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Catalytic Effect Of Disordered Ru-O Configurations for
Electrochemical Hydrogen Evolution

Xue Sun'?, Ya-Jie Song'?, Ren-Long Li', Jia-Jun Wang"**
(I. MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, Harbin Institute of
Technology, Harbin, 150001, China; 2. Chongging Research Institute of HIT, Chongging 401135, P. R. China.)

Abstract: Phase engineering is considered as an effective method for modulating the electronic structure and catalytic activity
of catalysts. The disordered conformation of amorphous materials allows flexible reforming of the surface electronic structure,
showing their attractiveness as catalysts for hydrogen evolution reaction (HER). Herein, we designed and developed an amorphous
ruthenium dioxide (a-Ru0,) catalyst with a disordered Ru-O configuration. The conformational relationship between Ru-O ordering
and HER performance is established by combining advanced electron microscopic techniques with detailed electrochemical tests.
Specifically, the disordered Ru-O coordination significantly enhanced the HER catalytic activity in both acidic and alkaline media,
ultimately leading to HER performance of a-RuO, approaching that of commercial Pt/C with higher economics. In addition, a-RuO,
exhibited excellent stability after 10 h current-time (i-¢) testing at 10 mA - cm™. Further theoretical simulations showed that the low-
ered d-band center and optimized electron transport of a-RuO, modulated the adsorption strength of the active site to the intermedi-
ate reactants, promoting HER kinetics. This work provides a new perspective for exploring highly active HER catalysts through

phase engineering.
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1 Introduction

As a new energy source that is clean, efficient, safe
and sustainable, hydrogen energy is considered the
most promising alternative energy source to fossil
fuels and a strategic energy development direction for
humankind". Electrocatalytic HER represents a sus-
tainable route to hydrogen production. Although plat-
inum (Pt)-based catalysts can significantly reduce
HER overpotential, their high cost and low reservoir
abundance limit their practical application®. In addi-
tion, transition metals tend to be dissolved at high
current densities, resulting in poor stability of transi-
tion metal-based catalysts™. In recent years, rutheni-
um (Ru) has stimulated great interest among re-
searchers with its lowest price among Pt group met-

als, good catalytic properties and high resistance to
corrosion in alkaline and neutral media®”. However,
the current HER activity of Ru-based catalysts still
has a large gap compared with Pt.

Over the past decades, various methods such as
crystallographic surface modulation, alloying, het-
eroatom doping, and interfacial defect engineering
have proven effective strategies to enhance the HER
performance of Ru-based catalysts’®'”, However, the
catalysts modified by the above strategies are still
crystalline materials, and their catalytic performance
is limited by the fact that crystals can only undergo
surface catalysis. Although the conversion efficiency
on a geometric-area basis can be improved by increas-

ing the catalyst loading or the exposed surface area,
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this approach leads to an increase in the electrode se-
ries resistance and thus a decrease in mass transfer. In
addition, the highly active crystalline surfaces of crys-
talline Ru-based catalysts (e.g., RuQO,) are highly sus-
ceptible to reforming damage during long-term
catalytic reactions, resulting in a limited catalytic
lifetimel™ 12,

Recently, research on amorphous materials for
HER catalysts has been emerging!"*'"*), Amorphous
electrocatalysts have a distinct identity of short-range
order and long-range disorder, and reveal individual
physical and chemical capabilities to their crystalline
materials, contributing to remarkable catalytic perfor-
mance. For the past few years, amorphous catalysts
have become more attractive owing to their outstand-
ing catalytic performance in electrochemical hydro-
gen evolution. For example, Yu’s group verified that
the amorphous NiFeMo materials are better than the
most ordinary crystalline materials in solutions!®!.
Wang and co-workers confirmed that the amorphous
glassy electrocatalyst (MG) is superior to impulse
HER than crystalline materials. Xie et al. reported
an amorphous metal substitution, verifying the cata-
lyst to achieve a low onset potential during HER!™,

Compared with crystalline materials, sub-stable
amorphous materials exhibit numerous excellent
properties. In most cases, the effectiveness of catalyt-
ic systems can be enhanced by either increasing the
number of active sites or intrinsic activity. Amor-
phous materials combine these two strategies. The
flexibility of amorphous materials allows dynamic
surface reconstruction of active sites to meet any ge-
ometry required for HER, enhancing the number of
active sites"®. On the other hand, amorphous materi-
als contain a variety of low-coordination sites, allow-
ing for suitable acceptors for both *H and *OH. In
addition, the self-healing properties of amorphous
catalysts allow for more excellent corrosion resis-
tance”. On this basis, the amorphization of RuO, may
bring new development opportunities for this tradi-
tional material. However, the synthesis and regulatory
mechanisms of amorphous RuO, (named a-RuQ,) ele-

ctrocatalysts have been explored to a limited extent.

Herein, we developed a-RuO, catalysts with disor-
dered structure by low-temperature one-step thermal
treatment. Density functional theory (DFT) calcula-
tions show that the disordered Ru-O configuration
lowers the energy barrier for the decomposition of
H,O to H*/OH* while allowing the H* adsorbed on
the a-RuO, surface to rapidly recombine to form H,,
resulting in fast acidic and alkaline HER kinetics. As
a result, a-RuO, achieves excellent HER perfor-
mance—an overpotential of 110 mV at a current den-
sity of 10 mA -cm™ in alkaline media and 85 mV in
acidic media. Our work provides a fundamental un-
derstanding of crystal engineering and hydrogen pre-
cipitation properties.

2 Experimental Section
2.1 Materials

Commercial crystalline RuO, (c-RuQ,), ruthenium
chloride hydrate (RuCl;-xH,0, 99%), and potassium
bromide (KBr, 99.9%) were purchased from Aladdin
Reagent Co., Ltd. Ethanol was purchased from Shang
hai Macklin Biochemical Technology Co., Ltd. Deion-
ized water (DI water, 18.3 M{)-cm) was used in all
experiments.

2.2 Preparation of a-RuQO,

Typically, a-RuO, was prepared as follows: Firstly,
200 mg of RuCl; -xH,0 was dispersed in 100 mL of
DI water. Then, 350 mg of KBr was dissolved into
the above solution by ultrasonication for 20 min, and
the solution turned dark red. Subsequently, the mix-
ture was stirred vigorously at 60 °C until all the liquid
evaporated. The resulting dark red powder was heat-
ed in an argon-filled tube furnace at 250 °C for 2 h at
a heating rate of 6 °C -min~". Finally, the sample was
thoroughly washed with ethanol and DI water, and
dried at 60 °C overnight.

2.3 Characterizations

The morphology and structure of the catalysts were
determined by various characterization techniques.
Powder X-ray diffraction (XRD, PANalytical Em-
pyrean, Netherlands) test was performed with a Cu
K, radiation source, and signals were acquired at 40
kV and 40 mA with a scan rate set to 10°-min™. X-ray
photoelectron spectroscopy (XPS, KRATOS AXIS
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Ultra DLD, England) using Al K, as the X-ray
source was employed to detect the chemical state of
the samples. Scanning electron microscope (SEM,
Zeiss Merlin Compact, Phenom Pro) and transmis-
sion electron microscope (TEM, JEM-2100, Japan)
were used to examine the morphology and atomic ar-
rangement of the samples, respectively.
2.4 Electrochemical Characterization

The catalyst was homogeneously mixed with Super
P in a 2:1 mass ratio, and the mixed catalyst was dis-
persed in Swt.% Nafion ethanol solution to prepare
the catalyst ink (catalyst mass ratio of 5 mg-mL™).
After ultrasonic dispersion for 30 min, 15 L of ho-
mogeneous ink was dropped onto a pre-polished glassy
carbon electrode (GCE, area: 0.07064 ¢cm?), which was
then dried naturally at room temperature to obtain the
working electrode with a loading of 0.4 mg-cm™ The
electrochemical performance of the catalysts was
studied in a three-electrode system, with a graphite
rod as the counter electrode and Ag/AgCl as the ref-
erence electrode. Argon-saturated 0.5 mol-L™ H,SO,
and 1.0 mol- L™ KOH solutions were used as the ele-
ctrolytes for acid HER and alkaline HER tests, re-
spectively. All the applied potentials were converted
through a reversible hydrogen electrode (RHE) with
Erie = Esgaga +0.059pH + 0.197 V. Polarization curves
were measured using linear scanning voltammetry
(LSV) at a sweep rate of 5 mV -s™" and corrected by
95% iR. The durability of the catalyst was evaluated
using chronopotentiometry. Electrochemical imped-
ance spectroscopic (EIS) data was measured with an
applied 5 mV amplitude within the frequency range
from 0.1 Hz to 10° Hz. The LSV was measured after
1000 CV cycles to further evaluate the stability of the
catalyst.
2.5 Theoretical Calculation

All the calculations are performed using imple-
mented in Quantum Espresso (QE) and density func-
tional theory (DFT). The Projector Augmented Wave
method (PAW) is used to describe the interactions.
Perdew-Burke-Erzerhof (PBE) function is used to
deal with the relevant exchange energy of the system.

To avoid pseudo-interactions between periodic im-

ages, a vacuum layer of 15 A is added to the c-axis. A
plane-wave energy cut off of 420 eV is used together
with norm-conserving pseudopotentials. A 2 x 2 x 1
grid is used for Brillouin zone integration. Charge
distribution of Ru-O configuration is investigated
with Bader charge analysis. In all calculations, the
convergence values of the total energy and force on
each atom are 10~ eV and 0.05 eV - A, respectively.

The d-band center is calculated by

E

E-o(E)dE
- L "

f p(E)E

where p is the density of states, E is the energy rela-
tive to the Fermi level, and £, is the Fermi level ener-
gy. The Gibbs free energy of the reactant conversion
is calculated by correcting the DFT energy with the
zero-point energy and entropy by

AG = AE +AZPE — TAS (2)
where S is the entropy value, T is the ambient tem-
perature, ZPE is the zero-point energy, and E is the
DFT total energy"®. We use density functional pertur-
bation theory to calculate the vibration frequency in
order to further calculate the entropy and correct the

zero-point energy.

3 Results and Discussion

Calcination temperature and time are crucial to
controlling the crystallinity!. We synthesized a-RuO,
with disordered Ru-O conformation by one-step low-
temperature heat treatment, and compare with com-
mercial crystalline RuO, (c-Ru0Q,). The structure and
morphology of the catalysts were characterized by
transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM). As shown in Figure
1A-D, the average particle sizes of a-RuO, and
c-RuQ, are similar, indicating that the difference in
catalytic activity mainly originates from the mi-
crostructure. The high-resolution transmission elec-
tron microscopic (HRTEM) images show a signifi-
cant difference between the two catalysts. Figure 1E
shows that c-RuO, has regular lattice stripes with a
distance of 2.54 A between adjacent stripes, corre-
sponding to the (101) crystal plane of RuO,. In contrast,
a-RuQ, exhibits a maze-like pattern with a random
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distribution of all atoms (Figure 1F). The selected area
electron diffraction (SAED) pattern with a diffuse ha-
lo-ring further confirms the amorphous character of
a-RuQ, (the inset of Figure 1F). Furthermore, the en-
ergy-dispersive X-ray spectroscopic (EDX) elemental
mappings (Figure 1G and 1H) show the uniform dis-
tributions of Ru and O in a-RuQ,, indicating that the
low-temperature heat-treated synthesized a-RuO,
does not contain impurities such as Ru nanoparticles.
X-ray diffraction (XRD) test was first performed to
study their crystal structures. Figure 2A shows the
XRD spectra of a-RuQO, and c-RuO,. The three peaks
at 27.8°, 35.0° and 54.2° are assigned to the (1 1 0),
(101),and (2 1 1) faces of rutile crystalline RuO,,
respectively. These peaks were observed in commer-
cial c-RuQ,, while a-RuO, showed only broad and
weak peaks, indicating that a-RuO, does not form an
ordered metal compound but presents an amorphous
structure, which is consistent with the HRTEM re-
sults. In addition, we calculated the lattice spacing of
c-RuO, via Bragg’s law
2dsinf = nA (3)
where 6 is the angle between the incident ray and the
reflecting surface, d is the lattice spacing, n is the

number of reflection levels, and A is the incident

X-ray wavelength. The lattice spacing corresponding
to the peak of c-RuO, at 35.0° is calculated to be 2.5
A, which confirms that the crystal plane shown in
Figure 1F is (1 0 1). Based on this, we chose the (1 0 1)
crystal plane of c-RuO, as the exposed plane for HER
simulations. ICP-OES tests were performed to deter-
mine the effect of amorphization on the ratio of cata-
lyst elements (Table 1). Unlike c-RuQO, where the ele-
ments are close to the theoretical ratio (Ru:O = 1:2),
a-RuO; has less oxygen content, which may be due to
calcination in the air resulting in the detachment of
oxygen atoms and formation of oxygen vacancies in
a-RuO..

X-ray photoelectron spectroscopy (XPS) was used
to further identify the chemical states of a-RuO, be-
fore and after the alkaline HER test. The high-resolu-
tion XPS spectrum in Figure 2B is attributed to the
superposition of Ru 3d and C 1s signals™. The peak
at 284.6 eV can be assigned to the C-C or C-H bond,
originating from exotic carbon contaminating. In ad-
dition, the low-energy double peaks at 281.5 eV and
286.1 eV showing Ru 3ds, are attributed to Ru*" with
Ru™, while the peak at 282.3 eV originates from the
satellite peak. Reference literature reports that pris-

tine a-Ru0, has higher energy than crystalline RuO,,

Figure 1 SEM images of (A) c-RuQ, and (B) a-RuO,. TEM images of (C) c-RuO, and (D) a-RuO,. HRTEM images of (E) c-RuO,

and (F) a-RuO.. (G, H) Mapping images of a-RuQ,. (color on line)
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Figure 2 (A) XRD patterns of rutile RuO,, c-RuO, and a-RuQO,. (B, C) High-resolution XPS Ru 3d and O 1s spectra of a-RuO, be-

fore and after HER test in alkaline media. (color on line)

Table 1 ICP-OES mass analysis results of a-RuO, and c-RuO, samples

Sample Mg, /Mg, 1— M, /My,
mRuOZ/ M, RuO, Mruo, M, RuO,

a-RuO, 34.3% 65.7%

c-RuO, 33.1% 66.9%

implying that the structural disorder leads to the gen-
eration of electron-rich Ru®", After performing alka-
line HER tests, the position of the Ru 3ds, peak hard-
ly shifted, implying that HER tests did not affect the
Ru oxidation state. The XPS spectra of O 1s are
shown in Figure 2C, with peaks at 528.7, 530.1, and
531.8 eV corresponding to lattice oxygen (Ru-0), de-
fective sites with low oxygen coordination and sur-
face adsorbed hydroxyl species, respectively®. The
primitive a-RuO, has a signifi cant predominance of
defective oxygen, stemming from the disordered
Ru-O conformation, leading to an insufficient num-
ber of O coordination sites. After performing the al-
kaline HER test, the peak at 530.1 eV decreased
slightly and increased at 528.7 and 531.8 eV. This is
probably due to the self-healing of the amorphous
catalyst and the incomplete detachment of the hy-
droxyl™,

The electrocatalytic activity of HER was evaluated
with a typical three-electrode system in 0.5 mol - L™
H,S0,. The commercial 20wt% Pt/C was employed
for comparison. The crystalline structure was modu-

lated to explore the electrocatalytic performance. As

depicted in Figure 3A, the commercial Pt/C exhibited
excellent electrocatalytic activities. Except Pt/C elec-
trocatalyst, a-RuO, shows a low onset overpotential
of 67 mV (Figure 3A). Nevertheless, the onset over-
potential of c-RuO, (105 mV) is larger than that of
a-RuO,. Furthermore, a-RuQ, shows a small overpo-
tential of 85 mV at a current density of 10 mA -cm?,
lower than c-RuO, (155 mV). Notably, the Tafel slope
of a-RuO, was assessed to be 45.4 mV -dec ™, much
lower than that of ¢c-RuO, (84.6 mV -dec™) (Figure 3B).
Figure 3C shows the electrocatalytic durability of
a-RuQ,, evident from the current-time plot, indicating
its superior long-term durability. Moreover, the po-
larization curves for the 1st and the 1000th cycles of
a-RuQ, are still superimposed, once again demon-
strating its superior stability (Figure 3D). The HER re-
action kinetics of electrocatalysts was studied by
electrochemical impedance spectroscopy (EIS). The
EIS plots prove that the charge-transfer resistance of
a-Ru0O, was meaningfully weakened as compared
with that of c-RuO, (Figure 3E). The preferable charge
transfer system is a-RuO,, which was attributed to the

particular electronic structure of amorphous matrix
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Figure 3 (A) LSV polarization curves of a-Ru0,, c-Ru0O,, and commercial Pt/C in 0.5 mol-L™' H,SO,. (B) Tafel plots for a-Ru0O,,
c-Ru0,, and Pt/C. (C) Current-time plot of a-RuO,. (D) LSV curves of a-RuO, before and after 1000 cycles. (E) Nyquist plots of
a-RuO,, c-RuO,, and Pt/C. The inset is analog circuit diagram. (F) The corresponding electrocatalysts overpotentials at 10 and 100

mA -cm™. (color on line)

and large interface surface between a-RuO, and solu-
tion, according with the remarkable HER perfor-
mance. The intended overpotentials at both 10 and
100 mA -cm™ are evaluated as depicted in Figure 3F.
To arrive at 100 mA -cm™, the commercial Pt/C re-
quires an overpotential of 102 mV, while a-RuO, and
c-Ru0O, require 173 and 342 mV, respectively. The
results show that amorphous catalysts exhibit the best
catalytic performance at different current densities.
The electrocatalytic performance of the a-RuO,
and c-RuO, was also investigated in 1 mol-L™" KOH,
and is compared with that of Pt/C, which exhibits a
considerably smaller overpotential. Moreover, as
shown in Figure 4A, a-RuO, reached 10 mA -cm™ at
an overpotential of 110 mV which is lower than that
of c-RuQ, (180 mV). Next, the HER reaction kinetics
of these electrocatalysts were evaluated by fitting
LSV curves according to the Tafel equation (Figure
4B). The slope in Tafel plot for a-Ru0O, is calculated
to be 52.7 mV -dec™!, much lower than that of c-RuO,
(92.4 mV -dec™). Therefore, a-RuO, has a relatively
fast kinetic profile in electrocatalytic reactions under
alkaline conditions. The stability test of a-RuO, in

1 mol -L~" KOH is depicted in current-time depen-
dence to check the HER durability of the electrocata-
lysts further. As depicted in Figure 4C, the cur-
rent-time dependence plots of the catalysts in the al-
kaline solution merely show damping of electro-
catalytic performance. In addition, there is no visible
gap of the electrocatalytic performance in the 1st and
the 1000th cycles, indicating the favorable extended
durability of a-RuO, for HER reaction (Figure 4D).
As shown in Figure 4E, we also employed EIS to
study HER reaction kinetics. Under the alkaline con-
dition, Nyquist plots display that the charge transfer
resistance of a-RuQ, is significantly reduced con-
fronted with ¢c-RuQO,. Furthermore, a-RuO, reached
100 mA -cm™ at a relatively small overpotential of
252 mV, which is lower than c-RuO, (391 mV) in the
alkaline media (Figure 4F).

All electrochemical tests support that the disor-
dered Ru-O conformation has significantly enhanced
acidic and alkaline HER activities compared to the
ordered coordination. Tafel plot has also shown
a-RuO, to have a fast kinetic response, which may be
attributed to the disordered conformation enhancing
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Figure 4 (A) LSV curves and (B) Tafel plots of a-RuO,, c-Ru0O,, and Pt/C in 1 mol-L" KOH. (C) Current-time plot of a-RuQO, in 1
mol-L" KOH. (D) LSV curves of a-RuO, before and after 1000 cycles in 1 mol-L™ KOH. (E) Nyquist plots of a-RuO,, ¢-Ru0O,, and
Pt/C in 1 mol-L™ KOH. The inset is analog circuit diagram (F) The corresponding overpotentials at 10 and 100 mA -cm™in 1 mol-L™

KOH. (color on line)

the transport of the reactants and optimizing their ad-
sorption on the catalyst surface. In this regard, a de-
tailed simulation analysis is carried out later.

To further reveal the reason for the excellent elec-
trocatalytic HER performance of a-RuO,, we evaluat-
ed the catalytic mechanism of the disordered Ru-O
conformation by DFT simulations and kinetic analy-
sis. The differential charge densities of the two mod-
els are simulated. Figures 5A and 5B show that Ru in
a-RuO, has diverse charge transfers compared to the
uniform electron transfer in c-RuO,. Specifically, the
disordered Ru-O configuration with diverse spatial
orientations and bond lengths triggers inhomoge-
neous space-charge interactions, leading to Ru ex-
hibiting different charge accumulations and charge
depletions. This diffusely heterogeneous charge dis-
tribution drives the generation of numerous highly
active sites. Figures 5C and 5D also confirm that the
disordered Ru-O distribution leads to dispersion of
the charge density of Ru. To investigate the effect of
Ru-O conformational ordering on the -electronic

structure, we calculate the spin-resolved density of
states (DOS) for two samples. As shown in Figure
5E, the DOS of C-RuO; is sharp and localized due to
the two-dimensional bonding in the layered structure
of the crystal structure, while the DOS of A-RuQ, is
relatively broad and delocalized stemming from the
distortion of the layered structure. In addition,
a-RuO, shows a higher density of states at the Fermi
energy level and thus has a higher electronic conduc-
tivity than c-RuO,™1. The state of Ru d orbital has a
significant effect on the HER. The DOS plots of the
Ru 4d bands are shown in Figures 5F and 5G. The
calculated d-band centers of a-RuO, and c-RuQO, are
located at -2.91 eV and -1.45 eV, respectively. The
lower d-band center of a-RuO, compared to c-RuQ,
indicates weaker adsorption of H, leading to easier H
reformation on a-RuO, and promoting HER perfor-
mance. In addition, the electron localization function
(ELF) indicates that a-RuO, can achieve uniform
electron tour in 3D space than c-RuO,, which pro-

vides numerous electron transfer channels for HER
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Figure 5 Differential charge density graphs of (A) c-RuO, and (B) a-RuO,. Charge density graphs of (C) c-RuO, and (D) a-RuO,.
(E) Total density of states (TDOS) plots of c-RuO, and a-RuO,. Ru 3d orbital projected density of states (PDOS) plots for (F)
c-Ru0; and (G) a-RuO,. 3D ELF maps of (H) c-RuO, and (I) a-RuO,. (color on line)

and facilitates the full expression of active sites in all
directions of the catalyst (Figures SH and 5I).

The Gibbs free energy of catalyst for hydrogen ad-
sorption (AGy) is an essential indicator for analyzing
catalytic activity. A positive AGy is detrimental to
H* adsorption but beneficial to product desorption,
while a negative AGy: is the opposite. In order to
achieve excellent HER performance, the binding
strength of H" to the catalytic surface should be mod-
erate, so the AGy. of an ideal HER catalyst should be
close to zero™. We investigated the adsorption ener-
gies of intermediate reactants on the c-RuO, (1 0 1)
surface and the Ru atoms in charge depletion on
a-Ru0,. Figures 6A and 6B show the free energy com-
petition in acidic and alkaline media. H, is produced

via the Volmer-Heyrovsky pathway (H" +e” +* — H’,
H" +H'+e — H,+ *) in acidic media. The results
show that c-RuO, adsorbs H too strongly and a-RuO,
adsorbs H somewhat weakly, promoting the release of
H, from the a-RuO, surface, indicating the best activi-
ty, which is consistent with the experimental electro-
chemical results. Moreover, in alkaline media, HER is
usually achieved by three steps: H,O (1) - H,0* —
OH* + H* — OH* + 1/2 H, (g)*. Therefore, in con-
trast to acidic HER, the energy profile of alkaline
HER contains an investigation of the energy barrier of
water dissociation. As shown in Figure 6B, a-RuO,
exhibits the lowest Gibbs free energy for water
molecules, ensuring sufficient H,O* for the subse-
quent HER. Notably, the decomposition of H,O* into
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Figure 6 Calculated free energy diagrams of (A) acidic HER and (B) alkaline HER. (C) and (D) show the optimized structures of

acidic and alkaline HER intermediate reactants adsorbed on the catalyst surface, respectively. (color on line)

OH* and H* has the largest Gibbs free energy change,
representing the rate-determining step (RDS) of the
alkaline HER™. Therefore, the magnitude of the ab-
solute value of the free energy change from H,O* to
OH* + H* can reflect the HER activity of the catalyst.
Obviously, a-RuO, has a smaller value of free energy
change (0.818 eV) than c-Ru0, (0.938 eV). This implies
that the disordered Ru-O conformation can promote
electrocatalytic hydrolysis and accelerate the RDS of
alkaline HER. Figures 6C and 6D depict the optimized
configurations of HER intermediate adsorbates on the
two catalysts. Combining all the experimental results
and theoretical calculations, we conclude that the dis-
ordered Ru-O conformation can regulate the charge ac-
cumulation and consumption at the active site of the
catalyst, which in turn optimizes the d-band center and
the affinity for the intermediate reactants. Ultimately,
the structurally disordered a-RuO, exhibits significant-

ly enhanced HER catalytic performance.

4 Conclusions

In conclusion, we developed amorphous a-RuO,

catalyst with disordered Ru-O conformation. The fully
exposed disordered structure gave a-RuO, a far supe-
rior HER performance than crystalline c-Ru0O,, ex-
hibiting HER activity close to that of commercial
Pt/C in both alkaline and acidic media. Impressively,
a low overpotential of 110 mV and a small Tafel
slope of 52.7 mV -dec ™ were achieved in alkaline
media at a geometric current density of 10 mA -cm™.
The conformational relationship between microstruc-
ture and catalytic performance has been investigated
with experimental tests and theoretical simulations.
The homogeneous charge channels and high conduc-
tivity of the amorphous catalyst enable rapid charge
transfer to either site. The disordered Ru-O confor-
mation modulates the d-band center and affinity for
intermediate reactants, thus, reducing the kinetic bar-
riers to the HER process and achieving the optimal
hydrogen production performance. This work pro-
vides new insight into efficient HER catalysis
through phase engineering.
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TR Ru-O HIBIX Bl 4T S A BT 5

EAN ,%31,2’ FIA 2

EER R

(1 MR TR, TAR AR R IR e S ARG HE PP RBOR JE RS20 3, T WA /RIE, 150001
2. IR JREE T R B PRI FEBE, PU)I EEPK, 401135)

FEE AN TR N IR A B T 25 M RIS PR RO 25 . ARSI JE e M 28 AR 2 1T H T4 4100
RIEEE, BRBHIEMTERN (HER) fAFIMS . ik, AT LT —FHEA T Ru-0
BIRGAEAREAE R (a-RuO,), 45A Joit R BT R AR AN BB b2, 257 T Ru-O 4 # 1S HER HEREAYH
BoeFR, BMACRUL, JOF MY Ru-O Bofy 3% HE5m T Ba M Aas b HER i b iE 1k, B aurthw &m
a-RuO, AL PEREIEE Bk PYC, AL, FE 10 mA-cm? F#4T 10 h BLFR-IHE] (i-¢) M5, a-RuO, RILH
IR, i —2P RSB R a-RuO, BURAY d 45 AL A 0 Fe - aaaa TR T 5 o6t v ] 52 2 4
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