy) our main findings are that nanocrystalline RuO, catalysts



outperform their amorphous counterpart, and are stable under alkaline (0.1 M KOH) con-
ditions. This works thus lifts a major hurdle towards the use of RuO, for alkaline water

electrolysis.
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thin film deposition

1 Introduction

We need to aggressively curb climate change.! The energy sector — which accounts for approx-
imately 35% of total anthropogenic greenhouse gas emissions? — heavily relies on fossil fuels.?
Meanwhile, global energy consumption is projected to at least double by 2050,%° illustrating
the pressing need for sustainable and greenhouse gas emission-free energy cycles. Renewable
energies (e.g. wind, solar and tidal) are rapidly gaining ground, but suffer from intermittency
issues.® Chemical fuels produced from renewable energy are regarded as an effective energy
storage strategy; renewable energy is stored in periods of availability and low demand, to be
used in periods of low supply and high demand.” Hydrogen gas, H,, is a versatile chemical fuel,
which can be used as a solar fuel when produced via renewables-driven electrolysis.?1° Elec-
trochemical water splitting is composed of two half reactions: the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER).!!'!2 The HER is the cathodic (reduction) reac-

tion, is well studied, and can be done with little overpotential. 11,12

2H,0() — 2H,(g) + 0,(g) (overall)
4H,0(aq) +4e” — 2H,(g) +40H (aq) (HER)
40H (aq) — 0,(g) +2H,0() +4e” (OER)

While H, is the fuel of interest, the OER is recognized as the major bottleneck for H, pro-
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duction as it is thermodynamically and kinetically challenging. It includes multiple proton-
coupled electron transfers and an oxygen-oxygen bond formation. !> While the HER involves a
single intermediate, the OER requires the formation of three surface-adsorbed intermediates.
Each of these intermediate formation steps happen individually, as multiple electron transfer
steps at one time is not kinetically likely, resulting in sluggish OER kinetics and a large overpo-
tential. 19121415 Ag such, potent catalysts are required for this reaction to be driven at an appre-
ciable rate. The large-scale deployment of energy storage requires fundamental improvements
in the catalysts employed.

Noble metal-based materials are often regarded as benchmark electrocatalysts for the OER.
Of these, Ru and and Ir oxides have emerged as the most promising in both alkaline and acididc
electrolyte. Reier et al. presented a comparative study of the activity and stability of acidic OER
over oxidized Ru, Ir, and Pt nanoparticles. !® The study found the catalytic activity to decrease in
the order of Ru > Ir > and Pt. Despite remarkable OER performance by Ru, it succumbs to cor-
rosion at applied potentials and was therefore incapable of sustaining such activity. Aside from
the high cost and low abundance of these precious metals, this study highlights the Achilles heel
of these high-performing catalysts, their stability under OER conditions. Ir finds relatively good
OER stability. However, at high anodic potentials, dissolution has been reported to occur by the
formation of Ir%* species. The instability of Ru has been reported to arise due to the formation
of soluble high oxidation states of RuO,. Anodic polarization of the Ru4+O2 electrode produces
a volatile tetroxide Ru®*O , Tesulting in the dissolution of the Ru active site.

Our group has pioneered the use of UV-driven photochemical deposition to produce amor-
phous metal oxy(hydroxide) OER catalysts.!” Many times, we have found that amorphous cata-

1718 including IrO. ' Similarly, Salva-

lysts outperform otherwise identical crystalline variants,
tore et al. produced RuO, OER catalysts 20 from the photo decomposition of (tmhd) ,COD based
organometallic complexes.?! However, Ru(tmhd) ,COD derived photodeposited films were not

characterized due to poor adhesion to substrate.?° A simple solution to this limitation was to

produce RuO, thin films using inorganic precursors treated with near infrared light, a method



called near infrared driven decomposition (NIRDD).2%2?2 In general, both photodeposition ap-
proaches provide scalable, low-cost avenues to producing amorphous metal (oxy)hydroxides.

The enhanced catalytic performance of these amorphous materials however remains largely
unexplained. X-ray absorption spectroscopy had proven to be an invaluable tool in resolving
mechanistic aspects of the OER mediated by these photodeposited materials; however such
studies have to date focused on first-row transition metal-based materials.?3-26

In this work we structurally, spectroscopically and electrochemically investigate ruthenium
oxide films produced by both photochemical methods (UV-driven and NIRDD) to determine
the effect of the synthetic route on the catalytic activity of RuO, electrocatalysts under alkaline
conditions. Our main findings are that the deposition method has a significant impact on struc-
ture, electrocatalytic performance and durability, while the precursor used does not appear to
have much influence. Specifically, using a combination of x-ray photoelectron spectroscopy,
electrochemical measurements, and XAS - including in operando methods — we find that the

nanocrystalline NIR-deposited RuO, is the superior catalyst. Importantly, this nano-RuO, elec-

trocalyst is stable under alkaline conditions.

2 Results

Three photodeposited RuO, electrocatalysts were evaluated in this study. Catalysts prepared
under UV irradiation from ruthenium(Il) 2-ethylhexanoate are labelled as Rug;l. Catalysts pre-
pared under NIR light were made using two different precursors: ruthenium(II) 2-ethylhexanoate

(labelled Ruggf), and ruthenium(III) chloride hydrate (labelled Ruglm).

2.1 IRstudy of the photodecomposition of the ruthenium 2-ethylhexanoate

A ruthenium precursor was synthesised starting with RuCl, -H, O through a simple ligand ex-
change with 2-ethylhexanoic acid, and was found to have suitable UV absorption in the 230-
260 nm range (see section S2.1 of the Supplementary Material). We investigated the photode-

composition of this precursor under UV light through FTIR spectroscopy (Fig. S3). While the



bands do not decrease in a monotonic manner — an indication that intermediate species are
formed and further decomposed during the process —all bands are seen to decrease to the base-
line within 8 hours. Similarly, this precursor also decomposes when exposed to NIR radiation
(Fig. S4), in a significantly faster process as bands associated with the precursor are completely

gone within an hour.

2.2 Structural characterization of the as-prepared RuO, thin films

Fig. 1 shows the XRD patterns of Ruy.%, Rugj¥, and Ruly prepared on carbon paper. No Bragg
reflections assigned to RuO, are observed for the Ru L, film. The only discernible peaks ob-

served for RulV arise from the carbon paper substrate. This is consistent with the formation

2eh
of an x-ray amorphous sample. In contrast, diffractograms for samples prepared by NIR irradi-
tation (i.e., RuNIR and RuNIR) exhibit low-intensity, broad peaks at 26°, 35°, 40°, and 57°; peaks
attributed to the RuO, (110), (101), (200), and (220) planes, respectively. The crystallite size of
the NIRDD samples can be calculated via the Scherrer equation (Eqn. S1). A crystal size of 12.4
+ 1.3 and 17.70 + 1.8 nm was estimated for Rulz“llf and Ruglm, respectively.

The surface morphology of the deposited films was investigated by SEM. As can be observed
in the images (Fig. S5), all three RuO, samples maintained the fibrous texture of the carbon
paper. However, NIR photodeposition produces a rough surface coating on the fibres (Fig. S5
(a-b) and (d-e)). In contrast, a smooth, featureless coating is obtained by UV-deposition.

XPS spectra of the as-prepared films were recorded and fit (Figs. 2 and S6-S8). Tables S1
and S2 compile all peak fitting parameters and assignments for the C 1s, Ru 3d and 3p, and O
1s core levels. The C 1s signal overlaps with the Ru 3d regions, and the resulting spectra is fit
using two sets of spin-orbit split doublets for Ru 3d and their corresponding satellite peaks, and
a single C 1s peak (Fig. 2). The Ru 3p region exhibits a spin-orbit split 3p3,» and 3p;,2 doublet,
and their accompanying satellites (Fig. S6). Within the O 1s spectra (Fig. S7), the main O 1s peak

is assigned to the signal at 528.9 eV with a satellite at 530.1 eV. The presence of Cl is observed in

the Ruy® survey spectra presented in Fig. S8.
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Figure 1: Powder XRD patterns collected on carbon paper, showing the RuO, prepared by NIR
are nanocrystaline (highlighted areas show Bragg peaks for RuO,), while the UV-prepared sam-
ple is X-ray amorphous. Reference patterns are shown for RuCl, (ICSD ref n. 414040) and RuO,
(ICSD ref no. 15071). Note that the experimental patterns are presented on a log scale as the
carbon paper substrate peaks are significantly more intense than the RuO, thin films, and offset
for clarity.

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) probe the oxidation state and local structure environment at the Ru K-edge. The
XANES spectra for the Rulglm, Ruggf, and Ru samples are presented in Fig. 3a, along with a
crystalline RuO, standard. To calibrate the XAS spectra, three reference compounds were also
measured (Ru, RuCl;, and RuO,,, with formal oxidation states of 0, +3, and +4, see Fig. S9). The
resulting calibration curve showed that a positive K-edge position shift of ~0.795 eV is asso-
ciated with a change in oxidation state of +1. We note that this number is lower than many
estimates found in the literature, where shifts ranging from 1.16 to 1.91 eV per oxidation state
are reported,?’ 2% indicating our estimated oxidation states are likely to be taken as a upper

limit. This difference may be due to the standard samples being used, the method used to

determien the edge position, or a combination of both. With this in mind, when the K-edge

NIR RuNIR RuUV

a o Ruygp are added to this curve, oxidation states can be inferred,

positions of the Ru

with RuNIR showing an average Ru oxidation state of +6.1, RuNIR with +4.6, and RuUV having
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Figure 2: Ru3d and C 1s XPS spectra for the Ruj%, Ru)a®, and Rujy films. (a-c) are as-prepared,

and (d-f) show samples after OER. In particular, note the significant decrease of the Ru 3d signal

for the Rujy post-OER sample (d).

the lowest resting oxidation state of +3.5, noting the energy spanned by the 3 samples (2 eV)
may correspond to a difference in oxidation state as small as ~ 1.05.

The EXAFS spectrum for Ru‘zlt}{1 is presented in Fig. 3b. Upon comparison with the crystalline
RuO, standard it is clear the structural coherence is suppressed, as only a single peak near R =
1.98 A is observed (Table S4). This lack of structural coherence is confirmed by the best fit (Ta-
ble S3), which is based on rutile-phase RuO, (P4;/mnm).3* The prominent peak is assigned
to a slightly distorted RuOg octahedron. Although the ratio between the equatorial and axial
Ru-O bond distances remain the same as the crystalline counterpart (i.e., 3% of extension), the
overall RuO, structural framework of Rug‘:l’1 is relatively loose, with most fit bond distances be-
ing elongated. The fitting indicates all neighbouring Ru shells are drastically suppressed. This
is consistent with the x-ray diffraction results, and an amorphous RuO, material, a-RuO. This
behaviour has been observed in similar amorphous photodeposited metal (oxy)hydroxides thin

films.?>243! The coordination numbers for outer shells bonding are all lower than the crys-
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Figure 3: Ru K-edge XANES (a) and kz—weighted x(R) EXAFS spectra (b) of all three photode-
posited samples, and crystalline RuO,, as a reference compound. Red dotted lines are best fits
to the data; spectra are offset for clarity.the sampels are well modelled with a rutile-phase RuO,

(P4, /mnm).

talline model compound; the Ru-Ru path for corner-sharing RuOg octahedra is shortened. This
effect likely can be attributed to the displacement of surface RuO; octahedron from their ideal
positions towards the surface of RuO, nanoparticles.

The XANES spectrum recorded for both NIR-deposited samples are very similar to that of
RuO,; in particular all three cases possess white line with a double-peak feature, however the
relative intensities of these two peaks are all different. To elucidate the origin of this trend, we
performed ab initio calculations using the FDMNES code>? to simulate the X-ray absorption
spectra of RuO,, clusters of different size (see Fig. S10). Modeling reveals a positive slope for the
dual-peak white line shape for particles ranging in size from a RuO, octahedron up to particles
with a 4.0 A radius; a negative slope is observed for sizes > 4 A to 6.0 A. A change in relative
intensity is reproduced by these calculations, indicating it could be related to particle size.

The EXAFS fit results for Ruggf are presented in Table S5. The local structural environment
around the Ru atoms matches very well to that of RuO, of the P4,/mnm type.3° The first co-
ordination shell shows a slightly enhanced local structural distortion of the RuO4 octahedron,
when compared to what was reported by Goldschmidt.3° The axial Ru-O bond along the 4-fold
rotation axis is elongated by 0.03 A, concomitant with the shortening of the four equatorial Ru-
O bonds from 1.976 to 1.95 A. The first shell structural distortions further impact the outer-shell

Ru coordination environment accordingly.



ggf is the same as that of RuYV , but more

The overall Ru local structure environment for Ru 2eh’

ordered (Table S5).

NIR

As was pointed out from XPS results, the presence of Cl was detected in our Rug;

sample.
This is presumably unreacted RuCl,, our starting material. The presence of RuCl, is confirmed
from both the XANES and EXAFS analyses. Linear combination fitting of RuO, and RuCl, ad-
equately reproduced the XANES spectrum, and its first derivative (see Fig. S11 and Table S6).
Similarly, the EXAFS spectrum is appropriately fit by including both species (Table S7). The

structural parameters extracted for RuO, indicated distances of 1.92, 2.06, and 3.22 A for the

equatorial Ru-0O, axial Ru-0, and second-shell Ru-Ru bonds, respectively.

2.3 Electrochemistry

The electrocatalytic performance of the RuO,, thin films was evaluated using a three-electrode
system in 0.1 M KOH electrolyte. Measured cyclic voltammograms (CVs) are plotted in Fig. 4. All
reported CVs are recorded after a minimum of 100 cycles at a scan speed of 0.01 Vs™! (see Fig.
S$13). As is shown in Fig. 4a, all three photodeposited samples exhibit a distinct anodic redox

: NIR NIR uv .
peak located at potentials 1.38 V, 1.38 V, and 1.77 V, for Ru/ ™, Rug and Ru,, , respectively.

To explore the reversibility of the catalyst, we also report the cathodic scan. The redox features
of Ru appear to be reversible as the peaks are present in both the forward (anodic) and reverse
(cathodic) sweep regions.

To benchmark the catalytic performance of the RuOy catalysts, the Tafel slopes and over-
potentials at catalytic onset fonset, and 10 mA cm ™2 were determined (Table 1). Nominal dif-

ferences in catalytic activity were found amongst the NIR-deposited samples, indicating little

NIR

dependence on the metal precursor used in deposition. Moreover, OER activity over the Rug,

NIR

and Ru2eh

electrocatalysts is in-line with previously reported RuO, materials.**7 The Rujy

catalyst, on the other hand, presented markedly different OER performance. All benchmarking

o s . uv
parameters were significantly higher for Ru,

: NIR NIR
o, When contrasted against Rug; ~ and Ru,,, (Table

1).
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Figure 4: Electrochemical characterization of the RuOjy electrocatalysts in 0.1 M KOH elec-
trolyte. a. Cyclic voltammograms normalized to geometric surface area, b. Tafel plots, c.
chronoamperometry. As can be seen, there is little difference between the nanocrystalline NIR-
deposited samples, which greatly outperform the UV-deposited sample.

Chronopotentiometry experiments were carried out to probe the stability of the RuO, cata-
lysts during the first hour of operation (Fig. 4c). At a current density of 10 mA cm ™2, Ru3® and
Rulzvgf showed good stability with only about a 3 % increase in potential after one hour. On the

contrary, Ru;IV exhibits poor stability, with roughly a 9 % potential increase within the same
eh

one-hour window.

Table 1: Kinetic paramters for RuOx thin films

Sample Tafel slope 7onset 7M10mAcm-2

mVdec™V) (V) (V)
Ru)R 44 0.15 0.40
Rug‘}f 43 0.15 0.43
Ru 220 0.76 1.42

2¢eh

10



reverse
sweep

a. p._ 804forward

o

22121

22120

normalized ux
(o)}

22121

(4]

D
oxidation state

22120

Ru K edge position/ eV

(2]

22121

(4]

[
N

22120

04 ——r—r— — T T T T
22100 22150 NN PN P PASINCING
photon energy | eV E/V vs RHE

Figure 5: Operando XANES spectra for the three photodeposited RuO, samples (a) as the poten-
tial E is applied (b). The K edge position is presented as a function of E. A potential of 0.99, 1.75,
and 2.85 V vs RHE is applied for steps 1 & 5, 2 & 4, and 5, respectively. The dashed horizontal
lines in (c) are the ex sifu edge positions.
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2.4 In- and post-operando characterization

The XRD patterns of the post operando Rugy® and Ruj. are shown in Fig. S15. No new phases
were observed. However, Scherrer analysis revealed an increase in crystallite size after OER.
Crystallite size in the Rujy® increased from 17.70 + 1.8 nm to 22.65 + 2.4 nm, whereas the Ruj.%
crystallite grew from 12.4 nm + 1.3 to 19.6 £+ 2.1 nm post-OER. Post operando XRD analysis of
the Rug:l’lshowed that its amorphous phase was preserved throughout operation.

The XPS spectra before and after OER operation are shown in Fig. 2, S6 and S7 (Rug:l’l—PO,
Ru):*-PO, Ru}[*-PO)

The intensity of the Ru 3d core level spectra greatly decreases in the Rug;{l—PO spectra
(Fig. 2d). The 3ds5,2 and 3ds,» peaks after operation shift down by 0.1-0.2eV to 281.5 and 285.7
eV, respectively. After operation, the 3ds,, satellite peak was not resolved. Within the Ru 3p re-

gion shown in Fig. S6, only the SnO substrate was resolved, indicating that the film deteriorated

NIR

during operation. The Ru,g; —

PO XPS spectra before and after operation is shown in Fig. 2b &
e. Ru 3ds/2, 3d3/2 barely change pre/post OER. The Ru 3p spectra shown in Fig. S6 display iden-
tical peak positions pre and post-operation. The O 1s has an anhydrous peak present in both
the as-prepared and in the post-operation; however the peak becomes sharper and higher in
intensity, with the FWHM decreasing from 3.09 to 2.91 eV.

Fig. 2 shows the Ruy® spectra before and after OER operation (Rug) “—PO). The Ruy{*-PO
shifts to lower binding energy, with main Ru 3ds,, and 3ds,» peaks centered at 280.1 and 284.3
eV, respectively. This 0.2 eV downward shift (also observed in the O 1s spectra, Fig. S7) is indica-
tive of a change in hydration, and agrees with literature results.®® The Ru 3p spectra (Fig. S6)
also exhibits a decrease in binding energy of the peaks after operation. An additional O 1s peak
appears at 532 eV post-OER, assigned to an anhydrous oxide.

The operando XAS measurements were conducted to investigate the changing ruthenium
oxide catalyst as a function of applied potential, during and after a catalytic cycle (Fig. 5).

The Rug:{1 Ru K edge spectrum showed little variation in oxidation state throughout the

potential cycle, the edge shifting by 0.68 eV from OCP to the highest potential reached. The
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4.7+

largest change happens as the catalyst returns back down to OCP, resting at Ru after op-

NIR
Cl

NIR

and RuZeh

eration. Ru follow similar general trends, first increasing, before reaching their

lowest state under OER conditons, and coming back close to its initial state.

3 Discussion

To gain insights into the OER over the photodeposited RuO, catalysts, we first look at their

uv RuNIR RuNIR

electrochemical performance. Polarization curves of the RuZeh, seh’ RUQGY

and bare C-paper

are displayed in Fig. 4. Using the CVs to evaluate the overall OER activity, the NIR-deposited

uv
2eh’

uv

NIR ~ RudIR > RuJY .

samples clearly outperform the Ru,, , following the order: Rug; eh Preceding
the onset of the OER, a distinct, reversible, peak at roughly 1.375 V vs RHE corresponding to
the Ru(VI/VII) redox couple is observed in both the RulglIR and Ruygf samples.3% 4 A much
less prominent peak is seen in the Rug‘:l’1 sample at a higher potentials of 1.781 V vs RHE. This
redox peak has been previously used to contrast the activity of different RuO, catalysts, where
it was found that the integrated charge of the anodic peak scales with OER activity.3° In other
words, the greater the charge discernible from the integration of the anodic Ru(VI/VII) peak,
the greater the catalytic activity of RuO,. A greater charge was linked with the availability of
unsaturated Ru active sites. This analysis of the Ru(VI/VII) redox peak is employed herein to

distinguish amongst the similar OER activities of the NIR-formed catalysts. By varying the metal

precursor in the photodeposition, we find a marginal increase in the RulélIR Ru(VI/VII) redox

NIR

peak area relative to Ru,,, .

As reported in literature, this suggests that a slightly greater number
of oxidizable Ru-active sites are accessible by using the RuCl; precursor when compared to the
ruthenium 2-ethylhexanoate precursor.

To elucidate any compositional effects of the RuO, on the catalytic activity and remove any
contributions by differences in surface area (i.e., morphology), the electrochemically active sur-
face area (ECSA) was determined from the double-layer capacitance (Cq)).*? In brief, CVs were

obtained in a potential region of minimal faradaic current response at various scan rates. The

only current contributor is assumed to be from the charging of the double layer. The slope of
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the charging currents as a function of scan rate yields the Cy; (Fig. S12). The ECSA values calcu-
lated for Rul[® and Ru)'} were 509 and 283 cm?, respectively, per geometric cm?. These ECSAs
were two orders of magnitude higher than that of Rug:f1 (1.76 cm?). With these results, it can be

NIR

deduced that the the nominally better electrocatalytic performance of Rug,

when compared
to Ru) .} likely arises from a higher ECSA. However, the ECSA results fail to explain the sluggish
kinetics of the Rugxl.

Activity descriptors were attained to further explore the differences amongst the prepared
RuOy catalysts. Namely, we report the minimum potential required to produce O, (onset), and
the overpotentials 7, required to reach a current density of 10 mA cm™2 (Table 1). In-line with
the results discussed above, the electrochemical activities of the NIR-deposited films are virtu-

ally identical to one another. Predominantly, the differences arise when the catalyst preparation

method is altered. An 71gnget 0f 0.15 V vs RHE was obtained with the RuglIR and Ruggf, whereas

uv

a significantly higher 0.76 V vs RHE was observed for Ru,,; .

The steady-state Tafel slope measurements of the RuO, catalysts were carried out to gain a
better understanding of the kinetics at play. Tafel slopes are determined from the linear regions
in Fig. 4b, and reported in Table 1. The Tafel slope is a kinetic parameter, correlated to the rate-
determining step of the OER. Further, the slope is often used as a phenomenological descriptor
of catalytic activity, indicating the overpotential increase required to raise the current density
(i.e., rate) by one order of magnitude. As expected from the results discussed above, the NIR-
prepared samples show near equivalent Tafel behaviours with slopes of 44 and 43 mV dec™!
for the Ruj.X and Ru®, respectively. A slope nearing 40 mV dec™! suggests a second elec-
tron transfer to limit the overall rate of the reaction.*® On the other hand, a large slope of 220
mV dec™! was obtained for Rug;{l. Such a dramatic increase in Tafel slope, compared to the
NIR-formed catalysts, evince the hampered OER kinetics over the amorphous catalyst. Notably,
220 mV dec™! significantly deviates from the commonly reported Tafel slopes for simple OER

electron-transfer reactions, 120, 60, 40, 15 mV dec™'.*>** Various rationales for anomalously

high Tafel slopes have been proposed. Particularly, potential drops throughout the catalyst due

14



to factors such as large thickness variations and formation of poorly conductive (high ohmic
resistance) layers. 446 This causes a potential distribution through the catalysts and can lead to
low values of the charge transfer coefficient a (< 0.5). Decreasing the value of a by half, the Tafel
slope is subsequently doubled. Another common explanation for the stark increase in the Tafel
slope is the change of adsorbed species surface coverage.3%*" This effect is especially true at
higher overpotentials, where the dominant surface termination of noble metal oxides has been
reported to evolve from a hydroxy to oxo groups, producing Tafel slopes of 240 mV dec™!.%’
Assuming a doubling of the Tafel slope (a value halved) by the amorphous Rug:{1 electrode, the
OER is limited by the first electron-transfer step; commonly ascribed to a 120 mV dec™! slope. 4

The catalytic stability of the photodeposited samples in alkaline conditions was character-
ized by chronopotentiometry. The analysis revealed yet another clear advantage of the NIRDD
technique over the UV-deposited as it relates to RuO, catalysts. Only a 3 % activity loss was
observed during the first hour of operating the Rugy * and the Ru}'} at 10 mA cm™?, whereas 9
% was observed in the Rugxl. The Pourbaix diagram of RuO, sheds some light into its instabil-
ity: above a pH of 12, Ru will form soluble species at even modest potentials.*® Stability issues
experienced with Ru-based electrocatalysts are attributed to the formation of higher oxidation
states of the oxide by an applied anodic potential (e.g., RuO, — RuO 4).49’50 Consequently, dis-
solution of the RuO, diminishes OER activity. In our case, it appears the nanocrystalline phase
imparts additional stability to the material, even at pH = 13. The amorphous phase does not
convey this desirable added stability. To enhance the stability of Ru-based electrocatalysts, var-
ious strategies such as heteroatom doping and nanostructuring have been employed. However,
few reports show stable RuOy catalysts in alkaline conditions. Our results indicate that a highly
stable alkaline OER RuOy catalyst can be accessed through the NIRDD method. Accordingly,
this emphasizes the importance of the deposition method utilized in preparation of the cata-
lyst, while the Ru precursor seems to have little-to-no impact on catalysts performance.

To place our results in-context with that reported in literature, the n (10 mA cm™2) of various

noble metal (Ir and Ru) based alkaline OER catalysts is plotted in Fig. S14.3436:51-57 The NIR-
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prepared catalysts are within the expected activity range, especially when compared to RuO,.
On the other hand, the UV-deposited sample exhibits strikingly poor activity, relative to those
reported. Intriguingly, throughout our investigations of photodeposited amorphous OER cat-
alysts, we have previously found the general trend that the amorphous OER electrocatalysts
outperform their crystalline counterpart.!"19232458.59 1y this case, we find that the amorphous
material is neither performing, or durable. In contrast, the nanocrystalline RuO, presents ex-
cellent stability under alkaline conditions.

To date, the stability of disordered OER catalyst materials remains a controversial topic
within the literature. For instance, studies such as that conducted by Geiger et al., show a gen-
eral trend of increasing activity but decreasing stability when transitioning from an ordered
(crystalline) IrO, to the disordered (amorphous) phase.®® This trend is also observed beyond
the noble metals, in first-row transition metals.%-63 Conversely, studies by Cherevko et al. and

Jovanovic et al. suggest the opposite, where dissolution of IrO, is minimized by utilizing its

NIR RuNIR

a » Ruyg, and

amorphous phase.%5% These results suggest that, alike those obtained by Ru
Rug;g, different types of disordered phases can be obtained. As we demonstrate, the deposition
method is crucial in obtaining a disordered structure with desired stability and activity.

We now turn to correlating the electrocatalytic activity with structural features of the pho-

todeposited films. By XRD, the NIRDD formed nanocrystalline phases of RuO,, regardless of the

metal precursor used. This is in good agreements with previous reports.?° From the Scherrer

NIR

estimation of the crystallite size slightly greater ordered domains are inferred for the Rug;,

over
the Ruj.X. On the other hand, the UV-deposited sample was found to be fully XRD-amorphous,
as is typical of the UV photodeposition method. 1719:23:24:31

The Ru 3d core level spectra are useful to differentiate between anhydrous RuO, and hy-
drated RuO, -xH,O; the latter having wider peaks (as evidenced from larger FWHM) and sup-
pressed satellite peaks when compared to anhydrous Ru02.38'66 However, Morgan’s study does
not disentangle whether the hydration state or the crystallinity of the sample affects the spec-

trum more, which throws some ambiguity in our own interpretation that follows. 3
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Fig. 2a-c shows the Ru 3d XPS spectra for each of the RuO, catalysts. In general, all samples
show substantial satellite peaks, more consistent with RuO, than its hydrated counterpart.>?
Given we have amorphous and nanocrystalline species, in this size range it appears that the hy-
dration level may indeed impact the spectrum more than crystallinity. The overall envelope of
the Rujy sample displays different features compared to the Rujl} and Rugy® samples. Rujy
has broader spectral features, which may indicate more atomic sites, or higher levels of hydra-
tion; both being consistent with its amorphous nature, and in agreement with our XRD and
EXAFS analysis. The RuNIR has a high ratio of satellite to main peak as well as narrower features
(Table S2), indicating it may be less hydrated than RuNIR This is further supported by the O 1s

DR is characteristic of anhydrous Ru0O,.*

spectra, where the envelope for Ru,

The EXAFS analysis is in general agreement with the the XPS and XRD data in that the sam-
ples are well modelled as RuO,, and an increase in ordering is observed between the UV- and
NIR-prepared samples.

XPS showed changes after OER operation, indicating a modification for the structure and/or
composition of the sample while carrying out the OER. After a potential is applied, the Rugxl—
PO catalyst disintegrates, as is tracked through the Ru 3d and 3p spectra; in the latter region
only the SnO substrate’s Sn 3d signal is visible, with no Ru present (Fig. S6). This behaviour
is consistent with the low stability and performance of the Rugx1 sample, which required high
potentials and thus operated in a window where dissolved Ru species are formed. After OER
operation, the Ru3 X and Ru):¥ both move towards a more anhydrous nature.

Even though the Ru2eh sample demonstrated low stability, it is interesting to observe that
throughout in operando measurements, there is a progressive ordering occuring, as seen from
the mean RuO, cluster size (Fig. S16, determined from size-dependent linear combination fit-
ting). This increase in coordination number of the two outer shell Ru-O is due to a progressive
oxygen vacancy occupancy, leading to a development of a more complete RuO, structural envi-

ronment as catalysis proceeds. This may suggest that careful conditioning of the UV-deposited

may be possible to render a more durable catalyst.
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The Ruggf XANES spectra do not substantially change during potential cycling. Upon in-
spection of the first derivative of the signal, a trend consistent with crystalline domain size de-

crase is observed (Fig. S17).

NIR

RuglIR in operando EXAFS fitting revealed that RuO, is a major species of the Ru;

system,
contrary to the as-prepared samples which contained RuCl,; and RuO,. As catalysis proceeds,
linear combination fitting of the XANES spectra did not indicate any progression in the sample

composition, and indicated that the major species (85-95 %) is RuO, throughout the catalytic

NIR

cycle. Comparison of Ru,

between FEFF modeling and experimental data revealed identical
EXAFS between steps 3-5. From an EXAFS perspective, the Ru local structural environment is
identical between these steps, indicating no major structural changes happening during catal-
ysis.

The evolution of oxygen can be approached by two different mechanistic pathways. The first
being a 2e- transfer reaction, involving the direct coupling of 2M-O intermediates to form O,.
The other pathway is comprised of 4 e- transfers, proceeding through a M-OOH intermediate
which decomposes to produce O,. Although both require consideration, the general consensus
in literature is that the OER is a 4-step reaction, forming reaction intermediates M-OH, M-0O,
and M-OOH to generate O,. 1249 Understanding catalyst transformations during the OER would
provide new avenues for catalyst improvement and development. To this end, changes to the
RuO, catalysts during the OER were established by monitoring variations in the XANES XAS
region at electrode potentials, held at values preceding, during, and succeeding OER catalysis.
Shifts in the XANES spectra to higher energies (e,) translates to an increase in oxidation state,
and vice-versa.

Commencing the operando study with an applied potential (1 V vs RHE) in step 1, a con-
siderable oxidation state change occurred in the amorphous catalyst, compared to the ex-situ
results. RuYV oxidation state decreased from +6.1 (ex-situ) to +3.8 in step 1, whereas minor

2eh

oxidation state changes of 0.2 and 1.2 were observed for Rulj® and Ru}'\, respectively. Ini-

tial oxidation state changes are expected, given the catalyst is being submerged in an alkaline
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uv

electrolyte and small potentials are applied.%” However, the drastic changes of the Ru,

are

beyond expected, rather it may be a demonstration of the instability of the amorphous RuO,

phase. Evidence of this instability is also seen in the XPS and chronopotentiometry results.
The potential applied to catalyst is then pushed into the catalytic region, at 1.7 and 2.8 Vvs

RHE for steps 2 and 3, respectively. Little change in the Ru oxidation state in the amorphous

catalyst is observed. This is in-line with the electrochemical results, in which sluggish OER

NIR
Cl

NIR

and Rquh

kinetics govern the Rulz{:{l. The nanocrystalline Ru are both oxidized in step 2, and
subsequently reduced in step 3. Although the decrease in Ru oxidation state during catalysis
would appear counterintuitive for the catalysis of an oxidation reaction, it has been previously

rationalized by Pedersen et al.®®

Using DFT calculations, they show that just prior to onset, the
dominant surface termination of RuO, is O* (an O atom adsorbed onto an open active site *);
explaining the increase in Ru oxidation state at step 2. The conversion of this O* to OOH* was
found to be the rate-limiting step of the OER over RuO,. However, once the potential to convert
O* — OOH* is overcome, O, is readily evolved. Therefore, as the potential is increased, the O*
surface coverage is decreased as it is converted to O,, leading to a reduction of the Ru oxidation
state.

To close the catalytic cycle, the potential is reversed (in the cathodic direction) to 1.7 (step 4)
and ~1 V vs RHE (step 5), alike step 1 and 2. With this, the reversibility of the RuO, catalyst can
be probed. The nanocrystalline samples recuperate their original oxidation state at the end of
the cycle (step 5). Conversely, the amorphous catalyst terminated the OER cycle at a higher ox-
idation state from what it started. These results further support the notion that the amorphous

Ru catalyst formed by UV-deposition is considerably unstable, and the nanocrystalline phase

by NIRDD is stable under alkaline OER conditions.

4 Conclusions

In this work, we evaluated three electrocatalysts prepared by two photochemical methods: UV-

driven photodeposition from a ruthenium 2-ethylhexanoate precursor, and NIR-driven decom-
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position from the same ruthenium 2-ethylhexanoate, and ruthenium chloride. We find that
the UV- and NIR-derived samples differ in their structure — one being amorphous, the latter
nanocrystalline — and their electrochemical performance. The amorphous, UV-deposited RuO,
has poor electrode performance, and limited stability under alkaline conditions. The nanocrys-
talline samples, however, have good OER catalysis capabilities and are, more importantly, stable
under alkaline conditions. This removes a hurdle to the widespread use of RuO, as an alkaline

OER catalyst.
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