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Nanotubular Geometry for Stabilizing Metastable 1T-Phase

Ru Dichalcogenides

Myeong-Geun Kim, Seung-Hoon Kim, Jue-Hyuk Jang, Dong Wook Lee, Daeil Choi,
Jae-Hyun Park, Kug-Seung Lee, Nanjun Chen, Chuan Hu, Young Moo Lee,

and Sung Jong Yoo*

Owing to their remarkable electrochemical activities, 1T phase transition
metal dichalcogenide (TMD) materials have attracted considerable interest

in recent decades. However, metastable 1T phases are difficult to prepare

and readily change phases. Therefore, for the first time, a monolayer nanotu-
bular 1T Ru dichalcogenide comprising 92% of the 1T phase is synthesized,
which is the highest value ever obtained using solvothermal methods. In the
tubular geometry, the 1T phase exhibits superior durability against various
external stimuli and electrocatalytic activity toward the oxygen reduction reac-

electrochemical fields such as water split-
ting, supercapacitors, and lithium/sodium
batteries.'™ Unfortunately, however, the
metastable 1T phase requires a higher
formation energy (AEg,) than the ther-
modynamically stable 2H phase. Hence,
bottom-up methods for synthesizing
TMDs usually produce 2H-dominated
phases containing unsatisfactory 1T con-
tents (e.g., 50-83%), and TMDs con-

tion. According to density-functional-theory-based and molecular dynamics
calculations, sufficiently curved architectures can change their bond identi-
ties to safely maintain 1T phases, hence providing a strategy for stabilizing
metastable phases. The study results form a basis for extensively applying 1T
phases and will stimulate interest for applying tubular structures for stabi-

lizing metastable materials.

1. Introduction

Polymorphism is a key transition metal dichalcogenide (TMD)
feature, and various TMD polymorphic-phase-associated prop-
erties have recently emerged. For example, TMDs can exhibit
transition-metal-coordination-based metallic 1T (or 1T") [(dis-
torted) octahedral] and semiconducting 2H (trigonal-prismatic)
phases. Compared to the semiconducting (or insulating) phases,
the metallic ones have exhibited notable activities in various

taining =100% of the 1T phase can only be
synthesized using time-consuming pro-
cesses [e.g., chemical vapor transport and
chemical vapor deposition].l>®!

Even if a high 1T phase content is
obtained, the 1T phase reverts to the more
thermodynamically stable 2H (or cubic)
phase under ambient conditions.”*% To
overcome this limitation, several strate-
gies (such as alkali metal intercalation,
plasma induction, and defect and strain engineering) for pre-
paring high-purity and stabilized 1T-phase-containing materials
have been reported. Ma et al. showed that the co-intercalation
of alkali metal cations (Li*, Na*, and K*) can expand the inter-
layer spacing of MoS,, thereby enhancing its phase stability.l!"
Additionally, the presence of defects changed the electronic
structure of pristine PdSe,, which subsequently stabilized the
metastable monoclinic polymorphic phase.”” Very recently,
Huang et al. demonstrated that monolayer 1T MoS, exhibits
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excellent durability for the hydrogen evolution reaction in
0.5 M H,SO, electrolyte.’¥] The authors argued that although
the insufficient strain is observed in the sheet-type 1T MoS,,
an appropriate amount of strain helps to modify the electronic
structure and maintain the phase stability of the material.

In this study, we used a facile heat up method to prepare a
rigatoni nanotube (RNT)-shaped 1T-phase-dominant Ru dichal-
cogenide. The RNTs were produced with various compositions,
and a high 1T phase content of 92% was obtained at the optimal
S/Se ratio. All the RNTs consisted of monolayer Ru(S,Se;_,),_5
and exhibited an ultrasmall diameter (21.5 nm), short length
(d = 6.1 nm), and high surface curvature. Interestingly, in the
nanotubular structure, the 1T phase exhibited resistance against
various external stimuli including electrochemical durability
tests, long-term air exposure, and thermal annealing. Density-
functional-theory-based/molecular dynamics (DFT/MD) cal-
culations confirmed that the 1T-phase RNT structural stability
was attributed to the strong coupling between the Ru and chal-
cogen atoms by an orbital overlap of =100%. By extension,
compared to previously reported TMD-based electrocatalysts,

Ru(acac)s, S, Se, C

OA, and OLA Ru seeds on C support

1.3 nm

www.advenergymat.de

the 1T-phase-dominant RNT effectively catalyzed oxygen reduc-
tion reaction (ORR) in both half- and full-cell (E;/, = 0.864 eV
and W, = 0.526 W cm™, respectively) configurations.!'>1]
While many studies have been focused on zero-dimensional
and 2D-nanostructured electrocatalysts, our demonstration
could be a crucial cornerstone of the importance of 1D nano-
tube structures.

2. Results

2.1. Synthesis and Characterization of Ru(S,Se;_,);_s RNTs

We used a seed-mediated growth mechanism to prepare single-
walled Ru(S,Sei_,),_s RNTs. The experimental procedure is
shown in Figure la. Briefly, a solution containing ruthenium
acetylacetone [Ru(acac)s], sulfur (S), selenium (Se), and carbon
(C) powder was heated in oleylamine (OLA) and oleic acid
(OA). The full details of the synthesis are provided in the Sup-
porting Information. Initially, irregular Ru nanoparticles (NPs)

Monolayer 1T

Ru-S-Se nanorods
S RU(S:Ser x)2.s RNTs

280 °C, 30 min

X .

& dgor) = 2.76A
1.5.Aam

C support
2 nm

Figure 1. a) Schematic showing process for synthesizing Ru(S,Se;_,),_s RNTs by seed-mediated growth. Time-dependent STEM images collected during
Ru(SogS€p2)2-s RNT b) seed formation, c,d) nanorod growth, and e) subsequent crystallization. f,g) TEM and h) high-resolution STEM images of
product obtained at 280 °C for 30 min and corresponding 1T-armchair-structured atomic model. i) EDS elemental mapping images of Ru(SqsSeq2)2-5
RNTs dispersed on carbon supports. Ru, S, Se, and C atoms indicated by red, green, magenta, and blue, respectively.

Adv. Energy Mater. 2022, 2203133 2203133 (20f9) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb ae S9jole YO 8sn JO Sa|NJ 10} A%eid1 78Ul UO A8]1M UO (SUOTIPUOO-PUB-SWLBY W0 A8 | IMARIq U UO//:SdNY) SUOIIPUOD pue SWie 1 8y &8s ' [£202/T0/80] U0 Akeiqiauliuo A8|im ‘Ariqi Aisieaun BueAueH Aq ££TE02Z02 WUSe/Z00T OT/I0P/LLI00" A3 1M Aeud 1 )euljuo//:Sdny oy pepeojumoa ‘0 ‘0789 TIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

were generated by the Ru(acac); thermally decomposing on
the surface of Vulcan XC-72 carbon support. Subsequently,
nanorods grew on the small Ru seed particles with the aid of
the oleate ligands, which acted as structural directing agents.["]
Finally, the nanorods crystallized into monolayer RNTs and the
Ru seed NPs disappeared as the reaction proceeded (Figure S1,
Supporting Information). In Figure 1b-e, time-dependent
transmission electron microscopy (TEM) images explicitly
show the morphological evolution from irregularly shaped par-
ticles to the tubular architectures on the C supports. Clearly, the
alloy nanorods (21.3 nm) crystallized and grew into monolayer
RNTs (21.5 nm).18% Under the same synthesis conditions,
Ru(S,Se;_,),_s RNTs were prepared with various compositions
(x =0, 0.2, 0.5, 0.8, or 1) simply by adjusting the precursor
concentration ratios (Figure S2a-e, Supporting Information).
Directly preparing catalysts on C supports offers many practical
advantages for potential large-scale applications. The catalyst
is usually loaded on the supporting material for practical use,
and is preferably simply prepared in a minimum synthesis
step.2021 Interestingly, the Ru(S,Se;_,),_s RNTs could also be
prepared without any C supports, suggesting that the inter-
action between the product and C support did not play a key
role in forming the tubular structure (Figure S2f—i, Supporting
Information). Rather, organic ligands selectively adsorbing
on the specific nanostructure plane could have contributed
to the Ru(S,Se;,); s RNT directional growth (Figures S3
and S4, Supporting Information).?? Especially, it is suggested
that the combination of fatty acids and fatty amines is the suitable
condition for the formation of nanotube structures (Figure S5,
Supporting Information). All the characterization and
electrochemical measurements were conducted using carbon-
supported samples.

The high-resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy
(STEM) images indicate that Ru(SgSe,);_s exhibited a hexag-
onal 1T structure and a tubular architecture. The prepared RNTs
exhibited lattice fringes of 2.47 and 2.76 A, corresponding to the
hexagonal (103) and (001) planes, respectively (Figure 1e).[t23]
The hollow interior of RNT confirmed the tubular structure
(Figure 1f-g). Furthermore, the Ru(SogSe,), s atomic struc-
ture corresponded to the crystal structural model comprising
hexagonal 1T-phase armchair configurations (Figure 1h). Addi-
tionally, energy dispersive X-ray spectroscopy (EDS) elemental
mappings confirmed that atomically well-mixed Ru(S,Se;_,),_s
RNTs had formed on the C supports (Figure 1i). According to
EDS maps, the Ru(S,Se;,); s RNTs exhibited an (S+Se)/Ru
ratio < 2, indicating anion vacancies. Electron paramagnetic
resonance (EPR) spectra were generated, and an anion vacancy-
charge-state-related signal (g = 2.003) was clearly detected
(Figure S6, Supporting Information).? The anion defects
could be due to the atomically curved tubular structure.l?’
Therefore, we denoted the anion-deficient RNTs as “RuSe,_s”
“Ru(So.Seos)2-s”  “Ru(SosSeps)a-s” “Ru(SpsSepz)r-5” and
“RuS, 5"

The high-resolution powder diffraction (HRPD) patterns
and Xray absorption spectroscopy (XAS) spectra consist-
ently showed that Ru, S, and Se were atomically well-mixed
in the RNT structure. As presented in Figure 2a, all the sam-
ples exhibited HRPD patterns consistent with hexagonally
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structured TMDs. Although very few reports on hexagonal
RuX, RuX, (X = S, Se or Te) are available in the literature, the
Ru(S,Sei_,),_s HRPD patterns are clearly different from those
of cubic RuX,, Ru, or RuO,. According to Bragg's law, the
minimum Ru(S,Se;_,),_s interlayer spacing was calculated
as =0.8 nm, indicating that the 21.5-nm Ru(S,Se;,);_s RNT
comprised a monolayer sheet.l Moreover, the Ru(S,Se;_,),_s
RNTs were measured using XAS to investigate the local
crystal structures. The X-ray absorption near-edge structure
(XANES) spectra are presented in Figure 2b wherein a compo-
sition-dependent peak shift appeared in the Ru K-rising edge
region, !l which could be attributed to the charge transfer from
Ru to chalcogen atoms because their electronegativities are dif-
ferent (i.e., Ru, S, and Se = 2.2, 2.58, and 2.55, respectively).
Figure 2c presents the Fourier-transform (FT) spectra in the R
space for the k?-weighted extended X-ray absorption fine-struc-
ture (EXAFS) spectra generated for the Ru(S.Se;,), s RNTs.
The spectra for all the Ru(S,Se;,); s RNTs exhibited a dis-
tinct peak between Ru—Se and Ru—S bonds (2.06 and 1.81 A,
respectively), suggesting that most Ru atoms were coordinated
with chalcogen ones. Increasing the Se content expanded the
interatomic distance because Se atoms are larger than S ones.
However, because the average interatomic distance is measured
along all the crystallographic directions, the tubular structure
exhibited broad Ru-X (X = S or Se) peaks under both tensile
and compressive strains.”’] Meanwhile, the RNT Ru—Ru bond
(2.53 A) could originate from unsaturated Ru atoms. 282l

The X-ray photoelectron spectroscopy (XPS) spectra clearly
revealed that the Ru(S,Sei,);-s RNTs mainly comprised the
1T phase. XPS is regarded as the most reliable technique that
can be used to quantitatively measure 1T-phase-containing
materials.3*3% The XPS Ru 3d, S 2p, Se 3d, and valence band
spectra are presented to investigate the elemental composition
and chemical states. Additionally, because the Ru 3d;; and C 1s
peaks are almost superposed, Ru 3ds;, spectrum is presented
(Figure 2d). With increasing S content, Ru 3d binding energy
positively shifted because Ru and S exhibit different electron-
egativities. However, the S-rich sample [Ru(SygSeq,); s did
not exhibit a linear relationship between the composition and
binding energy, suggesting that the S-rich sample contained
a particularly high 1T-to-2H-phase ratio. Compared to the
2H-phase binding energy, the 1T phase one is typically shifted
by =—0.8 eV because the 1T phase exhibits a partially unfilled
orbital.B31 The S 2p and Se 3d XPS spectra clearly exhibited a
similar trend (Figure 2e,f, respectively). The 1T phase content
was quantitatively analyzed using the Se 3d peak because other
peaks did not interfere with it. The ratio of Se-free RuS,_s was
obtained using the S 2p spectrum, confirming that all the sam-
ples contained a dominant 1T phase. The 1T phase contents
were ranked in descending order as follows: Ru(SqgSeq,),_s >
RuSe;_s> Ru(Sg,S€035)2-5> Ru(Sgs5S€q5),-5> RuS,_s which con-
tained 92%, 89%, 75%, 74%, and 62% of the 1T phase, respec-
tively, and is consistent with the 1T phase contents obtained
using the Ru 3ds,, peak (Table S1, Supporting Information).
Furthermore, for a clear comparison, XPS analysis of the 2H Ru
dichalcogenides (i.e., RuS, and RuSe,) synthesized according
to the previously reported method was conducted (Figure S7,
Supporting Information).” Additionally, the position of d-band
center (&) is plotted as a function of the 1T phase content
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Figure 2. Ru(S,Sei,),-sRNT (x=0, 0.2, 0.5, 0.8, or 1) structural and chemical composition analyses: a) HRPD patterns and b) XANES and c) EXAFS
spectra. d) Ru 3d, (e) S 2p and Se 3p, and f) Se 3d XPS spectra. Dotted lines in (d) indicate that S-rich sample exhibited different peak shifts. Deconvo-
luted spectra for chalcogen atoms correspond to 1T and 2H phases (I and Il, respectively). g) Valence-band-calculated d-band central position plotted

as function of 1T-phase content.

(Figure 2g). Usually, 1T-phase-related & values are lower than
2H ones. The g4 values are ranked in ascending order as follows:
Ru(SggSegs)r-s < RuSe;_5 < Ru(So25e95)2-5 < Ru(SgsSens)a-s
< RuS,_s which correspond to binding energies of 2.95, 3.02,
3.23, 3.28, and 3.40 eV.! The strong correlation between
& and the 1T phase content suggested that the latter was one
of the main electrocatalytic activity determiners. Additionally,
the Fermi-edge cutoff indicated that all the samples, even the
monolayer ones, exhibited metallic characteristics (Figure S8,
Supporting Information). The mass of Ru supported on each
sample is shown in Table S2 (Supporting Information).

2.2. Ru(S,Sey_);-s RNT Structural Stability Investigated Using
First-Principles Calculations

Density functional theory (DFT)-based first-principles computa-
tions revealed the tubular RNT atomic arrangements and elec-
tronic structures wherein the 1T phase was stable. Metastable
1T phases usually suffer from unwanted phase transitions
and unsatisfactory phase purities. Owing to their high sur-
face energies, even 2D-layered 1T TMDs restack.?? Likewise,
bulk 1T- Ru dichalcogenides (i.e., RuS,, RuSe,, and RuS;sSeys)

Adv. Energy Mater. 2022, 2203133 2203133 (4 of 9)

are less stable than their 2H counterparts, (A in Figure 3a).
Unlike binary systems, however, the ternary systems tends to
exist in a monolayer than a stacked form (B in Figure 3a). In
order to reveal the most stable morphology, the nanotube and
nanosheet AEg,,, values were compared (C in Figure 3a). The
RuS; and RuSe, nanotubes were stable regardless of their diam-
eter. Meanwhile, the ternary sample was a monolayer when the
diameter was >2 nm and a nanotube only when the diameter
was 1.5 nm (C, and C; in Figure 3a). That is, the 1T-phase nano-
tubes were stable when the diameter was as small as 1.5 nm
regardless of their composition (C; in Figure 3a). The C; model
exhibiting a diameter like that of the RNTs exhibited different
bond identities (e.g., bond angles and lengths) originating from
the bulk 1T-phase layer. The 1T phase fragments were linked
by so-called “shared sulfides” to form a tubular structure.[33-3%
Additionally, as previously reported, the larger and smaller Se
and S atoms were on the nanotube exterior and interior, respec-
tively, which markedly relaxed the strain (Figure S9, Supporting
Information).®l Moreover, the electronic structure of each
nanotube was calculated to elucidate why the small-diameter
nanotube exhibited improved structural durability. Figure 3b
presents the densities of states (DOSs) of the Ru d and S and Se
p orbitals in the Ru(S,Se;_,),_s RNTs exhibiting diameters C;,

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) Formation energies (AEg,,,) of 2H and 1T bulks, 1T layer, and 1T nanotube exhibiting different diameters: Ru,4(S,Se1_)s (C1), Rusg(S,Se1) 96
(Cy), and Ruz,(S,Ser )4 (C3). b) Corresponding DOS for Ru(S,Se;_,), nanotube. Black solid and red and navy dotted lines represent Ru 4d orbital,
S 3p and Se 4p orbitals, and Fermi energy level, respectively. c) Correlation between degree of p—d orbital overlap (p) and AEg,,. d) Tube formation
energies of previously reported M,,Xys-based 1T materials. e) Ab initio MD calculations for Ru,4(S,Se;_,)4s under NVT ensemble conditions at 250 °C.

C,, and Cj of 1.22, 2.45, and 3.44 nm, respectively. The intera-
tomic mixing degree (p) was calculated from the fraction of p—d
orbital overlap among the total S and Se atomic p orbitals. The
results suggested that the smaller the RNT diameter, the more
Ru atom d (i.e., Ru 4d) and chalcogen atom p (i.e., S 3p and Se
4p) orbitals overlapped.’’-3% Interestingly, when the diameter
was 1.5 nm, the orbitals overlapped almost 100%, indicating the
strong spin—orbital interaction between the Ru and chalcogen
atoms (Figure 3c).l***!] In other words, the introduction of suffi-
cient surface curvature can modify the electronic structures and
bond identities.** Additionally, the calculated DOSs showed

Adv. Energy Mater. 2022, 2203133 2203133 (5 of 9)

that the small-diameter nanotube (C;) exhibited metallic
behavior regardless of the composition, which is consistent
with the XPS results (Figure S10, Supporting Information).
Furthermore, except for Ru, other 1T-phase-containing
TMDs (MX,, where M =V, Cr, Fe, Co, Ni, Nb, Mo, Ta, W,
or Pt and X = S or Se) favorably exist as nanosheets rather
than nanotubes (Figure 3d). Molybdenum (Mo) and tung-
sten (W) TMDs exhibit small albeit positive AEg,, value,
which could be because their d orbitals (i.e., Mo 4d and W 5d)
are relatively adjacent to the chalcogen atom p orbitals,* sug-
gesting that the orbital overlap degree is strongly related to

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Electrocatalytic performances of Ru(S,Se;_,),_s RNTs in 0.1 m KOH: a) ORR LSV, and b) CV curves with corresponding ECSAs. c) SAs and
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H,—O, single cell performances of Ru(SgSep )25 RNTs: e) |-V polarization and power density curves. f) Performance score spider chart comparing
catalytic activities, catalytic stabilities, theoretical stabilities, product yields, chemical stabilities, and electrical conductivities of 1T-RNT-, ITT-TMD-, and

2H-TMD-based electrocatalysts.

the nanotube structural stability. Because the stabilized Ru
chalcogenide RNTs endured external stresses such as thermal
shocks and electrochemical conditions, MD simulation was
conducted at 250°C, and the total energy change was negli-
gible (Figure 3e). The in situ X-ray diffraction (XRD) patterns
consistently showed that crystal structure of Ru(SqgSeq,),_s
RNT endured heating up to 300 °C and did not exhibit
any observable changes in morphology, composition, or 1T
phase content after heating (Figures S11 and S12, Supporting

Adv. Energy Mater. 2022, 2203133 2203133 (6 0f9)

Information). A peak corresponding to Ru metal was detected
only when it was heated at 400 °C or more. After the ORR
simulations, the ternary sample exhibited catalytic stability
superior to those of the binary samples, while the Ru-S-Se
RNTs exhibited negligible catalytic stability changes. More-
over, the binary sample structures changed and were partially
distorted, S—S bonds were generated in RuS,, and the RuSe,
nanotubes were slightly distorted (Figure S13, Supporting
Information).
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2.3. Electrocatalytic Activities in Alkaline Electrolytes

The electrocatalytic activities of the Ru(S,Se;_,),_s RNTs toward
ORRs were evaluated using 0.1 v KOH electrolyte. As presented
in Figure 4a, the 1T-phase-dominant Ru(SygSej,),_s RNT half-
wave potential (F;; = 0.864 eV), which is comparable to those
of commercial Pt/C catalysts, outperformed those of the other
samples. The electrochemically active surface area (ECSA) was
determined using cyclic voltammetry (CV) measurements.
The ECSA increased with increasing S content (Figure 4b).
Usually, catalysts are compared by comparing their specific
activities (SAs) and mass activities (MAs) (Figure 4c). The
S-rich sample exhibited the highest SA and MA (0.5584 A m™2
and 674 A gg,', respectively). Although catalytic activity
depends on various material characteristics such as the ECSA,
number of active sites, and electrical conductivity, the SAs
(which indicate the intrinsic electrocatalyst activity) followed
the same descending 1T-to-2H phase-ratio order as follows:
Ru(SpgSepa)a-5 > RuSe,_5 > Ru(So25€08)2-6 > Ru(SgsSeps)a-s
> RuS, 5 suggesting that in alkaline electrolytes, the ORR
activities were strongly related to the 1T phase content.*3] As
shown in Figure 4d, a radar chart compares the MA, ECSA,

www.advenergymat.de

Eyjp, and SA indicators of the Ru(S,Se;_,),_ s RNT ORR activi-
ties. Additionally, the RNT catalytic activity was superior to that
of its 2D layered counterpart, suggesting that the curved sur-
face enhanced both the catalytic activity and structural stability
(Figures S4 and S14, Supporting Information).”] The ORR
activity of carbon-free samples was also evaluated, and the ten-
dency to be the same as that of carbon-supported samples in
terms of E,, (Figure S15, Supporting Information).

Moreover, the Ru(SggSeq),_s RNTs were applied as cathode
materials in single-cell devices and exhibited a promising
maximum power density (W) of 0.526 W cm2. Despite con-
siderable research interest in 1T-phase TMD electrocatalysts,
most studies to date have only focused on evaluating the elec-
trochemical performance of these materials in half cells, which
could be because 1T-phase TMD electrocatalysts exhibit low cat-
alytic and chemical stabilities. Moreover, only a few studies on
TMDs for application to alkaline fuel cells are available in the
literature.>?? In this study, a membrane electrode assembly
(MEA) was fabricated using of Ru(SqgSe,), s and PtRu/C as
a cathode and an anode, respectively, to evaluate the electro-
chemical performance of the RNTs in a full cell. The mass
loadings of both electrodes were 0.6 mg cm™2. The polarization

a
2o == |nitial

After ADT, 10K cycles
= = After 6 months

Ru(S sS€q2)2.5/C

B Initial

W After ADT, 10K cycles 150

0.3 0.5 0.7 0.9 1,4C RUC  pYC
V vs. RHE RuGos”
C
2] — Initial RU/C (20 Wt%)} — Initial PY/C (20 wt%)
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0- I
&
£
S . AE,, =28 mV I AE,,=32mV
< /[« -
£
=4 I
¥ -
03 05 0.7 0.9 0.3 0.5 0.7 0.9
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Figure 5. Electrocatalytic stabilities of Ru(S,Se;,),-5 RNTs: a) LSV curves generated before and after Ru(SogSeq2),-s RNT ADT cycling or air exposure.
Bar graphs show MA change after each test. ADTs were conducted by cycling Ru(Sy 3Sep;),_s RNTs 10000 times between 0.6 and 1.0 V versus RHE at
100 mV s7. Air-exposed sample was stored under ambient conditions in laboratory for 6 months. For references, LSV curves were generated before

and after ADT cycling for commercial 20 wt% b) Ru/C and c) Pt/C.

Adv. Energy Mater. 2022, 2203133 2203133 (7 of 9)

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

BSUS017 SLOWILLOD SAIRERID 3|qedldde au) Ag pausenob ae 3o 1le YO ‘B8N JO s3I J0y Akeuq 18Ul UO AB|IM UO (SLONIPUCD-PUR-SLLLBIW0D" A3 1M AReiq 1BU1|UO//SANY) SUONIPUOD PLEE SLUB L 8U1 39S *[€202/T0/80] U0 ARiqiauluo As|im ‘Areiqi Aiseaun BuedueH Aq EETE0ZZ0Z WUSR/Z00T OT/I0P/W0d A3 1M Afe.q 1 BUI|UO//SANY W14 papeo|umoq ‘0 ‘0r89yTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

curves generated for the Ru(SygSep ,),_s clearly indicated that in
a full-cell configuration, the tubular 1T-phase-containing RNTs
exhibited electrocatalytic activities (Figure 4e) superior to those
previously reported for TMD electrocatalysts in H,~O, anion
exchange membrane fuel cells (AEMFCs) (Table S3, Supporting
Information). To optimize the RNT ionomer content and
show that the 1T-phase RNTs could overcome the low stability
of conventional 1T-phase TMD materials, -V curves were gen-
erated for the RNTs prepared using various ionomer contents
(Figure S16, Supporting Information). As shown in Figure 4f,
the catalytic activities, stabilities, product yields, and conduc-
tivities were compared for 1T-phase RNTs and conventional
1T- and 2H-phase TMD materials.! Group 4 and 5 TMDs are
easily oxidized in ambient air or reaction solutions within min-
utes to hours.B1%%l Additionally, 1T-phase TMDs are usually
formed as intermediate phases, leading to poor phase purities
and product yields.”' However, the experimental measure-
ments and theoretical calculations in this study showed that the
1T-phase RNTs exhibited superior structural stabilities without
sacrificing the catalytic activities.

Furthermore, the Ru(SggSep,),_s RNT electrochemical
durabilities were confirmed using standard accelerated dura-
bility tests (ADTS). As presented in Figure 5a, the ORR activi-
ties remained stable after 10k ADT cycles. Moreover, the
morphology and composition negligibly changed (Figure S17,
Supporting Information). In contrast, commercial 20 wt%
Ru/C and Pt/C catalysts (Premetek) both noticeably degraded
during ADT cycling, exhibiting half-wave potential (AE),)
decreases of 28 and 32 mV, respectively (Figure 5b,c). After 10k
ADT cycles, the Ru/C and Pt/C MAs decreased 45% and 54%,
respectively (Figure 5a bar graphs). Because the electrode sur-
faces oxidized during ADT cycling, MA was used instead of SA
as a comparative index (Figure S18, Supporting Information).
Moreover, the Ru(SygSey,),-s RNTSs exhibited superior stability
in air. Although 1T-phase TMDs revert to the stable 2H phase
under ambient conditions, the ORR performances as well as
1T phase ratio of RNT were maintained even after the 1T-phase
TMDs was exposed to ambient air at room temperature for
6 months (Figure S19, Supporting Information).”#1048]

3. Conclusions

Despite 1T-phase TMDs exhibiting diverse application potential,
their poor stability and low phase purity have hindered their fur-
ther development. Hence, developing a method for synthesizing
stabilized 1T-phase-dominant materials is very desirable. The
results of this study suggest that a tubular geometry can stabilize
the unique 1T phase in TMDs and enable 1T-phase TMDs to be
utilized in many applications. Owing to =100% orbital overlap,
the strong bonding between the Ru and chalcogen atoms in the
tubular structure stabilized the 1T phase. The 1T-phase RNTs
were structurally stable under various conditions (e.g., during the
electrochemical, oxidation, thermal durability tests). Moreover,
owing to their high 1T-to-2H-phase ratio (92%), the Ru(S,Se_,),_s
RNTs exhibited superior ORR catalytic activities (Ey, = 0.864 eV,
and W, = 0.526 W cm™) compared to those of conven-
tional TMDs, which highlights the importance of stabilizing
tubular 1T-phase TMDs for boosting electrocatalytic activity.
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