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Aspect Ratio-Engineered Ru-Integrated W,30,9: Controlled
Growth and Enhanced Electrocatalytic Activity

Sandro Zorzi,* Efrat Shawat Avraham, Kassa Belay Ibrahim, Bibhudatta Malik,
Gili Cohen Taguri, Gilbert Daniel Nessim, Tofik Ahmed Shifa,* Alberto Vomiero,*

Elisa Moretti* and Elti Cattaruzza>

The sustainable production of renewable fuels and feedstocks is currently
constrained by the slow kinetics of anodic oxygen evolution reaction (OER).
Precious metal-based catalysts such as Ir suffer from stability issues as well as
high capital cost. To enforce the future of green hydrogen production, this study
develops Ru-integrated W-30,49 nanowires (NWs), as an efficient and stable OER
electrocatalyst. This study obtains Ru-W;30,45 NWs by a combined physical vapor
deposition—chemical vapor deposition approach. It discovers the NWs growth
mechanism, characterized by two different growth kinetics. Herein, it finds that
the integration of just 3% of Ru in the oxygen-deficient W13049 NWs remarkably
increases the number of active catalytic sites during OER, showing faster kinetics
(60 mV dec™') and a reduced overpotential of 360 mV at 10 mA cm 2 The
electrode’s observed catalytic performance and long-term durability over 36 h
(12 h each at 10, 30, and 100 mA cm %) combined with the versatility of the two-
step synthetic route, are a promising research approach for future industrial

applications.

1. Introduction

Oxygen evolution reaction (OER) is the complementary anodic
half-cell reaction to the cathodic hydrogen evolution reaction
(HER) of the water splitting as well as for N, or CO, reduction
reactions. OER suffers from the sluggish kinetics due to multiple
proton-coupled electron-transfer processes and a relatively high
overpotential,! considered the bottleneck, resulting in low
energy conversion efficiency.>?! Therefore, the exploration of
efficient OER electrocatalysts with low overpotentials and faster
reaction kinetics is highly desirable for viable and scalable energy

storage and conversion technologies. Pre-
cious metal and metal oxides, such as Pt
and IrO,, are the state-of-the-art HER
and OER catalyst materials in the proton
exchange membrane (PEM) water electro-
lyzers, respectively. However, their high
cost, scarce reserves, and insufficient dura-
bility severely hinder their widespread
application. The development of robust
and cost-effective OER electrocatalysts is
important to achieve clean and sustainable
energy utilization aiming to decarbonize
the planet. In contrast to the Ir cost, Ru
is cheaper and significantly more abun-
dant; thus, RuO, is considered a potential
alternative to IrO,, to expedite the kinetics
of oxygen production.! First and foremost,
Ru is much less expensive (16 USD g™
than Ir (163USDg™') and even than
Pt (33 USD g %).>”) Moreover, Ru-based
nanomaterials demonstrated intriguing
catalytic ability for both OER and HER. As a figure of merit,
in HER, Ru metal has a similar affinity for hydrogen (about
65 kcal mol ™) as Pt (about 62 kcal mol™*).®% On the other hand,
Ru-based catalysts have moderately strong binding energies of
OER intermediates (O*, OH*, and OOH), thus helping to opti-
mize the reaction free energy.!'” RuO, rutile is increasingly con-
sidered a promising catalyst also in acid media, where most other
oxides suffer from instability and dissolution.'*™"¥! Its activity is
stored in the uncoordinated metal and oxygen sites, capable of
catalyzing bond formation, and breakage when reactant mole-
cules interact to compensate for undercoordination.™* These
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catalytic unsaturated sites are also shown to operate differently
during the reaction depending on the crystal facets where they
are located and the OER enhancement at the Ru sites is not pro-
portional to their density over the different facets (100), (101), and
(110). Specifically, the coordinatively unsaturated Ru sites on
(100) and (101) decrease the binding energy of OER relevant inter-
mediates. These specific Ru sites on (110) were shown to catalyze
also the electron-coupled deprotonation of adsorbed water for
-0 and -OH.!"”! The iteration of the latter reaction for other water
molecules in the proximity of a neighbor -OH group generates
the -OO-H species on Ru unsaturated site. Finally, an oxygen mol-
ecule has evolved from the deprotonation of -OO-H that is con-
sidered the rate-determining step. Despite the extraordinary
catalytic properties of ruthenium, it showed poor stability
throughout the electrocatalytic cycles of the water splitting reac-
tion. During the water oxidation, Ru cycling through a Ru**/Ru*"
transition is the thermodynamically limiting process that heavily
contributes to the OER overpotential.l'"'”! In this regard, the over-
oxidation of Ru™" cations (for n > 4), especially in acid environ-
ment, can result in the formation of soluble species that cause the
dissolution of the catalyst. The discovery of an effective buffer
material, able to accept and then to feedback electrons to
electron-deficient Ru active sites during the redox electrocatalytic
cycle, can lead to synergy between stability and efficiency.'”
The earth-abundant tungsten oxides, such as WO; and
W180.49, can support co-catalyst materials for Ru-based catalysts,
thanks to their intrinsic stability in acid and alkaline environ-
ments."®'*! In addition, thanks to the formation of strong coor-
dination environments and electronic interaction, Ru cations can
benefit from protection to overoxidation. Moreover, WO, pos-
sesses exotic and intriguing properties deriving from the altered
valence state of W and the natural presence of oxygen vacancies
(Ov), that are well known active catalytic sites for OER.*”
Examples of catalyst materials integration with the W;3049 phase
and the promising activity of Ru-based materials in water splitting
(WS), underlined the importance of building and studying the
synthetic mechanism of Ru addition on nanostructured W;5O49
electrocatalysts over different substrates."®?>?% Nanostructured
catalysts became crucial in the development of performant cata-
lyst/electrocatalysts thanks to their intriguing properties, such as
high surface area, enhanced mass, and charge transport also facil-
itating the removal of the produced gas bubbles. In this context,
1D N'Ws structure gained particular attention in WS applications,
both for their catalytic activity and their suitability in hosting and
exposing co-catalyst in the form of doping or heterostruc-
tures.”*~**! Developing a synthetic procedure capable of tailoring
the aspect-ratio of the NWs and controlling their composition is
crucial for the optimization of the material’s electrocatalytic prop-
erties.**’) Previous studies investigated Ru-W systems primarily
focusing on Ru nanoparticles supported on tungsten oxides,
mainly obtained from wet chemistry methods, for WS applica-
tions in acid media."®*?#2% Here, the specific features we
addressed can be summarized as follows. i) Structural tuning
via PVD-CVD enables the precise control over Ru content and
distribution and results in self-standing, vertically aligned NW
architectures. This approach enables us to engineer aspect ratio,
defect density, and Ru-W interactions in a controllable manner.
ii) Phase and interface engineering: importantly, we uncover how
Ru incorporation promotes the formation and stabilization of
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the f-phase of W, and how this impacts the electronic structure
and catalytic performance. iii) We tested the properties of
Ru-W15049 NWs as a durable electrocatalyst for alkaline OER,
for its potential future applications as anion exchange membrane
(AEM) catalyst. To address these aforementioned issues, we syn-
thesized nanoengineered Ru-W;30,49 by combining physical and
chemical vapor deposition techniques (PVD-CVD).*%32 we
developed a controllable and easily-scalable method to tailor
the composition (i.e., the Ru content) and the aspectratio of
Ru-doped W1g049. We explored the synthesis mechanism over
two different substrates, the chemical and electronic structure,
and the OER activity. The results indicated that its OER catalytic
activity was improved by the addition of a particularly low amount
of Ru atoms (3% in at.%). Our findings provide insights into the
role of the integration between Ru-based materials with earth-
abundant tungsten oxides that will be beneficial for designing
high-performance and stable catalysts. With just a 3% in atomic
percentage of Ru integrated into the W10, matrix, we observed
an increase in OER performance with a Tafel slope of
60mV dec™?, an overpotential of 360 mV at 10mA cm ™2, and a
sturdy stability for 36h of oxygen production at 10, 30, and
100 mA cm™2, for 12h each. Furthermore, we demonstrated
how physical and chemical vapor deposition techniques can be
integrated to control the catalyst loading and the nanostructure
of nanoengineered catalysts.

2. Results and Discussion

2.1. Designed Synthesis and Structural Characterization/
Structural and Chemical Characterizations

We prepared a densely grown carpet of W;3049 (and Ru-W;50,40)
NWs by thermal growth of W and Ru/W film (as outlined in
Figure 1), as shown in HR-SEM images in Figure 2a,b. After
60 min growth, we obtained the best condition for the growth
of thin and elongated 1D tungsten oxide NWs (12 nm diameter
and ~400 nm length) in the stable and naturally oxygen vacant
W18049 phase (Magnéli phase) (Figure 2c). We prepared two
series of samples with four different concentrations of Ru
(RuOW, Rul5W, Ru20W, and Ru25W) doping on two different
substrates, CP and Cu foil. The values 0, 15, 20, and 25W
reported in the sample name, indicated the power applied to
the sputtering source during the first step of the synthesis
and they refer to the different Ru content.

The growth duration of the wires ranged up to 80 min (the
schematic representation of temperature vs. time evolution curve
during the synthesis is reported in S1). Furthermore, we
explored a temperature range between 500 °C and 700 °C and
modified the gas composition (including O, content in the atmo-
sphere) to obtain the best synthetic conditions (see Figure S2,
Supporting Information). From the high-resolution scanning
electron microscopy (HR-SEM) images (Figure 3), we can state
that by increasing the growth time from 0 min (which means the
furnaces were turned off as soon as they reached the growth tem-
perature) to 60 min, the nanowires become thicker and denser
(in terms of population), while the height of the nanowires
did not change much. After 60 min, the nanowire’s growth satu-
rated, and no improvement in length and density of the nanowire
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Figure 1. Schematic view of the equipment used for the synthesis. The first step is represented by the deposition of Ru-dropping W film on the carbon
paper/Cu foil substrate. The second step is the thermal growth of the W;3049 nanowires under the Ar/O, environment. The temperatures used were
650°C (for both Ty and T,, see Figure S1, Supporting Information) at 10 Pa.

a-w (110)

a-w(211)

a-W (200)

Intensity (a.u.)

Figure 2. a,b) Low- and high-resolution SEM images of the very densely grown carpet of W;3049 NWs of the Ru-doped sample Rul5W. c) The 90° tilted
HR-SEM image of NWs at high magnification for the Ru15W sample, in which is shown the NWs length. d) HR-TEM image of two single Ru-doped NWs
of the Ru15W sample. e) SAED image obtained for the Ru15W sample. f) XRD curves of W-Ru film post sputtering obtained by applying 90 W and 15 W at
the W and Ru sources, Ru15W and RuOW (in gray, green, and black colored lines, respectively). The blue triangles indicate the W;3049 Magnéli phase

(ICDD card No. 00-005-0392), the “x” symbol indicates the W,C (ICDD 01-085-4234) and the “C” symbols indicate the peaks coming from the carbon

paper graphitic substrate (ICDD 00-056-0159).

population was observed for 80 min. growth (as discussed sub-
sequently in Figure 4). We performed high-resolution scanning
electron microscopy (HR-TEM) on the Rul5W sample to exam-
ine the morphology of the nanowires (Figure 2d). The d spacing
measured was 0.385 nm, which corresponds to the d spacing of
the Magneli phase (W;5040).2%**!

The thickness of the nanowires was around 12 nm for 60 min.
growth. The direction of the growth was along the b-axis, in
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the (010) direction. The selected area electron diffraction
(SAED) pattern in Figure 2e, confirmed the presence of the
(010) and (113) crystallographic planes, which are characteristic
planes of the Magnéli phase (W;3049), emphasizing the aniso-
tropic 1D growth of the wires. X-ray patterns in Figure 2f
(corresponding to the undoped sample RuOW and the doped
Rul5W with 3% in atomic percentage of Ru), underlined the for-
mation of W;g04 NWs and further revealed their preferred
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Figure 3. HR-SEM pictures at the same magnification (100 KX) of NWs after a growth time ranging from 0 min to 80 min with the schematic represen-
tation of the growth mechanism. The panels from | to X, report the diameter (in light violet color) and length (in red color) statistical distribution of NW's
grown for 10, 20, 40, 60, and 80 min on CP. Magnifications of the SEM images analyzed with the statistical method are reported in S10, Supporting
Information, while in S11, Supporting Information, the FIB-SEM images of NWs grown at 20, 40, and 60 min are reported.

growth along the (010) direction. The three main diffraction
peaks at 23.5°, 33.2°, and 48.0° correspond to the facets (010),
(113), and (020) of the monoclinic W;5O49, respectively, are
marked with blue triangles in Figure 2f.*¥

As NWs grow during the thermal oxidation process up to
60 min, these peaks increase in intensity, indicating the produc-
tion of longer and outnumbered Magnéli phase NWs (Figure
S3c, Supporting Information). From structural and chemical
characterizations (reported in Figure S3, Supporting Infor-
mation), Ru was found to coexist in two different forms, such
as in the NWs lattice and in the underlayer. The Ru active cata-
Iytic centers were most likely contained in the W;5049 lattice as
can be evinced from the shifting to higher angles of the NWs
main diffraction peaks at 23.5° (Figure S3b, Supporting
Information), indicating the inclusion of smaller Ru atoms.
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Furthermore, the Ru were also found in the partially oxidized
underlayer below the NWs in the form of clusters/aggregates
(evidenced from the darker regions in the TEM image of the
Rul5W (Figure S3d, Supporting Information). TEM-EDX analy-
ses (Figure S3e, Supporting Information) detected higher Ru
content (in at.%) in the darker region (region “EDX-2” in
Figure S3d, Supporting Information) compared to the Ru con-
tent in the region where NWs were clearly observable (region
“EDX-1” in Figure S3d, Supporting Information). The high
intensity peaks at 26.5° and 39.9°, and the low intensity peaks
at 42.3° and 44.5° belong to the graphitic carbon paper substrate,
and they are marked with “C” in Figure 2f. Interestingly, also the
presence of W,C, tungsten carbide phase was evidenced (associ-
ated with the peaks at 34.5° and 38.1°, corresponding to the crys-
tal planes (110) and (111) and marked with “x” in Figure 2f.
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Figure 4. a,b) Comparison of NWs growth on CP and Cu foil at 0 min and 10 min of growth time respectively. c,d) High-resolution FIB-SEM images
showing the NWs and the underlayer after 60 min of growth using carbon paper and Cu foil as substrates, respectively. e,f) Diameter and length statistical
distribution of NWs grown for 60 min on CP (light blue) and Cu foil (light brown).

Carbides were probably formed at the region of the intimate con-
tact of the sputtered metal film with the carbonaceous substrate.
The W-C bounds could help both the adhesion of the W-film over
which the NWs grew and also the electron transfer between the
W-film and the current collector (the carbon paper substrate),
with tungsten carbide being a highly conductive material.l*”)
Also, the peaks intensity related to the W,C compound were
shown to increase with longer growth time. Metal tungsten pres-
ence in its a-W phase (ICDD 00-47-1319) was inferred in both
RuOW and Rul5W samples from the peaks at 40.3°, 58.2°,
and 73.2°, indicated as “a-W” in Figure 2f, corresponding to
the facets (110), (200), and (211). This phase is typically found
in post-annealing sputtered W film, and its signals come from
the unreacted metal atoms below the oxidized layer (character-
ized in the FIB cross-section images in Figure S4, Supporting
Information) as shown in Figure S4b, Supporting Infor-
mation.?® Interestingly, the f-W phase of the metal tungsten
was found in both the co-sputtered Ru-W film (made with an
applied power of 15W for the Ru source) and Rul5W, but
not in the RuOW. The peaks at 35.6°, 39.9°, 44.0°, and 66.8°
belong to the -W phase (ICDD 00-04-0806) corresponding to
the crystal planes (200), (210), (211), and (320), respectively.
The presence of f-W related peaks and the increment of their
intensity with the increasing amount of Ru in the samples
(Figure S3a, Supporting Information), suggested the presence
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of Ru promotes the formation of this metal phase, that is usually
present in sputtered and unheated W film below some tens of
nm. Beta-metal phase is a technologically interesting metastable
phase for its unique properties such as interesting mechanical
properties, high biocompatibility and corrosion resistance.
Ruthenium has a significant impact on the alloy’s electronic
structure, capable of influencing the formation of bcc lattice
and enforcing the retaining of the metastable beta-phase.>”!
The principal effects of Ru on beta-phase concerning both the
lowering of its formation energy barrier (that hinder the sponta-
neous beta-phase formation) and the stabilization of beta-phase
through a strong hybridization between the metal (ex. W) and the
stabilizing transition metal, causing the accumulation of charge
density between these two atoms. No signal from the partially
oxidized underlayer between the nanowires and the unreacted
metal film (Figure S4a,b, Supporting Information) was detected,
suggesting an amorphous structure and partial oxidation during
the weakly-oxidative thermal growth. From the TEM-EDX meas-
urements, we found (3.1 £0.1)% in the atomic percentage of
ruthenium content in the Rul5W sample (Figure S3e,
Supporting Information, EDX-1). Comparable results were
obtained from SEM-EDX analysis (Figure S6, Supporting
Information) for the Rul5W sample, characterized by a ruthe-
nium atomic percentage of (2.7 40.3)%. The atomic ratio
between O and W is ~2.8 for Rul5W, indicating the presence
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of oxygen vacancies that are correlated to the Magnéli phase.
Ru20W and Ru25W samples resulted in containing (4.7 £ 0.3)%
and (6.0 +0.3)% of Ru in atomic percentage respectively (as
reported in Figure S7 and S8, Supporting Information). The
SEM-EDX analysis for the RuOW sample is reported in Figure
S5, Supporting Information. The mass amount of Ru contained
in the samples was characterized by ICP-MS measurements and
resulted in 212, 329 and 489 pug g~ ! for the Rul5W, Ru20W and
Ru25W samples, respectively. The Ru mass amount is referred to
the total Ru content in the samples, considering the Ru present
in the NWs as well as in the layer beneath the NWs. The growth
of W15049 NWs from metallic W film is performed under Ar/O,
environment. Due to the presence of multiple stable phases of
oxygen vacant tungsten oxide,***®! the role of oxygen (and its
partial pressure) in the growth of the Magnéli phase W;3049
is crucial®? The synthesis required an accurate and sensitive
control of the oxygen content: different conditions during the
synthesis can lead to different growth mechanisms of wires or
even inhibit their growth, obtaining various oxidation prod-
ucts.?”) We used a low percentage of oxygen for the NWs growth,
which was 0.1% in atomic percentage of O,. To precisely control
the oxygen content during the synthesis we use an in series two-
furnace CVD apparatus, allowing us to precisely control the
growth time, the temperature, and the partial pressure of oxygen
and argon.!*” The wires were proved to grow with two different
growth kinetics by increasing the oxygen exposure time. The
growth mechanism, in this case, can be defined to be also radially
directed®!! instead of vertically directed only, as commonly
reported in the literature.?%>? Interestingly, the W13049 NWs
were observed to grow also alongside the lateral direction with
increasing growth time. The growth of the wires ranged from
0 min to 80 min. The growth mechanism was studied using sta-
tistical evaluation of the diameter and length of the nanowires
performed from HR-SEM micrographs (statistical method
described in SI, section S9, Figure S9-S11, Supporting Infor-
mation). Curiously, the formation of NWs was also characterized
by two different growth kinetics: During the first 20 min, the
kinetics of growth is fast and the wires reach (10.5+0.2) nm
in diameter and (128 & 3) nm in length (Figure 3, panels I-II).
Subsequently, in the next 40 min, a slow enlargement/expansion
of their diameter was observed, while NWs length almost dou-
bled reaching (12.8 +0.2) nm and (285 7) nm respectively.
A growth until 80 min only promoted the increase in the diame-
ter of the wires while the length remained almost the same. This
experimental condition allows the precise control of the aspect
ratio of the NWs by simply changing the growth time in a
low-pressure Ar/O, environment. In nanostructure growth, it
is of paramount importance to control shape, dimensions, aspect
ratio, distribution, and population densities, to provide excellent
charge transport properties and thus to enhance the electrocata-
lytic properties.*?) The substrate played an important role in
NWs growth too. Interestingly, the kinetics of growth on Cu foil
is faster compared to carbon paper. The SEM pictures of 0 min
and 10 min growth reported in Figure 4a,b, clearly show the
swiftness of the NWs growth on Cu foil, which resulted in an
advanced stage of growth just after reaching the growth temper-
ature (0 min growth), while nucleation seeds just appeared on CP
foil. After 10 min of growth, NWs on Cu foil resulted in well-
structured and spread over the underlayer (Figure 4b). In
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addition to the growth kinetics, the two substrates promote dif-
ferent NWs sizes after 60 min of growth (Figure 4c,d). The size
distribution statistics reported in panels I-IV in Figure 4
(extracted from Figure 4c,d) showed a decrease of ~30% in
average length from (370 £10) nm to (250 +5) nm for CP
and Cu foil respectively. On the contrary, the average diameter
almost doubled from (12.1 +0.2) nm to (22.3 £ 0.3) nm for CP
and Cu foil, respectively. The length estimation obtained from
FIB-SEM images (Figure 4) could differ from the average length
calculated from HR-SEM (Figure 3), due to the different tilt
angles. Nevertheless, their variation concerning the increasing
growth time strongly represents the NWs growth. NWs grown
on CP were thinner and longer compared to the thicker and
shorter Cu foil NWs. Furthermore, the statistical calculations
showed that the diameter population of CP NWs was narrower
distributed, while their length population was widely spread
around the average value, compared to Cu foil. CP substrate
promoted sharper and longer NWs with well-defined diameters
and more variable lengths compared to Cu foil. During the
growth of the wires, the oxidation process also promoted the
oxidation of the metal layer over which NWs are formed.
The SEM-FIB cross section in Figure S3a,b, Supporting
Information of the undoped NWs grown on Cu foil and the
RuOW sample (grown on CP) after 60 min growth respectively,
clearly showed the formation of a sandwich-like multilayer.
Cross-section EDX spectra shown in S3c,d were recorded in dif-
ferent regions/positions of the RuOW multilayer described its
chemical composition, demonstrating the presence of an oxi-
dized layer between the NWs and the portion of the metal film
not yet oxidized. The O, reagent furnished during the synthesis
promoted both the wire growth and the thickening of the oxi-
dation layer, causing the thinning of the metal layer with the
increasing growth time. Interestingly, the oxidation layer in
the case of Cu foil substrate resulted thicker as compared to
CP, indicating a faster W oxidation when it is sputtered over
Cu foil. The increase in the underlayer thickness compared
to the W film initial thickness after sputtering is likely due
to a volume expansion when the metal W undergoes oxida-
tion.*** The Cu foil substrate sped up both the growth of
wires and the oxidation of the metal film resulting thicker after
60 min of growth. The different NWs growth kinetics between
the two substrates could be most probably caused by the growth
inhibition effect of carbon atoms in the CP substrate. In fact,
carbon can retard the metal oxidation rate by partially withdraw-
ing the oxygen from reaction atmosphere.*”! The increase in
the underlayer thickness compared to the W film initial thick-
ness after sputtering is likely due to a volume expansion when
the metal W undergoes oxidation.*®! We performed X-ray pho-
toelectron spectroscopy (XPS) to characterize the surface ele-
mental composition and valence state of the RuOW and
Rul5W samples. From the survey spectrum of Rul5W
(Figure S12, Supporting Information), the peaks of O, Ru,
and W can be clearly observed, demonstrating that Ru was suc-
cessfully incorporated into W;3049 NWs. For Ru15W, as shown
in Figure 5a, the high-resolution spectrum of C 1s-Ru 3d reveals
the presence of Ru 3d;, falling at 280.9 eV of binding energy
(BE), corresponding to Ru*" chemical state (the Ru 3d,,, band
lay below the global signal of C1s at 283.1 eV of BE). Since this
peak overlaps with Cls peak, to understand the chemical state
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Figure 5. a—c) High-resolution XPS spectra of selected areas, showing the comparison between the RuOW (top side) and Ru15W (bottom side) of the

electron bands: (a) C 1s+ Ru 3d, (b) W 4f, and (c) O 1s.

of ruthenium, we further explore the Ru 3p;, spectra also con-
firming the oxidation state of ruthenium characterized by the
peak at 462.8 eV (S12¢c, Supporting Information).*”! The W
4f doublet in Figure 5b can be separated into two bands, which
correspond to wer (36.0 and 38.2 eV for W 4f; ; and W 4f; ),
respectively) and W*" (34.4 and 36.6eV, respectively).
Furthermore, also the signal of W 5p;,, was observed falling
at 41.6 eV of BE. The most significant peak for the acquisition
of electro-chemical information about W atoms was the W 4f.
The absence of W-C-related peaks in the core band of W 4f con-
firms the absence of W,C at the catalyst surface, strengthening
the hypothesis that it is confined below the sputtered film. The
catalytic activity is only imputed to the Ru-W;3049 NWs. Both
the two samples show the presence of three peaks in the Ols
spectral region in Figure 5c which are ascribed to the oxygen of
the lattice (Oy, centered at 530.8 eV), oxygen vacancy (O, cen-
tered at 531.8 eV) and oxygen coming from chemisorbed spe-
cies (H,0, C-OH, C-O), O,qs centered at 532.8 eV.[4849]

The content of oxygen vacancies is slightly increased in the
Rul5W (as shown in Table S1, Supporting Information), indicat-
ing that Ru doping affected the electronic structure of W and O.
Considering only the O and W atoms building the W-O bond
(i-e., by removing the oxygen atoms due to adsorbates), the result-
ing stoichiometry confirms undoubtedly the formation of the
W18049 compound with an O/W ratio of 2.8 £0.1 for both
RuOW and Rul5W. The lower percentage of Ru atoms obtained
from quantitative analysis performed by XPS compared to TEM-
EDX for the Rul5W (S3d,e, Supporting Information) can be
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justified by the fact that Ru is more concentrated in the core with
respect to the surface of NWs. Nevertheless, the best catalytic
properties were obtained from the lowest Ru doping (Rul5W),
indicating the concentration of Ru atoms is of paramount impor-
tance in tuning the electrocatalysis and the higher concentration
of Ru atoms in the core could promote the electronic conductivity
of the NWs.

2.2. Electrochemical Characterizations

The OER activity of the synthesized catalysts was investigated in
1M KOH (pH 14) under ambient conditions, as this alkaline
environment aligns with the operating conditions of emerging
anion AEM electrolyzers. Given the increasing interest in
AEM-based water electrolysis for scalable and cost-effective
hydrogen production, our study focuses on evaluating catalyst
performance specifically in alkaline media. OER testing of sam-
ples grown on Cu foil revealed significant instability in 1 M KOH
solution, where both the nanowires and the underlying film
showed clear signs of peeling off in the electrolyte which can
Dbe attributed to the weak adhesive force between the grown layer
and substrate. Consequently, we shifted our focus to tests sam-
ples that are grown on CP, which demonstrated greater durability
under identical conditions. The linear sweep voltammetry (LSV)
results showed that both catalysts RuOW and Rul5W, exhibit
identical onset overpotentials of 310 mV. Ru doping helps in
increasing the current density (j) and lowers the overpotential.
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Rul5W and RuOW samples achieve the j=10mAcm * @
360 mV and 400 mV, respectively (Figure 6a).

Similar values for the overpotential of pure W;30,49 were
reported previously in literature in the study of OER.?>*® To
achieve the j = 20 mA cm ™2, RuOW and Ru15W samples needed
the overpotentials of 370 and 420 mV respectively, which implies
the positive effect of Ru atoms in enhancing the OER catalytic
performance. The catalytic activity of prepared samples was com-
pared with commercial IrO,, achieving an overpotential at
10mAcm™2 of 290mV and a Tafel slope of 40mVdec™!
(Figure 6a,b). The reaction kinetics investigation was performed
by Tafel slope analysis using Tafel equation of 7 =a+ b log(j),
where 5 is the overpotential, a is a constant (the intercept),
and b is the Tafel slope and these are the constants. RuOW exhib-
its a Tafel slope of 70 mV dec™"', while Rul5W shows a slope
value of 60 mV dec™, which further suggests the accelerated cat-
alytic OER kinetics induced by Ru doping (Figure 6b). The per-
formance of RuW15 compares fairly with other reported
materials in the literature (Table S4, Supporting Information).
The increasing amount of Ru is shown to reduce the catalytic
activity of the catalysts. This counterintuitive trend is caused
by the mobility and the propensity of Ru to coalesce during a
thermal treatment.*® The increasing amount of Ru in Ru20
and 25 W disfavors the Ru migration into the NWs during their
growth, remaining confined into the underlayer (as confirmed by
the increasing amount of -W in S3a, Supporting Information),
therefore unable to participate in the catalysis. Furthermore,
~3at.% of Ru, modifies the electronic structure of W;gOy4

www.small-structures.com

(as demonstrated from XPS measurements) balancing the syn-
ergy with the oxygen vacancies, causing a positive enhancement
of the water oxidation.!">?*3! An increasing amount of Ru atoms
could have led to the partial annihilation of oxygen vacancies and
the mismatch in the reactant adsorption/desorption energy,
increasing the overpotential and slowing down the reaction kinet-
ics. We measured the electrochemical impedance spectroscopy
(EIS) of the catalysts to deduce the mechanism of the OER pro-
cess. The oxygen evolution of the two catalysts proceeds via the
charge transfer process. The Nyquist plot presented in Figure 6¢
shows a single semicircle for each catalyst, implying a kinetically
controlled reaction. The fitting parameters (performed using the
equivalent circuit model; inset of Figure 6¢) reveal that Ru doping
reduces the arc of the semicircle and the charge transfer resis-
tance (R) value drops from 160 (RuOW) to 10 ohm for Rul5W
(fitting results reported in Table S2, Supporting Information),
indicating the improvement of the electronic conductivity and
demonstrating a faster kinetics of the OER on Rul5W compared
to pure W13049 NWs. This phenomenon agrees with previous
results obtained from Tafel slope analysis. The robustness and
prolonged stability of the catalyst are assessed by chronopotenti-
ometry (CP) test as given in Figure 6d. CP results indicate that
Rul5W is a very stable electrode for about 36 h under the OER
conditions in an alkaline electrolyte, showing a constant potential
(vs. RHE) at different current densities of 10, 30, and
100 mA cm ™2 applied to the working electrode for 12h each.
At the applied j of 10, 30, and 100 mA cm™?, the potential mea-
sured at the working electrode set stably to 1.61, 1.77, and 1.86 V,
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Figure 6. a,b) LSV curves and Tafel slopes of samples RuOW, Ru15W, Ru20W, and Ru25W respectively; c) Nyquist plot of the impedance measured at
1.6V versus RHE in TM KOH for RuOW and Ru15W, with the fit curve (black line); d) chronopotentiometry measurements of Ru15W at 10, 30, and
100 mA cm ™2 for 12 h each; and e) double layer capacitance plot of RuOW and Ru15W.
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respectively, for 36h of total time. The double-layer capaci-
tances were evaluated from the CVs of the non-Faradic region
(S13, Supporting Information) for RuOW and Rul5W, respec-
tively. Notably, the lowest amount of Ru added to the NWs in
the Rul5W increased the double-layer capacitance of the undoped
sample from 1.1 to 2.4mFcm 2 The ECSA values for the
RuOW and Rul5W resulted in 22 and 48 cm” respectively.
The lowest overpotential measured from the LSV curve of
Rul5W is in accordance with the high ECSA value, revealing
its higher intrinsic activity. The Cq; and ECSA values calculated
for the Ru20W and Ru25W (shown in Figure S14 and Table S3,
Supporting Information), showed sluggish kinetics and the
reduction of catalytic active sites, confirming the impoverish-
ment of Ru active sites in the NWs due to the coalescence/aggre-
gations of Ru atoms in the underlayer with the increasing of Ru
content in the samples. The presence of Ovin W1g0,49 is expected
to play at least a dual role that is critical for improving both the
catalytic activity and durability of Ru. First is the enhanced sta-
bility via electronic interaction: Ov modulates the electronic envi-
ronment around Ru atoms by creating an electron-rich support,
which helps prevent the over-oxidation of Ru to higher, unstable
oxidation states (e.g., Ru®*") that would otherwise lead to disso-
lution and deactivation (especially in harsh OER conditions).
This electron donation from the defective W;5049 lattice helps
stabilize Ru*"/Ru®" oxidation states, which are known to be cat-
alytically active yet more stable during prolonged operation.”!
Finally is the improved catalytic activity via active site modula-
tion: The Ov not only modifies the local coordination environ-
ment of Ru, creating more unsaturated and reactive sites, but
also promotes stronger adsorption of reaction intermediates
(e.g., OH™ and OOH"™), thereby lowering the kinetic barriers
of OER. Furthermore, the synergistic Ru-Ov interactions
enhance the density of states near the Fermi level, which facil-
itates faster charge transfer during the reaction.”” These com-
bined effects help explain why the integration of Ru into an
oxygen-deficient W;3049 matrix results in improved OER perfor-
mance and prolonged catalyst life. The post-durability character-
izations (Figure S15, Supporting Information) revealed that the
NWs maintained their morphology after the OER process. On
the other hand, the underlayer film exhibited fractures and signs
of initial cracking (Figure S15d.f, Supporting Information), sug-
gesting a potential avenue for future investigation into the rela-
tionship between catalyst stability and the substrate. The atomic
percentages of Ru, W, and O remain relatively consistent, with
only slight variations within the experimental error margins.
Specifically, the Ru content decreased marginally from
2.7 at.% to 2.3 at.%, while the W and O contents remained largely
stable. We characterized the Ru mass content in both the Rul5W
and the electrolyte solution after the durability test to measure
the Ru leaching, resulting in 182 and 38pugg ' respectively.
This showed roughly 17% loss of Ru which could potentially
be derived from the Ru contained in the underlayer. Notably,
the poor OER catalyst, W13049 has been activated into highly
active OER electrocatalysts by low amounts of Ru doping. As
known, the adsorption strength of intermediates intensely affects
the properties of a catalyst.>*** The lower concentration of Ru
active sites modulates the electronic density which could lead to a
moderate surface adsorption strength of the intermediates,
improving the catalyst performances for OER.**!
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3. Conclusion

In summary, we presented the beneficial role of the ultralow
amount of Ru dopant (=3 at.%) in the structure of W;gOy49
NWs toward alkaline OER. The enhanced OER activity can be
correlated to the modulated electronic structure of Wi;gQOug
NWs by the virtue of Ru doping, enabling faster charger transfer
at the electrified interface. The growth mechanism for the forma-
tion of NWs was studied by performing a statistical analysis of
NWs size variation over growth time. The low-pressure Ar/O,
conditions enabled precise control over the NWs aspect ratio
by adjusting growth time and substrate type. With Cu foil reduc-
ing average length by ~30% was observed compared to CP. The
average diameters were (12.1 £+ 0.2) nm for CP and (22.3 +0.3)
nm for Cu foil. The highest electrical conductivity detected on the
Ru-doped electrode with the lowest amount of Ru (Rul5W), pro-
moted highly active sites facilitating the adsorption-desorption of
reaction intermediates. Furthermore, the addition of ruthenium
atoms increased the electrochemical surface area by increasing
the number of active sites. The Rul5W catalyst also showed
reduced charge transfer resistance, resulting in higher electron
transfer between reactant molecules and catalyst surface and
faster kinetics. Moreover, the Ru addition possibly modifies
the electronic structure by slightly increasing the number of oxy-
gen vacancies in W;g049. The Rul5W sample achieved a low
overpotential of 360 mV at 10 mA cm ™2 and a lower Tafel slope
of 60 mV dec™" owing to a remarkable electrocatalytic activity for
the OER. Ru-W;3049 NWs maintained a remarkable steady state
with negligible potential variation at the working current of
10mAcm % (1.61V vs. RHE), 30mAcm > (1.77V vs. RHE),
and 100 mA cm™2 (1.86 V vs. RHE), respectively, for 36h (12h
each), it promises a possible future industrial application for elec-
trocatalytic water splitting.

4. Experimental Section

Materials: For the synthesis of Ru-doped W50, nanowires, a radio
frequency magnetron sputtering instrument (thin-film, custom-made
instrument) and two low-pressure chemical vapor deposition furnaces
(Lindberg Blue, model: TF55035C-1) were used, equipped with electronic
mass flow controllers (MKS, model P4B) regulated with a digital mass flow
control unit (MKS, model 247D). The Ar (99.999%, grade 5.0) and Ar:O,
(99:1%) gases were used. Sputtering targets W (99.99%) and Ru (99.99%)
were purchased from American Elements. Graphitic carbon paper sub-
strate (99.8%, foil thickness 0.5 mm) and copper foil (99.9%, foil thickness
0.127 mm) were purchased from Alfa Aesar.

Synthesis of Ru-Doped W;3049 Nanowire Catalyst: The Ru-integrated
W15049 nanowire arrays were prepared by a two-step synthesis as outlined
in Figure 1. Deposition by radiofrequency magnetron sputtering (RF-MS):
First, a film of tungsten and ruthenium doped tungsten (with four different
Ru contents, named RuOW, Ru15W, Ru20W, and Ru25W) were deposited
by RF-MS on carbon paper (CP) and Cu foil as substrates. The substrates
were first cleaned using a standard procedure. For the deposition of W and
Ru-doped W film, the W target (99.99%) was supplied with an RF power of
90 W, and the ruthenium target (99.99%) with RF power of 15, 20, and
25W to obtain different Ru content, for 60min (film thickness
~200 nm). The working pressure was maintained at 0.40 Pa in an inert
atmosphere of pure Ar gas.

Synthesis of Ru-Doped W 150 40 NWs: Subsequently, the sputtered carbon
paper/Cu foil was placed in a two-furnace low-pressure chemical vapor
deposition (LP-CVD) furnaces (Lindberg Blue TF55035C-1), equipped with
a fused silica (quartz) tube (internal diameter of 22 mm) with gas flow
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regulated by electronic mass flow controllers (MKS model P4B) with a dig-
ital mass flow control unit (MKS model 247D) connected with a vacuum
system (Edwards). The temperature of the furnaces was 650 °C (reached in
10 min). We placed the sample in an alumina boat at the exit of the down-
stream furnace outside the heated zone. First, a carrier gas of high-purity
argon (99.999%) was passed through the quartz tube at a rate of 305 stan-
dard cubic centimeters per minute (sccm) to purge the reactor for 30 min
at room temperature. We then introduced 35 (sccm) of Ar/O, (99%/1%)
reaching a working pressure of 10 Pa and turned on the furnace. We
explored a temperature range between 500 °C and 700 °C and modified
the gas composition (including O, and Ar flow rates) to tailor the nanowire
morphology. The growth duration of the nanowires varied, with some sam-
ples removed as soon as the furnace reached 650 °C, up to a maximum of
80 min. After the growth period, the furnace was naturally cooled to room
temperature under a flow of gas. After the experiment, we observed that
the metallic gray W film changed to a dark purple-blue color.

Material Characterization: XRD patterns were obtained using a Rigaku
SmartLab diffractometer with Cu-ka X-rays source (A = 1.541 A) operating
voltage of 40 kV and current of 30 mA. The HR-SEM measurements were
conducted on a FESEM, Magellan 400 L, equipped with an EDX used at an
accelerating voltage of 10 kV. FIB-SEM measurements required a FESEM
microscope and FIB methods using a Helios 5UC dual beam system
(ThermoFisher), equipped with Ultim Max EDX detector (Oxford
Instruments) operated at 5kV. HR-TEM measurements were obtained
by JEOL JEM 2100, operated at 200 kV using a Lab6 source. XPS spectra
were collected on a high-performance SCIENTA R4000 with Al Ka radia-
tion. For ICP-MS measurements the samples were weighted (Practum,
Sartorius, 0.01 mg) and mineralized in 5mL of 3:1 HCI:HNO; and
0.5mL of HF using a microwave apparatus (Ethos UP, Milestone).
Samples have been analyzed with ICP-OES Perkin Elmer Optima 5300SV.
Further details are provided in Supporting Information (Section S16,
Supporting Information).

Electrochemical Characterization: We examined the catalytic perfor-
mance of the synthesized materials using a Biologic potentiostat,
SP-150e workstation. We used a three-electrode setup to examine the
OER activities of the catalysts. Catalysts modified CP was used as the work-
ing electrode, and Hg/HgO (filled with TM KOH) and platinum spiral were
used as reference and counter electrodes respectively. We carried out the
catalyst activation process using cyclic voltammetry (CV) of 10 cycles at a
scan rate of 50mV s~ from 0.8 to 1.25 V versus reversible hydrogen elec-
trode (RHE). Polarization of the working electrodes was carried out to
assess the OER activity by running the linear sweep voltammetry (LSV)
test in the potential region of 0.935-1.75V vs. RHE. The potential
scale was adjusted to the reversible hydrogen electrode as given by
Egre = Epig/mgo + 0.935 V, which was further used to calculate the overpo-
tential (1) as # = Egpe— 1.23 V; the theoretical potential of OER is 1.23 V.
The double-layer capacitances (C4) were evaluated from CVs in non-
Faradic region, measured at scan speeds of 10, 20, 40, and 60 mV s
Electrochemical impedance spectroscopy (EIS) was carried out at the
applied potential of 1.6V versus RHE and an amplitude of 10 mV. The
electrochemical active surface area (ECSA) values were calculated as
ESCA=Cy4/C,, assuming the specific capacitance of W;30,49 as
C, =0.050 mF cm 2148

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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