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The electrochemical hydrogen evolution reaction (HER) is an emerging route for producing clean
hydrogen. Recently, Ru-based catalysts have exhibited good activity towards the HER, making them
attractive substitutes for Pt. However, the HER performance of Ru-based catalysts still cannot reach the
same level as that of commercial Pt/C in acid solution. The atomic layer deposition (ALD) technique has
proved to be an effective route for the preparation of noble metal catalysts on substrates. Herein, we
successfully deposited RuO, catalysts on octahedral and cubic Pd seeds through an ALD process.
Interestingly, we found that RuO, was selectively deposited on Pd particles when Pd/nitrogen-doped
carbon nanotubes (NCNTs) were used as the substrate. Importantly, the as-prepared Pd@RuO,/NCNT
showed comparable activity with state-of-the-art commercial Pt/C catalysts for the HER. The
performance exceeds all of the current Ru-based nanocatalysts for the HER in acid solution. The X-ray

absorption spectroscopy and X-ray photoemission spectroscopy analyses indicated that the RuO, shell
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Accepted 7th November 2018 consists of metallic Ru and Ru(v). Density functional theory calculation results indicated that the Gibbs

free energy of the intermediate state H* of octahedral Pd@RuO, was much lower than that of cubic
Pd@RuO,, which resulted in the superior HER activity. This paper provides an example for the rational
design of efficient catalysts through a combination of shape-controlled synthesis and the ALD technique.
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However, its low abundance, limited supply, and rising prices
have motivated researchers to look for alternate catalysts with

1. Introduction

Hydrogen is a clean fuel, making it one of the most promising
energy sources for large-scale applications in the twenty-first
century.” Up until now, most of the hydrogen as fuel has
been produced through steam reforming of methane, which
produces a large amount of CO, during the production process.?
It is of great importance to develop clean routes for large-scale
production of hydrogen. The electrochemical hydrogen evolu-
tion reaction (HER) is an emerging route for curbing CO,
emissions while producing clean hydrogen.* Platinum is
considered as the most effective electrocatalyst for the HER.>”
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a high performance in the HER. Recently, several studies re-
ported the good HER performance of Ru electrocatalysts.*™**
Peng et al found that free standing two-dimensional Ru
nanosheets exhibited excellent HER activities."* However, free
standing regular Ru catalysts without some specific structures
cannot exhibit a good electrocatalytic performance. On the
other hand, an ideal substrate can provide a high surface area to
achieve high dispersity of catalysts. Furthermore, it can even
tune the crystal structure and electronic structure of catalysts.®®
For example, Qiao et al. reported that an anomalous crystalline
structure of Ru on g-C;N, exhibited better activity towards the
HER than Pt under alkaline conditions.® Barman and co-
workers prepared one-dimensional highly crystalline RuO,
nanowires on carbon nitride resulting in high performance for
both the HER and the oxygen evolution reaction.’ These results
indicated that the substrates played an important role for
tuning the electronic structures of Ru catalysts and the reaction
kinetics in the HER process. However, the HER performance of
Ru-based catalysts still cannot reach the same level as that of
commercial Pt/C in acid solution.®>***
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Currently, Pd is considered as an ideal substrate for the
synthesis of core-shell Ru-based nanocrystals (NCs).'>
However, Ru catalysts are mainly developed based on wet-
chemical reduction methods.”®*” The surfactants involved in
the reaction are difficult to remove and can hinder the catalytic
activities. In recent years, application of surfactant free
synthesis methods such as the atomic layer deposition (ALD)
technique for the deposition of noble metal nanoparticles have
gained considerable attention.’*® By using the ALD method,
Ru catalysts can be successfully grown on several types of
substrate, such as SiO,, TiO, and Al,0;.>*** However, these
substrates are not suitable for electrochemical catalytic reac-
tions due to their poor electron transport. Hence, it is of great
importance to select a proper substrate for the preparation of
Ru-based catalysts.

As Pd has similar lattice constants to Ru, Ru atoms tend to
deposit on Pd through the ALD process. In addition, the elec-
tronic structure of Ru can be controlled by tuning the
morphology of the Pd particles. It can be predicted that the
properties of Ru catalysts can be promoted by ALD of Ru on
shape-controlled Pd nanocrystals. This paper describes a novel
fabrication of PdA@RuO,. core-shell catalysts on nitrogen-doped
carbon nanotube (NCNT) substrates through the ALD method.
RuO, was successfully deposited on both octahedral and cubic
Pd seeds with two typical surface atom arrangements. Inter-
estingly, Ru atoms were selectively deposited on Pd particles
instead of NCNT substrates. The thickness of the Ru layer can
be precisely controlled by tuning the ALD cycling number. The
as-prepared PA@RuO,/NCNT showed comparable activity and
stability with state-of-the-art commercial Pt/C catalysts for the
HER in acid solution. In addition, we explored the origin of the
high reaction activity of Pd@RuO,/NCNT systematically by
synchrotron analysis and density functional theory (DFT)
calculation.

2. Results and discussion

Fig. 1a shows the main steps for the preparation of Pd@RuO,
catalysts on NCNTs through the ALD method. NCNTs with
a diameter range of 100 nm were prepared by ultrasonic spray
pyrolysis as outlined previously.”® First, we prepared Pd nano-
cubes and octahedra based on a previous method (Fig. S11).>” As
we know, NCNTs have proved to be good support materials in
fuel cell catalysts, due to their high electrochemical corrosion
resistance. Hence, the Pd particles were loaded onto NCNTs
before the ALD process and the loading content of Pd is 20 wt%.
As shown in Fig. S2,7 the particles were well dispersed on the
NCNTs after ultrasonic treatment. We conducted X-ray photo-
electron spectroscopy (XPS) for free standing Pd octahedra and
Pd octahedra on NCNT to investigate the interaction between
Pd and NCNTs (Fig. S3a-ct). When Pd octahedra were loaded on
NCNTs, the Pd3d;/, and 3ds/, peaks shifted from 340.4 eV and
335.1 eV to 340.6 eV and 335.3 eV, respectively. This result
indicated that after the dispersion of Pd on NCNT, the electrons
transfer from Pd to NCNTs, implying a strong interaction
between Pd and NCNTs. Before conducting ALD of Ru, we
heated the Pd particles on NCNTs at 270 °C in the ALD chamber
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for 1 h. The SEM images show that Pd octahedra maintained
their morphology well during the heating process (Fig. S3df).

ALD synthesis of PdA@RuO, bimetallic catalysts was achieved
by using bis(ethylcyclopentadienyl)ruthenium(n) and oxygen
(99.999%) as the precursors, and nitrogen (99.9995%) as the
purge gas. The morphology of the octahedral Pd/NCNT
substrates after 10, 20, 30, and 50 cycles of RuO, ALD (deno-
ted hereafter as octahedral PdA@RuO, 10, 20, 30, and 50 ALD)
was characterized using a scanning electron microscope (SEM)
as shown in Fig. S4.F Although the ALD process was carried out
at 270 °C, the Pd particles maintained their morphology during
the whole reaction. The surface of the Pd particles on the
NCNTs became rough with an increase of ALD cycling numbers.
The energy-dispersive X-ray spectroscopy (EDS) results showed
that the mass ratio between Ru and Pd increased from 1.3, 1.8,
and 2.3, to 3.5% with increasing ALD cycles, which agrees with
the results shown in SEM images.

The as-prepared octahedral PA@RuO, 30ALD had also been
characterized by transmission electron microscopy (TEM). As
shown in typical low-resolution TEM and STEM images, the
octahedral Pd-Ru nanocrystals were well dispersed on NCNT
substrates (Fig. 1b and c). The core-shell structure of PA@RuO,
had been further clarified by high-resolution TEM (Fig. 1d and
e). The thickness of the Ru layer was observed to be smaller than
5 nm. According to the HR-TEM images, the RuO, particles were
successfully deposited on Pd seeds. The surfaces of the core-
shell structures consisted of small Ru-based particles. The
periodic fringe spaces were confirmed to be 0.31 nm, which
agree well with the d values (110) of RuO,. EDS line scan profiles
shown in Fig. 1f and g clearly reveal the distribution of Pd and
Ru elements on the whole particle. The cross-sectional
compositional line-scanning profile of the individual nano-
crystal showed that the onset position of the Ru signal is at
around 16 nm which is 4 nm smaller than that of Pd, indicating
a 4 nm thickness of the dendritic Ru shell (Fig. 1h). In addition,
the EDS-mapping result shows that the Ru element existed
around the Pd element, indicating that Ru is well dispersed on
Pd nanoparticles (Fig. 1g). Accordingly, it can be concluded that
the as-prepared nanoparticles on NCNTs were Pd@RuO,
nanocrystals.

Based on the SEM and TEM observations, the surface of
NCNTs was still smooth after the ALD process, indicating that
no Ru atoms were deposited on the NCNT surface. We carried
out a control experiment to further prove the selective deposi-
tion phenomenon. For the samples obtained by depositing Ru
on Pd/NCNT substrates, the EDX spectrum showed a clear Ru
signal (Fig. S5a and bf). When the Ru ALD deposition was
carried out on only the NCNT substrate, the SEM images
showed that no Ru particles formed on the surface. In addition,
we did not observe any Ru signal in the EDX spectrum as shown
in Fig. S5c and d.T As Pd and Ru have very similar radii and the
lattice mismatch between Pd and fcc Ru is only 1.8% (3.89 A vs.
3.82 A),'* when Ru was deposited on Pd through the ALD
process, the first few layers of Ru tend to exhibit an fcc structure
to fit the Pd lattice. The small lattice mismatch between Pd and
fcc Ru might result in the selective deposition of RuO, on Pd

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (a) A schematic illustration showing the formation process of the octahedral and cubic Pd@RuO, catalysts on NCNT. (b and c) The typical
low-resolution TEM and STEM image of the octahedral Pd@RuO, nanocrystals. (d and e) HR-TEM images of two regions for one same nano-
crystal indicating the deposition of Ru on Pd seeds. (f) HAADF-STEM-EDS cross-sectional compositional line profiles. (g) HAADF-STEM-EDS
mapping image of one individual particle showing the distribution of Pd and Ru.

nanocrystals. In addition, the hydrophobic NCNTs might also
cause the difficult deposition of RuO, on their surfaces.

When we were using cubic Pd seeds as substrates, Ru can
also be deposited on the surface. As shown in Fig. S6,f the
surface of the cubic seeds becomes rough with increasing
cycling numbers. Different from the stabilization of octahedra,
the cubic Pd seeds evolved to truncated morphologies due to the
relatively high energy of the (100) surfaces. Similar to the octa-
hedral PA@RuO, on NCNT catalysts, the particles were also well
dispersed on NCNTs as shown in the TEM images (Fig. 2a). The

This journal is © The Royal Society of Chemistry 2018

thickness of Ru was around 5 nm. The HR-TEM images and fast
Fourier transform patterns indicated the formation of a multi-
crystalline structure of RuO, (Fig. 2b). Furthermore, the EDS-
line scan profile and mapping data showed a clear core-shell
structure formed during the ALD of Pd@RuO, of cubic Pd/
NCNT (Fig. 2c-e).

The HER activity of the as-prepared octahedral and cubic
Pd@RuO,/NCNT after 10, 30 and 50 cycles was measured in
comparison to commercial Pt/C catalysts and pure Pd nano-
particles by conducting linear sweep voltammetry measurements

J. Mater. Chem. A, 2018, 6, 24397-24406 | 24399
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(a) The typical low-resolution TEM image of the cubic Pd—RuO, nanocrystals. (b) HR-TEM image and corresponding FFT pattern of one

individual particle on NCNTs. (c) STEM image of the Pd—RuO, nanocrystals on NCNTs. (d) HAADF-STEM-EDS cross-sectional compositional line
profiles as marked in (c). (e) HAADF-STEM-EDS mapping image of one individual particle showing the distribution of Pd and Ru.

in 0.5 M H,SO, at room temperature. The Pd particles on NCNTs
exhibited a poor HER activity as shown in Fig. 3a. With the
deposition of Ru on Pd seeds, the on-set potential for the HER
performance shifted to the left compared to pure Pd particles.
The octahedral PdA@RuO, 30ALD exhibited much better catalytic
activities towards the HER compared with the octahedral
Pd@RuO, 10ALD and 50ALD. More importantly, the octahedral
Pd@RuO, 30ALD exhibited comparable HER activities to the
commercial Pt/C catalysts (Fig. 3a). The overpotential at 10
mA cm ! for the octahedral PA@RuO, 30ALD is 33 mV, which is
comparable with that of Pt/C (Fig. 3a). In addition, the perfor-
mance exceeds all of the current Ru-based nanocatalysts for the
HER in acid solution (Table S1t). The HER kinetics was

24400 | J Mater. Chem. A, 2018, 6, 24397-24406

illustrated by the corresponding Tafel plots. Fig. 3b revealed that
the Tafel slope of Pt/C catalysts was 35.6 mV dec” . Following the
same measurement parameters, a similar Tafel slope was ach-
ieved for the octahedral PdA@RuO, 30ALD catalysts at 33.1 mV
dec™". Empirically, the Tafel slope value within the range from 29
to 38 mV dec ' can be attributed to the slow atomic combination
to form H,. For the cubic Pd@RuO, catalysts, the cubic PA@Ru
30ALD also exhibited the best activity (Fig. 3c and d). The specific
activity for each catalyst was calculated from the polarization
curves by normalizing the current with the geometric area of the
electrode. As shown in Fig. 3e, the HER activities for the octa-
hedral Pd@RuO, 30ALD, cubic Pd@RuO, 30ALD, and Pt/C
catalysts were 22.3, 8.1 and 21.9 mA cm >, respectively, at an

This journal is © The Royal Society of Chemistry 2018
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Fig.3 (a—d) HER polarization curves and the corresponding Tafel plots recorded on octahedral and cubic Pd@RuO, nanocrystals on NCNTs with
various ALD cycles, Pd octahedra and commercial Pt/C catalysts, respectively. (e) Specific current activity at 0.05 V (versus RHE) of the Pd—RuO,/
NCNT and the Pt/C catalysts for the HER. (f) Durability measurement of the Pd@RuO, 30ALD and commercial Pt/C catalysts. The polarization
curves were recorded initially and after 5000 cyclic voltammetry sweeps between +0.4 and —0.15 V (versus RHE) at 100 mV s~1in 0.5 M H,50, at

ascan rate of 2 mV s~ %

overpotential of 0.05 V. These findings suggest that the RuO,
catalysts on Pd seeds can significantly improve the Ru perfor-
mance for the HER, which can lower the cost of the catalysts. To
evaluate the durability of the as-prepared PA@RuO, catalysts,
accelerated degradation tests (ADTs) were carried out between
+0.4 and —0.15 V (versus RHE) at 100 mV s~ ' for 5000 cyclic
voltammetry sweeps. As exhibited in Fig. 3f and S7,f the octa-
hedral PdA@RuO, 30ALD showed only a 13.1% loss in mass
activity after 5000 cycles, while the loss for the Pt/C catalysts was
34.7% after 5000 cycles at an overpotential of 0.05 V. The detailed
structure of the post-tested catalysts was also characterized
after stability tests. As shown in Fig. S8a,t the octahedral

This journal is © The Royal Society of Chemistry 2018

morphologies of Pd were maintained. The HR-TEM image
(Fig. S8bt) confirmed that the periodic fringe spacing was
0.31 nm, which agrees well with the d values (110) of RuO,. In
addition, the XPS spectra after the durability test (Fig. S8c and d¥)
showed an obvious peak at 280.7 eV, indicating that RuO, still
existed at the applied potential during HER. The above results
indicated that the RuO, shell is very stable after the durability
test. When RuO, was deposited on cubic or octahedral Pd
nanoparticles, the ratio of Ru(0) and Ru(wv) was different. This
means that the RuO, would create a relatively stable structure
according to the surface of Pd nanocrystals. The optimized RuO,
layer during the ALD process might be the reason for the good

J. Mater. Chem. A, 2018, 6, 24397-24406 | 24401
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durability during the hydrogen evolution reaction in acid
solution.

To understand the effect of Pd supports on the catalytic
activity of Ru catalysts and their interaction, X-ray absorption
spectroscopy (XAS) was used to study the local electronic and
atomic structure of the Ru catalysts (Fig. 4). A qualitative anal-
ysis of the X-ray absorption near edge structure (XANES) spectra
of both samples indicated broader whiteline features compared
to the Ru foil XANES spectra. This can be attributed to the
smaller size of Ru clusters in the ALD samples compared to Ru
Foil. Detailed examination of the white lines in the Ru K-edge
XANES spectra clearly shows a shift of cubic PdA@Ru/NCNT and
octahedral Pd@Ru/NCNT to higher energies compared to Ru
foil. This is further illustrated in the positive shift of the edge
jump of XANES spectra of both samples indicating the partial
oxidation of Ru on Pd supports using the ALD process. To
further illustrate the implication of Pd supports on the atomic
structure of ALD Ru, the extended X-ray absorption fine struc-
ture region (EXAFS) of the Ru K-edge XAS spectra was studied in
detail. The Fourier transforms of the EXAFS region for cubic
PAd@Ru/NCNT, octahedral Pd@Ru/NCNT, and Ru foil are
plotted in Fig. 4b. The peak at ~2.69 A is associated with Ru-Ru
atoms in the first coordination shell of metallic Ru and peaks
appearing below 2 A correspond to the bonds formed between
Ru and low z elements (such as oxygen and carbon, which were
not distinguishable due to the similar backscattering phase and
amplitude as well as bond length). The peak intensity in these
spectra is proportional to the degree of disorder/order (related
to the Debye-Waller factor) and coordination number of the
corresponding shell. Table 1 shows the detailed fitting param-
eters of the Fourier transform of the EXAFS region for both
samples. In both, the EXAFS region was fit based on a mixture of
Ru metal and RuO, crystal structures. The octahedral Pd@Ru/
NCNTs had been fit with a metallic Ru-Ru total coordination
number of 5.48 and RuO, based Ru-O coordination number of
2.56. Cubic PA@Ru/NCNTs had a lower metallic Ru-Ru coor-
dination number of 3.98 and RuO, based Ru-O coordination
number of 3.17. These results can be interpreted as the
formation of metallic-like Ru layers and RuO, layers on top of
each other.

Ru foil
cubic Pd@RuOx 30 ALD
—— octahedral PdA@RuOx 30 ALD

Intensity (a.u.)

T T T T
22050 22100 22150 22200 22250 2230
Energy (eV)
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To further confirm the ratio observed between Ru(0) and
Ru(v), we investigated the surface state of the Ru@Pd catalysts
by XPS (Fig. S91). The binding energies at around 280 eV
belonged to Ru 3d 5/2 spectra. The quantitative analysis of the
valence distribution of Ru on the catalysts' surface was con-
ducted based on the XPS fitted spectra. The Ru peak was fit to 3d
5/2 RuO,-xH,0, RuO,, 3d 5/2 Sat. RuO, and Ru(0). By calcu-
lating the area under the fitted curve, we can conclude that the
atomic ratio of metallic Ru in cubic PA@Ru/NCNT is 25%. The
metallic Ru in octahedral PA@Ru/NCNT is greater than that in
the cubic Pd@Ru/NCNT, resulting in a 32% ratio. This result
also indicated that the shell consisted of Ru and RuO,, which
agrees well with the XAS data. To investigate why the octahedral
Pd@RuO, 30ALD catalyst showed higher activity for HER than
the octahedral Pd@RuO, 50ALD catalyst, we performed further
characterization for the octahedral PA@RuO, 50ALD sample.
The TEM images showed that with 50 cycles of Ru ALD, the
thickness of RuO, increased from 4 nm to 7 nm (Fig. S10a-ct).
In addition, the XPS data indicated that the metallic Ru in
octahedral PA@RuO, 50ALD was 22% (Fig. S10dt), which is
much smaller than that of PdA@RuO, 30ALD. The result indi-
cated that an appropriate ratio of metallic Ru and Ru(w) is
critically important for the enhanced HER activity of PdA@RuO,
catalysts. The changed ratio of metallic Ru and Ru(w) is the
potential origin for the octahedral PA@RuO, 30ALD surpassing
50ALD.

We also performed DFT calculations to gain deeper insight
into the different activities of the cubic and octahedral
morphologies during the HER process. The model system was
constructed based on the structural information obtained by
EXAFS and XPS as discussed above (Table S2t). A number of
possible structures of partially oxidized RuO, on Pd(100) and
(111) were optimized (Fig. S11}). As shown in Fig. 5a and b, the
most stable configuration was used as the model to further
explore the activity and mechanism of the HER process. The
Gibbs free energy of the intermediate state, |AGy«| (ie.
| AGxgr|), has been considered as a major descriptor of the HER
activity for a wide variety of metal catalysts. The optimum value
of AGy~ should be zero. The |AGE{*| for the well-known highly
efficient Pt catalyst that we calculated in this work is 0.11 eV,

(b)

IX(R)I (A™)

T T T T T
0 1 2 3 4 5 6

R (Angstrom)

Fig. 4 (a) The normalized XANES spectra at the Ru K-edge of the cubic Pd@RuO, 30ALD, octahedral Pd@RuO, 30ALD and Ru foil. (b) K3
weighted Fourier transform spectra acquired from EXAFS of the cubic Pd@RuO, 30ALD, octahedral Pd@RuO, 30ALD, and Ru foil. The color

scheme applies to all panels.
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Table 1 Coordination number of Ru—Ru and Ru—-0O simulated from synchrotron results

Coordination Total coordination Bonding distance

Catalysts Bonding number number (A
Octahedral Pd@Ru with 30 Ru ALD cycles Ru-O (1) 1.06 2.56 2.032072

Ru-O (2) 1.5 1.963143

Ru-Ru (1) 2.74 5.48 2.63675

Ru-Ru (2) 2.74 2.69247
Cubic Pd@Ru with 30 Ru ALD cycles Ru-O (1) 1.26 3.17 2.026255

Ru-O (2) 1.91 1.961154

Ru-Ru (1) 1.99 3.98 2.62615

Ru-Ru (2) 1.99 2.68164

which is consistent with previous literature reports that indi-
cated a value of |AGH.| = 0.09 eV.* As shown in Fig. 5¢ and
Table S3 in the ESI,f among the seven possible reaction sites of
cubic Pd@RuO,, the |AGy«| on only one site is smaller than
0.11 eV (|AG}L|), while the other sites are not beneficial to the
HER process. However in Fig. 5d, all the |AGy+| on octahedral
Pd@RuO, sites are lower than 0.11 eV which indicated that all
octahedral Pd@Ru sites are highly active for the HER (Table
S4t). If we define the active sites with |AGy+| smaller than
0.11 eV, the calculated active site density of octahedral

(@

0.2

0.0
AGTy. = -0.11eV

3
N
L

Free Energy (¢V)

-0.4

-0.6

Pd@RuO, is 9.1 nm %, which is 3 times higher than that of
cubic PA@RuO, (3.1 nm™?). The calculated active site density
might be the main reason for the better HER performance of the
octahedral PA@RuO, 30ALD catalysts. In addition, we con-
structed a metallic Ru phase single layer with corresponding
structures on Pd(100) and Pd(111), and tested the H* adsorp-
tion capacity of the possible sites on the surface. As shown in
the Fig. S121 and Table S5 and S6,7 we found that compared
with RuO,, the pure metal phase Ru has a stronger adsorption
free energy for H* which also indicates that the second

Free Energy (¢V)

-0.4 —

-0.6 — of

Reaction coordinate
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Fig.5 (aand b) The schematic structures (top view) of different ruthenium oxide phases, Ru atoms in blue, O atoms in red. (a) RuO, (100) — white
dashed line indicates the (4 x 4) unit cell with seven active sites: 1, 2, 3, 4, 5, 6, 7; (b) RuO, (111) — white dashed line indicates the (4 x 4) unit cell
with ten types of active sites: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10. (c and d) Free energy diagrams of possible reaction pathways for the HER on Pd@RuO,
(partially oxidized) (c) (100) surface and (d) (111) surface (Ru atoms in blue, O atoms in red).
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reduction process of HER requires more energy related to the
surface of the RuO, layer. Thus, comparing the overall HER
performance, RuO, consisting of Ru and RuO, is an active
phase, which is more suitable for improved HER performance.

3. Conclusion

In summary, we successfully deposited RuO,. on octahedral and
cubic Pd seeds through an atomic layer deposition (ALD)
process. It was observed that when the Pd/NCNT was used as the
substrate, Ru atoms were selectively deposited on Pd particles.
Furthermore, the as-prepared Pd@RuO,/NCNT showed
comparable activity with the state-of-the-art commercial Pt/C
catalysts for the hydrogen evolution reaction in acid solution.
The octahedral PdA@RuO, 30ALD exhibited the best activity and
good stability after 5000 cycles. The XAS and XPS spectrum
indicated that the Ru shell consisted of metallic Ru and Ru(wv).
DFT calculation results indicated that the Gibbs free energy of
the intermediate state H* of octahedral PdA@RuO, was much
lower than that of cubic Pd@RuO,, which resulted in the
superior HER performance. This paper provided an example for
the rational design of efficient catalysts with a combination of
shape-controlled synthesis and the ALD technique.

4. Experimental section

Synthesis of Pd nanocubes

105 mg of PVP (M,, = 10 000), 60 mg of AA, 600 mg of KBr, and
8 mL of DI water were mixed in a 20 mL capped vial. The
mixture was pre-heated at 80 °C for 10 min in a water bath
under magnetic stirring. A 3 mL solution containing 57 mg
Na,PdCl, was added into the pre-heated solution, after which
the solution continued to mix at 80 °C for another 3 h. The
samples were collected by centrifugation, washed several times
with DI water, and re-dispersed in 12 mL of DI water.

Synthesis of Pd octahedra

A 3 mL solution containing 29.0 mg Na,PdCl, was introduced
into 8 mL of an aqueous solution containing 105 mg PVP, 100
puL HCHO, and 0.3 mL of an aqueous suspension of Pd cubic
seeds. The solution was heated at 60 °C for 3 h. The samples
were collected by centrifugation, washed three times with DI
water, and re-dispersed in water.

ALD synthesis of RuO, on Pd/NCNT

The Pd nanocubes and octahedra were loaded onto NCNTs by
ultrasonication for 30 min. The loading amount of Pd on
NCNTs was 20 wt%. Ru was deposited on the Pd particles by
ALD (Savannah100, Cambridge Nanotechnology Inc., USA)
using bis(ethylcyclopentadienyl)ruthenium(u) and O, as
precursors. High-purity N, (99.9995%) was used as both a purge
gas and carrier gas. The Pd/NCNT was loaded on aluminum foil
and then put in the ALD reactor chamber. The deposition
temperature was 270 °C, and the container for bis(ethylcyclo-
pentadienyl)ruthenium(u) was kept at 110 °C to provide
a steady-state flux of Ru to the reactor. Gas lines were held at
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150 °C to avoid precursor condensation. For each ALD cycle, 1 s
of the bis(ethylcyclopentadienyl)ruthenium(u) pulse and 5 s of
the O, pulse were separated by a 20 s N, purge. The size, density
and distribution of the Ru catalysts on Pd particles were
precisely controlled by adjusting the number of ALD cycles.

Electrochemical measurements

The electrochemical measurements were performed using
a glassy carbon rotating-disk electrode (Pine Instruments) as
the working electrode with a platinum wire and a standard
hydrogen electrode as the counter and reference electrodes,
respectively. The catalyst dispersions were prepared by mixing
3 mg of catalyst in a 2 mL aqueous solution containing 1 mL of
isopropyl alcohol and 30 pL of 5 wt% Nafion solution. Following
the solution preparation, the mixture was ultrasonicated for
30 min. Next, the working electrode was prepared by trans-
ferring 10 pL of the aqueous catalyst dispersion onto the glassy
carbon rotating disk electrode (0.196 cm?). The total loading
amount of noble metal (Pd + Ru) was 2 pg. The loading amount
of commercial Pt/C (20%) on the working electrode was also 2
png for comparison. The working electrode was rotated at
1600 rpm to remove the H, gas bubbles formed at the catalyst
surface.

Instrumentation

TEM , high-resolution TEM (HRTEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and electro energy loss spectroscopy-line scan (EELS-
line scan) were performed on a Tecnai G2 F20 microscope at
200 kv. Contact angle was measured on a OCA 15EC/
Dataphysics. Atomic force microscopy (AFM) was performed
on a Dimension Icon. The structure of the obtained catalysts
was characterized by atomic force microscopy (AFM, Dimension
Icon/Bruker AXS), X-ray powder diffraction (XRD; Rigaku D/
MAX-2500, Cu Ko radiation) and X-ray photoelectron spectros-
copy (XPS; EscaLab MK).

X-ray absorption spectroscopy

The Ru K-edge X-ray absorption fine structure measurements
were conducted in fluorescence mode using beamline 20-BM-B
at the Advanced Photon source (APS), Argonne National Labo-
ratory, USA. The obtained XAS data was analyzed using Athena
software. The extracted EXAFS data were weighted by &° to
obtain the magnitude plots of the EXAFS spectra in radial space.
The data was fitted using Artemis software.

Computational details

Periodic DFT calculations were carried out with the Vienna ab
initio Simulation Package (VASP)* using the generalized
gradient approximation (GGA) in form of the Bayesian error
estimation functional with van der Waals corrections (BEEF-
vdW).2*3! The interaction between atomic cores and electrons
were described by the projector augmented wave (PAW)
method.** A cutoff energy of 400 eV for the plane-wave basis set
and an atomic force convergence of 0.02 eV A~ were employed.
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A 4 x 4 cell was used for partially oxidized surfaces and Pt (111)
facet, and 4 x 4 x 1 k-point mesh was used for the Brillouin
zone integration. The slab was separated by at least 15 A of
vacuum. The top two layers of the slab were allowed to relax,
while the bottom three layers were kept fixed.

The structures we constructed were based on the experi-
mental characterization methods including XANES, XAS, EXAFS
and XPS. Four layers of Pd (100) and (111) facets were built first.
Based on the atomic ratio of metallic Ru from XPS and the total
coordination number and bonding distance of Ru-O and
Ru-Ru from synchrotron results (Table 1), a layer of partially
oxidized Ru surface was added on top of the Pd surfaces and
a certain amount of oxygen atoms were randomly dispersed so
that the final possible structures were consistent with experi-
mental characterization results (Table 1 and Table S2t). A
number of possible structures of partially oxidized RuO, on
Pd(100) and (111) were optimized (Fig. S7 in ESIt). As shown in
Fig. 5a and b, the most stable configuration was used as the
model to further explore the activity and mechanism of the HER
process.

In this work, we only considered the HER.

H"+e—+* > H" (1)

The asterisk (*) denotes the surface adsorption site. The
reaction free energy of each step was calculated by the compu-
tational hydrogen electrode (CHE) model proposed by Nerskov
et al.®® The chemical potential of the proton-electron pair as
a function of applied potential, at all pH values and tempera-
ture, can be described as

W) + (o) = g(Hg) — eU )

Thus, at zero voltage, the free energy change of the HER can
be calculated as

AG(HER) = G(H*) — G(slab) — [u(H") + u(e)] ®3)

= G(H*) ~ G(slab) — 1 u(Fay) o)
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