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Controlling the particle size of catalyst to understand the active sites is the key to design efficient elec-
trocatalysts toward hydrogen electrode reactions including hydrogen oxidation and evolution (HOR/HER).
Herein, the hydrogen and hydroxyl adsorption on Ru/C could be effectively tuned for HOR/HER by simple
controlling the particle sizes. It is found that the metallic Ru (Ru®) is the active site for HOR/HER, while
oxidized Ru (Ru**) will hinder the adsorption and desorption of hydrogen on the catalyst. For the HOR,
catalyst with small particles is more efficient, due to it is a three-phase interface reaction of gas on the
surface of the catalyst. For the HER, the metallic state of Ru is crucial. The deconvolution of hydrogen
peaks indicates that the catalytic sites with low hydrogen binding energy (HBE) shoulder the majority
of the HOR activity. CO stripping curve further demonstrates that the stronger hydroxyl species (OH,q)
affinity is beneficial to promote the HOR performance. The results indicate that the design of efficient
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HOR/HER catalyst should focus on the balance between particle size and metallic states.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of hydrogen energy, the two important
hydrogen electrode reactions (HOR/HER) have attracted great at-
tention [1-3]. It is found that the HOR catalysts still focus on Pt-
based materials and the HOR/HER activities of noble metal (Pt, Pd,
Ir, Ru and Rh) fall two orders of magnitude when changing from
acid to alkaline electrolyte [4]. Therefore, it is necessary to design
alkaline HOR/HER catalysts with high activity and low cost [5-10].
It is important to understand the sluggish kinetics of HOR/HER in
alkaline electrolyte to design an efficient catalyst, while the study
on non-Pt anode catalyst is limited [7,11]. The hydrogen binding
energy (HBE) of Ruthenium (Ru) is similar to Pt, and the cost of
Ru is only one third of Pt, which makes Ru as a promising sub-
stitutable for Pt catalysts [10,12,13]. Recently, many researches of
HOR/HER on Ru-based catalysts were carried out in alkaline elec-
trolyte, but the explicit kinetic study of HOR/HER on Ru-based cat-
alysts is still lack [14-16].

The difference of HOR activity on the metal single crystal sur-
faces demonstrated that it is a structure sensitive reaction [17].
Size, shape and structure of the nanoparticles have influences on
the catalytic performance of HOR [18]. It has been reported that
Ru/C with particle size of 3 nm showed the highest catalytic activ-
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ity for HOR in 0.1 mol/L NaOH electrolyte, due to the unique struc-
ture of long-bridge coordinated unsaturated Ru atoms on the sur-
face [19]. The research on the particle size effect of Ru/C catalysts
have extensively conducted on CO oxidation and catalytic hydro-
genation [20,21], and the most of the research on the effect of HOR
particle size mainly focused on Pt. Antoine’s group tested HOR per-
formance of Pt/C catalysts with size of 2.5-28 nm. The study found
that the Pt nanoparticles with the smallest size have the high-
est specific activity and mass activity [22]. Sun’s group showed
the HOR activity on Pt/C have "negative" particle size effect in
acid electrolyte that with the particle size increasing, the specific
activity increases and the mass activity shows a volcanic trend
that first increases and then decreases [23]. Subsequently, Ohyama’
group found similar results of the HOR activity on Pt/C in alka-
line and acid electrolyte, and the HOR activity of 3 nm Pt/C has the
highest activity [19]. Zheng's group reported the HOR/HER perfor-
mance of Ir/C with particle size of 3-12 nm in alkaline electrolyte,
proved that the active sites with the lowest HBE contributed to the
HOR/HER activity [24]. Later, Zheng's group found that the HOR ac-
tivity of Pd/C increases with the particle size increases, having the
same trend with the proportion of the lower HBE sites [25]. Nu-
merous experiments point out that the surface sites on the cata-
lysts with different particle size possess different activity. Research
on the effect of particle size is beneficial to design non-Pt cata-

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Z. Li, L. An, M. Song et al.

Ru/c-120 §(b)

7 Ruic- eéo (©)

Chinese Chemical Letters 34 (2023) 107622

12

=
O

Particle size (nm
£ (] [es

(d) — Ru/—1 0 (e)

——Ru/C-120
——Ru/C-150

Ru: 01 -089-490]3

Intensity (a.u.)
Intensity (a.u.)

Ru: 01»089—49?3

s—/\/\}L_A__N/-\_
_/\/‘JL—\_A_AA
A

10 20 30 40 50 60 70 80 90
2 6 (degree)

Fig. 1. TEM images of (a) Ru/C-120, (b) Ru/C-600.
high-resolution XPS spectra of Ru/C-10, Ru/C-120, Ru/C-600 and Ru/C-700.

lysts, which is of great significance to the development of anion
exchange membrane fuel cells.

Herein, Ru/C with particle sizes varying from 135nm to
5.95 nm supported on Vulcan XC-72 were prepared via an impreg-
nation reduction method following heat-treated at different tem-
perature. In alkaline electrolyte, the HOR mass activity presents a
volcanic type trend that first increases and then decreases, while
the area activity presents an inverted volcanic type trend, with the
Ru particle size increasing. The deconvolution of hydrogen peaks
shows that active sites with low HBE contribute to most of the
catalytic activity, and the adsorption of OH,y can also promote
the HOR activity. In addition, it was found that the HER activity
showed a volcanic trend that first increased and then decreased
with the particle size increases in alkaline electrolyte, but the cat-
alysts with the most excellent HOR and HER performance is not
the same. It was further discovered that Ru with a smaller particle
size is easier to adsorb oxygenated species in air, due to Ru has a
high oxygen affinity. The particle size and surface state of the cat-
alyst affect the HOR/HER activity of the Ru/C catalyst directly, and
the effects of these two factors are not the same in the two reac-
tions. This work provides guidance for the subsequent preparation
of efficient HOR/HER electrocatalysts.

The particle diameter and distributions of Ru nanoparticles
were measured by transmission electron microscopy (TEM). The
overview TEM image of Ru/C in Figs. 1a, b and Fig. S1 (Support-
ing information) demonstrate the Ru particles are well dispersed
on the carbon support. Obviously, the size of Ru nanoparticles in-
creases as the annealing temperature increases, due to the Ost-
wald growth and agglomeration during the annealing treatment
[26]. The high resolution TEM (HRTEM) image of the Ru/C-600 in
Fig. 1b displays a lattice fringe of 2.32 A, which can be attributed
to the (101) facet of hexagonal Ru [27,28]. The particle size grows
from 1.35nm to 5.95nm with increasing the temperature (Fig. S2
in Supporting information).

The Ru/C samples were characterized by XRD analysis to re-
veal the crystal-phase structure. Figs. 1d and e show the XRD
patterns of all Ru/C samples. There is no evident characteristic
diffraction peak corresponding to Ru species in Ru/C-10, Ru/C-120
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2 6 (degree)

A 2 /PO’O R, 4)/0 2 /P‘//o 4>‘//o “%. /P/C‘

3 , CERC "50 % %0y %0 %0 0
—Rurc-300] (f) lRu'3py Ru3ps (/0709
——Ru/C-400 RW3psz
R ans RU3py2
——Ru/C-600| ~
——Ru/C-700 : \ RU/C 600

= JN\
e ARUIC-120
5}
2 AL o
Ta Ru/C-10|
490 480 470 460 450

Binding energy (eV)

(c) The particle size calculated from XRD and TEM of all Ru/C samples. (d, e) XRD patterns of all Ru/C samples. (f) Ru 3p

and Ru/C-150, indicating that the sample reduced at low temper-
atures is amorphous structure with small particle size, which is
consistent with the TEM results. The Ru/C-300 shows a hexago-
nal close-packed structure. The peaks at 38.4°, 42.2°, 44.0°, 58.3°,
69.4°, 78.4°, 82.2°, 84.7°, 85.9° are corresponding to (100), (002),
(101), (102), (110), (103), (200), (112) and (201) facets of hcp Ru
(PDF #01-089-4903), respectively, which indicates that crystalline
Ru nanoparticles can be obtained by annealing at 300 °C [27,28].
And with the increasing of annealing temperature, the width of
diffraction peaks of Ru becomes narrow, indicating that the par-
ticle size tends to increase at a high temperature, consistent with
the TEM result. The particle size calculated by XRD patterns are
larger than the particles measured by TEM, which is probably due
to the polycrystalline structure of the nanoparticles [21]. The par-
ticle size is shown in Fig. 1c and Fig. S2 (Supporting information).

The surface component and electronic structure of partial Ru/C
catalysts were further characterized by X-ray photoelectron spec-
troscopy (XPS). Fig. S3 (Supporting information) presents the sur-
vey spectra of Ru/C-10, Ru/C-120, Ru/C-600 and Ru/C-700 catalysts,
which confirms the presence of Ru, C and O elements in the sam-
ple. The surface of Ru is unstable and easy to form surface oxy-
genated species when exposed to the air [29,30]. The O 1s peak
in the survey spectra also verifies the existence of oxide species.
The O 1s peak intensity of Ru/C-10 is significantly higher than
that of Ru/C-600 and Ru/C-700, indicating that there are more ox-
ide species, which could be related to its small particle size and
easy to be oxidized [31]. Owing to the signals of C 1s and Ru
3d overlap at approximately 285 eV, it is more accurate to use Ru
3p for XPS analysis to avoid the interference from carbon [32,33].
The peaks of oxidized state of Ru** 3ps, and Ru** 3p,, are cen-
tered at ~464.0eV and ~485.8 eV, respectively. The peaks located
at ~461.6eV and ~483.8eV could be attributed to the metallic
state of Ru® 3p3;, and Ru® 3p,p,, respectively [28,34]. The bind-
ing energy of Ru® in Ru/C-10 is much higher than that of Ru/C-700
in Fig. 1f, which also shows that there is a large amount of Ru in
oxidative state in Ru/C-10. Fig. S4 (Supporting information) shows
the ratio of Ru® and Ru** calculated from the XPS spectra of Ru 3p.
It can be obtained that when the annealing treatment temperature



Z. Li, L. An, M. Song et al.

Chinese Chemical Letters 34 (2023) 107622

0.8 02
(a) (c)
0.4
~ _ 01
o o5
too L .
< <
E.04 £ E
= —Ru/C-10 —Ru/C-400| ~ -08 —Ru/C-10 —Ru/C-400 = z -
—Ru/C-120 — Ru/C-500 —Ru/C-120 — Ru/C-500 e 723;8:1207:3;8:‘;88
0.8 Ru/C-150 — Ru/C-600 s Ru/C-150 — Ru/C-600 i . oy g
—Ru/C-300 — Ru/C-700, —Ru/C-300 — Ru/C-700 Rurc-0—nuit 000
- 24 02
0.00 015 0.30 045 060 0.75 0.90 00 01 02 03 04 05 06 -0.004 -0.002 0 0002 0.004
E (V vs. RHE) E(V vs. RHE) E(Vvs. RHE)
(d)® (e) ) 100
. 150 0.12
80 —
“ ~ %3 g
® @ 20.09 -
_ 3 E
< & 1002 % - 60 3
= g S E ' 5
> £ t S c
E £ £ Zo0s §
—Ru/C-10 Ru/C-400| £ a2z | 408
-6{ —Ru/C-120 —Ru/C-500] < 50 0 & P
— Ru/C-150 —Ru/C-600] = 0.03 20
—Ru/C-300 — Ru/C-700
7
0

-0.04 -0.02 000 002 004
E(V vs. RHE)

Particle size (nm)

Particle size (nm)

Fig. 2. (a) CV curves, (b) HOR polarization curves, (c) micro-polarization region (—0.005~0.005V), (d) Tafel plots of Ru/C catalysts. (e) MA and ECSA of Ru/C catalysts as a
function of particle size. (f) Fraction of H1 peaks and SA of all Ru/C catalysts as a function of particle size.

increases, the highest proportion of metallic Ru® reached 78.2% for
Ru/C-700. Ru/C-10 with the small particle obtained at low temper-
ature has the highest ratio of oxidative state Ru** (51.6%). It further
shows that the Ru/C catalyst with small particle is easy to form
oxygenated species when exposed to air, thereby obtaining Ru/C
samples with different particle size and surface states.

The cyclic voltammetry (CV) curves of Ru/C catalysts in N,-
saturated 0.1 mol/L KOH were obtained and shown in Fig. 2a. The
oxidation peak around 0.12V of all Ru/C catalysts is attributed to
the desorption of the under-potentially deposited hydrogen and
the oxidation of Ru surface [19,27,35,36]. With increasing anneal-
ing temperature, the electrochemical double layer in the CV curves
reduces obviously. And when the reduction temperature reached
500 °C, the hydrogen region of Ru/C-500, Ru/C-600 and Ru/C-
700 nearly disappear, due to the decrease of active sites with the
growth of particles during the high-temperature annealing [37,38].
The HOR polarization curves of Ru/C catalysts were measured with
a rotating disk electrode (RDE) in Hj-saturated 0.1 mol/L KOH. As
shown in Fig. 2b, the HOR currents of the Ru/C catalysts increase
with the positive scan from —0.05V to 0.1-0.2V and then de-
crease, which corresponds to the CV curve that the hydrogen des-
orption peaks around 0.1-0.2V. All of the Ru/C catalysts cannot
reach the theoretical diffusion limited current, due to the reason
that Ru is easily oxidized and then leads to a lower failure poten-
tial [14,15,39,40]. Ru/C-120 shows the smallest polarization overpo-
tential and provides the highest apparent HOR performance among
all Ru/C catalysts.

The difference of HOR activity on Ru/C catalysts can be clearly
seen from the micro-polarization region and Tafel plots shown in
Figs. 2c and d. The Ru/C-120 shows the highest apparent activity,
while Ru/C-700 exhibits the lowest activity near the equilibrium
potential. The exchange current densities (j,) cannot be calculated
by extrapolating the Tafel curve, due to the reason that Tafel re-
gion is unclear, which is caused by the oxidation on the Ru surface
[19]. The jg is acquired by linear fitting of micro-polarization re-
gion (—0.005V-0.005V), using the simplified Butler-Volmer equa-
tion (Eq. 1) [27,41].

Jo=(j/n) = (RT/F) (1)

where j equals the apparent current density, 1 is the overpoten-
tial, R corresponds to the molar gas constant (8.314]mol~! K1),
T refers to the Kelvin temperature, and F is the Faraday constant
(96,500 C/mol). The calculated j, from micro-polarization curves

are normalized to the mass of Ru as mass activity (MA). The MA
of Ru/C-120 (163.4mA/mg) is about 1.2 times of that of Ru/C-10
(136.5mA/mg), and 5 times of that of Ru/C-700 (32.74 mA/mg), in-
dicating the remarkable HOR performance of Ru/C-120. The elec-
trochemical surface areas (ECSA) of all Ru/C catalysts are obtained
from CO-stripping voltammetry to further identify intrinsic activi-
ties. ECSA of Ru/C catalysts are summarized in Table S1 (Support-
ing information). Fig. 2e shows the MA and ECSA among these
Ru/C catalysts. Generally speaking, the number of active sites de-
creases with the increase of the particle size in the catalyst [42].
However, as the particle size increases, the ECSA of the Ru/C cat-
alyst first increases and then decreases sharply, which exhibits a
volcano type relationship. MA and ECSA have the same trend, and
Ru/C-120 has the largest ECSA and the highest MA.

From XPS analysis, the ratio of metallic Ru® in Ru/C-10 and
Ru/C-120 is 48.4% and 57.4%, respectively. Ru is oxophilic-metal and
can be easily oxidized, the metal state of Ru is critical to the high
activity of Ru/C for HOR. Although the particle size of Ru/C-10 is
smaller than that of Ru/C-120, the ultrafine Ru particles is easily to
form surface oxygenated species, which results in a small ECSA of
Ru/C-10 than Ru/C-120 as verified in Fig. 1c¢ and Fig. S4 (Supporting
information). Since Ru® is the active center for HOR, and the exis-
tence of the oxygenated species on the surface reduces the number
of active sites. In addition, the oxidative state Ru** inhibits the ad-
sorption of hydrogen, which reduces the electrocatalytic activity of
Ru/C-10.

Specific activity (SA) of Ru/C were acquired by normalizing jg
to ECSA to clarify the intrinsic activities. Fig. 2f depicts the cor-
relation between the SA of Ru/C catalysts, it can be seen that
the SA presents an obvious inverted-volcano relationship with the
annealing temperature increasing, in which the SA of Ru/C-120
(0.116 MA/cm? ery) is about 1.5 times higher than that of Ru/C-300
(0.076 mA/cm? ., for the lowest SA). Together with the excellent
MA, this demonstrates the excellent intrinsic and apparent perfor-
mance of Ru/C-120.

Sheng et al. found the relationship between the hydrogen bind-
ing energies (HBE) or HOR exchange current densities of Pt, Pd,
Ir, Rh and pH values is generally monotonically decreased, indicat-
ing that HBE might be the dominant descriptor for hydrogen elec-
trode reactions [5,43]. The anodic oxidation peak in the hydrogen
desorption region could be assigned to the oxidation of H inter-
mediates (H,q) adsorbed on the crystal faces of Pt, Pd, Ir, Rh, so
as Ru [44]. Thus, the hydrogen desorption region of Ru/C were di-
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Fig. 3. Divide hydrogen region into two peaks centered at 0.090-0.095V (H1) and 0.135-0.139V (H2) for (a) Ru/C-10 and (b) Ru/C-120. (c) The fraction of H1 and H2 in

Ru/C-10 and Ru/C-120. (d) CO stripping peak of Ru/C catalysts.

vided into two peaks, to establish the relationship between the ac-
tive sites distribution and catalytic performance, that the negative
anode peak corresponding to lower HBE.

The deconvolution of hydrogen desorption peaks of Ru/C-10 and
Ru/C-120 are shown in Fig. 3. Ru/C-10 has two peaks at 0.095V
(H1) and 0.139V (H2) for the proportion of 41.05% and 58.95%,
correspondingly. While for Ru/C-120, the H1 and H2 peaks neg-
atively shift to 0.090 and 0.135V, with the proportion of 59.94%
and 40.06%. The peak of hydrogen desorption is closer to the equi-
librium potential, indicating that the desorption of H.q is easier,
and the active site has higher catalytic activity for HOR. Obviously,
both deconvolution peaks of Ru/C-120 are closer to the equilib-
rium potential than that of Ru/C-10. Furthermore, the proportion
of H1 in Ru/C-120 is remarkably higher than that in Ru/C-10, indi-
cating that there are more highly active sites in Ru/C-120. In sum-
mary, the two characteristics correspond to the excellent activity
of Ru/C-120, which indicates that high fraction of active sites and
low hydrogen desorption peak result in the superior catalytic activ-
ity for Ru/C-120. The deconvolution of hydrogen desorption peaks
of all Ru/C catalysts are shown in Fig. S5 (Supporting information).
Fig. 2f shows that the proportion of H1 peak first decreases and
then increases with the particle size increases. The SA shows the
same changing trend, suggesting that H1 may contribute most of
the HOR activity, and HBE is the main descriptor. Ru/C-120 has
the largest proportion of H1 peak, while Ru/C-300 has the smallest
proportion of H1 peak.

In addition, OH species binding energy (OHBE) should be con-
sidered because Ru has strong oxophilicity, and is generally used to
accelerate the removal of H,q to achieve high HOR activities. The
potential of CO-stripping provides a sensitive measure of the OHBE,
due to CO,4 can be removed by the OH,4 on the Ru surface [45,46].
CO-stripping curves of all Ru/C catalysts are shown in Fig. S5 (Sup-
porting information). Fig. 3d shows the potential of CO stripping
on all Ru/C catalysts first increases, and then decreases with parti-
cle size, in which Ru/C-300 have the most positive potential, cor-
responding to the smallest SA, suggesting that OH,q4 maybe have
some effect on HOR performance.

In order to compare the HER performance of Ru/C catalysts with
different particle sizes, LSV testing was conducted in H,-saturated

1mol/L KOH using a three-electrode system. Fig. 4a exhibits the
HER polarization curves of Ru/C catalysts. The overpotential at
10mA/cm? increased in the order of Ru/C-600 (30mV) < Ru/C-
500 (34mV) < Ru/C-400 (37mV) < Ru/C-300 (40 mV) < Ru/C-150
(52mV) < Ru/C-120 (61 mV) < Ru/C-10 (77 mV). Obviously, Ru/C-
600 required the smallest potential of 30mV to achieve a cur-
rent density of 10 mA/cm?2, whereas Ru/C-10 required the highest
potential of 77mV. The HER activity of Ru/C catalysts increases
with the increasing of the particle size. However, the activity de-
creases when the annealing temperature reaches above 600 °C,
and the overpotential of Ru/C-600 is 30 mV, smaller than 39 mV of
Ru/C-700, which is attributed to the increased size of Ru particles.
Meanwhile, Ru/C-600 has the highest MA (0.625 A/mg@50mV),
which is 1.3 times of that of Ru/C-700 (0.468 A/mg@50mV) and
3.7 times of that of Ru/C-10 (0.17 A/mg@50 mV) in Fig. 4b. Further-
more, the HER performance of Ru/C-600 is higher than Pt/C (0.405
A/mg@50 mV) (Fig. S7 in Supporting information). The Tafel plots
(Fig. 4c) can be acquired from the HER polarization curves. The
Ru/C-600 shows the Tafel slope of 33.7 mV/dec, which is smaller
than other Ru/C catalysts, indicating a fast HER kinetics. The Tafel
slopes of the Ru/C catalyst is in the range of 20-40 mV/dec, indi-
cating that the path to catalyze HER reaction is Volmer-Tafel pro-
cess (H" +e~ = H,qs, 2H 95 = Hy) and the combination of H,yg
to produce H, (Tafel step) is the rate-determining step [47-50]. To
deeply underatand the HER activity of Ru/C catalysts, the electro-
chemical double-layer capacitance (Cy;) could be obtained by linear
fitting the currents at different scan rates in the non-Faraday zone,
is applied to calculate the ECSA. Fig. 4d shows that the Cy of Ru/C-
600 is much larger than other Ru/C catalysts, corresponding to the
largest number of active sites, explaining its excellent HER activity
[51-53].

In general, the catalyst with smaller particle size represents
greater degree of metal dispersion, corresponding to more sur-
face active sites [38]. However, it is found that the Ru/C-600 has
the largest C4 and the maximum number of active sites, while
the particle size of Ru/C catalysts increases and the dispersion re-
duces with the increase of post-treatment temperature from 10 °C
to 600 °C. The HER activity of Ru/C catalyst depends on the sur-
face state (the content of Ru®) and the particle size of the catalyst
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(Fig. 5). The Ru/C-600 has the most excellent performance, al-
though its particle size is larger than that of other Ru/C catalysts
obtained at lower temperatures. This can be attributed to the fact
that the oxygenated species on the surface of Ru/C catalysts ob-
tained at low temperatures would hinder the reaction, while the
metallic Ru® is the active center for catalyzing HER [30,54]. From
the XPS, the ratio of Ru® in Ru/C-600 is 65.8%, while Ru/C-10 and
Ru/C-120 are 48.4% and 57.4%, respectively. The reason for the poor
catalytic performance of Ru/C-700 is related to the increased Ru
nanoparticle sizes.

In summary, we found that the HOR and HER activities of Ru/C
catalysts are highly correlated with the composition and particle
sizes. The metallic Ru® is the active site for the hydrogen electrode
reaction, while Ru** would hinder the adsorption and desorption
of hydrogen, thereby inhibiting the HOR and HER reactions. The
catalysts with smaller particle size can provide more active sites.
However, the surface of small Ru particles is easily to form oxy-
genated species due to the highly instability of Ru. Both the HER
and HOR activities of Ru/C show a volcano shaped curve with par-
ticle size increasing. Because the HOR is a three-phase interface
reaction of gas on the surface of the catalyst, smaller catalyst is
benefit to the progress of the reaction. Ru/C-120 has the best HOR
activity, while particle size has a great influence. In addition, the
deconvolution of hydrogen desorption peak of the Ru/C catalyst
found that the proportion of sites with lower HBE is directly re-
lated to the HOR activity, which proves that HBE is the descriptor
of the HOR reaction. For HER, Ru/C-600 has the best catalytic ac-

tivity, indicating that the surface state of the catalyst, that is, the
ratio of Ru® have a great impact on the activity of HER. The results
of this experiment provide useful guidance for the subsequent de-
sign of Ru-based electrocatalysts.
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