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Exploring highly efficient electrocatalysts and understanding the reaction mechanisms for hydrogen elec-
trocatalysis, including hydrogen oxidation reaction (HOR) and hydrogen evolution reaction (HER) in al-
kaline media are conducive to the conversion of hydrogen energy. Herein, we reported a new strategy
to boost the HER/HOR performances of ruthenium (Ru) nanoparticles through nitrogen (N) modification.
The obtained N-Ru/C exhibit remarkable catalytic performance, with normalized HOR exchange current
density and mass activity of 0.56 mA/cm? and 0.54 mA/ug, respectively, about 4 and 4.5 times higher
Hydrogen oxidation reaction than those of Ru/C, and even twofold enhancement compared to commercial Pt/C. Moreover, at the over-
Hydrogen evolution reaction potential of 50 mV, the normalized HER current density of N-Ru/C is 5.5 times higher than that of Ru/C.
Ru ) Experimental and density functional theory (DFT) results verify the electronic regulation of Ru after N
N-incorporation incorporation, resulting in the optimized hydrogen adsorption Gibbs free energy (AGy:) and hence en-
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hancing the HOR/HER performance.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen has been regarded as an effective energy carrier to
replace traditional fossil energy for sustainable development in the
future in terms of its significant advantage of zero emission and
high gravimetric energy density [1-4]. Hydrogen oxidation reaction
(HOR) in fuel cells and hydrogen evolution reaction (HER) in water
electrolyzers are two crucial reactions during the hydrogen cycle
[5,6]. Currently, the development of anion-exchange membranes
(AEMs) permits the use of low-cost and earth-abundant platinum-
free catalysts to meet the requirements toward oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) [7-9]. Thus,
the corresponding AEM-based fuel cells (AEMFCs) and water elec-
trolysers in alkaline media have received considerable attention.
However, even for the state-of-the-art Pt-based catalysts, their
HOR/HER kinetics are approximately two to three orders of mag-
nitude slower in alkali electrolytes than those in acidic electrolytes
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[10,11]. Therefore, exploring highly efficient Pt-free electrocatalysts
combining with their catalytic mechanisms toward HOR/HER in al-
kaline media is highly desirable but still remains a challenge.

Recently, Ru and Ru-based materials have received great inter-
ests due to the potential to replace Pt-based electrocatalysts for
catalyzing HOR/HER [12-21]. However, most of their performances
are still far inferior to those of commercial Pt. Regulation of elec-
tronic structure of catalysts is an important strategy to boost the
catalytic performance [22,23]. Therefore, great efforts have been
committed to tailoring the catalysts’ electronic structures, includ-
ing alloying [24-27], forming heterogeneous structures [28-31] and
lattice strain [32-34], etc. These methods always introduce addi-
tional variables, for example composition change. Heteroatom dop-
ing is a prospective approach that can modulate the electronic
structure of host materials without changing their compositions by
introducing charge redistribution [35-40]. Nevertheless, as far as
we know, rationally adjusting the electronic structure of transition
metals by the heteroatom doping method for facilitating alkaline
HOR/HER performances has been rarely reported.

Herein, we reported the synthesis of N-incorporation Ru
nanoparticles (N-Ru/C), and its remarkable catalytic performances

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) XRD pattern of N-Ru/C. # represents the peak of carbon. (b, ¢) Ru 3p and N 1 s core-level XPS spectra of N-Ru/C and Ru/C catalysts, respectively. (d, e) TEM images
of N-Ru/C catalyst. (f) HAADF-STEM images and EDX elemental mapping of Ru and N in N-Ru/C.

toward HOR and HER in alkaline media. The X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT) calculation
results indicated the electron transfer between Ru and N. We fur-
ther found that the introduction of N could weaken the H binding
strength of Ru to become much closer to zero and consequently
boost the HOR/HER performance.

The Ru nanoparticles (NPs) were first synthesized using a sim-
ple colloidal method. Dodecylamine (DDA) and oleic acid (OA)
were used as the solvent. RuCl3snH,0 was used as Ru precur-
sor. The N-Ru/C was obtained by annealing the as-prepared Ru
nanoparticles supported on XC-72 carbon at 400 °C under NHj;
atmosphere. The different contents of nitrogen element in Ru
nanoparticles were obtained by controlling different annealing
time for 10, 30 and 60 min, denoted as N-Ru-1/C, N-Ru-2/C and
N-Ru-3/C, respectively. The different N contents were listed in Ta-
ble S1 (Supporting information) conducted by X-ray photoelectron
spectroscopy (XPS). It is obvious that the N content is increased
with the reaction time. Because of the highest catalytic HOR/HER
activities of N-Ru-2/C, N-Ru/C in the whole text represented N-
Ru-2/C (vide infra). The structure of N-Ru/C was firstly character-
ized by powder X-ray diffraction (XRD). The diffraction peaks of
N-Ru/C shown in Fig. 1a can be well attributed to metallic Ru in
hexagonal phase (JCPDS No. 06-0663), which is similar with that
of Ru/C with no obvious change of the crystal structure (Fig. S1
in Supporting information). For comparison, the XRD patterns of
N-Ru-1/C and N-Ru-3/C are shown in Figs. S2 and S3 (Supporting
information). All the diffraction peaks of these catalysts are well-
assigned to hexagonal Ru. The XPS spectra of N-Ru/C and Ru/C in
the Ru 3p regions were shown in Fig. 1b. Both two characteristic
peaks corresponding to Ru 3psz, and 3pq, are observed. Notably,
the binding energy of the Ru 3p;p, characteristic peak (461.8 eV)
in N-Ru/C is slightly shifted to higher position compared to that in
Ru/C (4614 eV), suggesting N gains electrons from Ru in N-Ru/C.
Fig. 1c shows the high-resolution XPS spectra of N 1s of N-Ru/C,
which further indicates the presence of nitrogen. The XPS survey
and XPS data of C in N-Ru/C are shown in Figs. S4 and S5 (Sup-
porting information).

The morphology of N-Ru/C was investigated by transmission
electron microscopy (TEM). As shown in Fig. 1d, the N-Ru NPs
are well-dispersed on the XC-72 carbon support with the average
particle size of about 3.1 nm (Fig. S6 in Supporting information).
Fig. 1e displays the high-resolution TEM image of N-Ru/C and an
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interplanar spacing of about 0.207 nm can be observed, which is
assigned to the (101) plane of the hexagonal Ru structure. In addi-
tion, to further identify the structure of the N-Ru/C, the high-angle
annular dark field scanning TEM image (HAADF-STEM) and energy-
dispersive spectroscopy (EDS) mapping were conducted. Fig. 1f in-
dicates that the Ru and N atoms are uniformly distributed on
the N-Ru NPs. Furthermore, the TEM images and size distribu-
tions of N-Ru-1/C, N-Ru-3/C, and Ru/C are displayed in Figs. S7-S9
(Supporting information). All of these N-Ru or Ru NPs are well-
dispersed on the XC-72 carbon support with the average particle
sizes of about 3.1, 3.3 and 3.6 nm for N-Ru-1/C, N-Ru-3/C and Ru/C,
respectively.

The HOR performances of the different N-Ru/C catalysts were
first evaluated in 0.1 mol/L KOH. The loading of the platinum
group metal (PGM) in all the as-prepared catalysts were gained
by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) (Table S2 in Supporting information). The cyclic voltamme-
try (CV) curves (Fig. S10a in Supporting information) of all the
N-Ru/C catalysts show that HOR current densities firstly increase
up to around 0.1 V and then decrease because of the Ru surface
oxidation and the desorption of underpotentially deposited hydro-
gen (H-UPD) [41-44]. Similar phenomena can be seen in the po-
larization curves (Fig. S10b in Supporting information). After the
linear fitting of micro-polarization region (—5~5 mV) by the ap-
proximate Butler-Volmer equation (Fig. S10c in Supporting infor-
mation) [5,41], exchange current densities (j°) of the N-Ru/C cat-
alysts are obtained. As can be seen, the N-Ru-2/C has the maxi-
mal slope among all the N-Ru/C catalysts, indicating its best ap-
parent activity. The mass-specific exchange current density (jo™),
also called mass activity (MA), is obtained after j° being normal-
ized by the loading of the PGM. Furthermore, Cu underpotential
deposition (Cu-UPD) stripping strategy is used to evaluate the elec-
trochemically active surface area (ECSA) of different catalysts and
further clarify the electrocatalytic active sites (Fig. S11 and Table
S3 in Supporting information) [41]. The area-specific exchange cur-
rent density (j%%), also named specific activity (SA), is calculated
after j© being normalized by the ECSAs of these catalysts. The fi-
nal j%™ and j9¢ of different N-Ru/C catalysts are displayed in Ta-
ble S3 and Fig. S10d (Supporting information). The j%™ of N-Ru-
1/C, N-Ru-2/C and N-Ru-3/C are calculated to be 0.21, 0.54 and
0.34 mA/ng, respectively. The j%5 of N-Ru-1/C, N-Ru-2/C and N-Ru-
3/C are calculated to be 0.23, 0.56 and 0.37 mA/cm?, respectively.
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Fig. 2. (a) CVs curves of N-Ru/C, Pt/C and Ru/C conducted in Ar-saturated 0.1 mol/L KOH at a scan rate of 50 mV/s. (b) HOR polarization curves and (c) linear-current
potential region around the equilibrium potential of HOR/HER of N-Ru/C, Pt/C and Ru/C conducted in H,-saturated 0.1 mol/L KOH at a scan rate of 10 mV/s with the rotation
speed at 1600 rpm after iR-compensation. (d) MA and SA of N-Ru/C, Pt/C and Ru/C in 0.1 mol/L KOH.

The N-Ru-2/C possesses the highest mass activity and specific
activity.

Furthermore, the HOR performances of N-Ru/C, Ru/C, and Pt/C
(20 wt%) were also explored. Their CV curves obtained in Ar-
saturated KOH and polarization curves obtained in Hj-saturated
KOH were shown in Fig. 2a and b. For both N-Ru/C and Ru/C, the
peaks at around 0.1 V attributed to the Ru surface oxidation and
H-UPD can be clearly observed. After the linear fitting of micro-
polarization region (—5~5 mV) by the approximate Butler-Volmer
equation (Fig. 2c¢), j° of the N-Ru/C, Ru/C and Pt/C are obtained.
As can be seen, the N-Ru/C has the maximal slope among all the
three catalysts, indicating its best apparent activity. After normal-
izing the j% of N-Ru/C, Ru/C and Pt/C by the loading of the PGM
(Table S2) and the ECSAs (Figs. S11 and S12 in Supporting infor-
mation), the obtained j®™ of N-Ru/C, Ru/C, and Pt/C are calculated
to be 0.54, 0.12 and 0.23 mA/pg, respectively (Fig. 2d and Table
S3). And the j% of N-Ru/C, Ru/C and Pt/C are calculated to be
0.56, 0.14 and 0.33 mA/cm?, respectively (Fig. 2d and Table S3).
The above results indicate the N-Ru/C display excellent mass ac-
tivity and specific activity. The MA of N-Ru/C is about 4.5 and 2
times higher than that of Ru/C and Pt/C, respectively. The SA of
N-Ru/C is about 4 and 2 times higher than that of Ru/C and Pt/C,
respectively. Notably, the j%™ and j% of N-Ru/C surpass most of
the reported PGM-based catalysts (Table S4 in Supporting informa-
tion). However, though N-Ru/C exhibits excellent HOR activity, the
drawback of Ru-based electrocatalyst is that Ru is easily oxidized.
The generated oxygenated species on the catalyst surface will in-
hibit H, adsorption, and consequently, the HOR current will de-
crease around 0.1~0.2 V [21,41-44]. To date, no rational approach
has been proposed to circumvent the electrochemical oxidation
of the Ru surface. Therefore, further research is needed in the
future.

Stability is another important factor to evaluate a catalyst.
Hence, the stability N-Ru/C was carried out using accelerated dura-
bility tests (ADTs) (Fig. S13 in Supporting information). The CV and
polarization curves before and after 1000 CVs show almost no vari-
ation (Figs. S13a and b). The jO calculated from micro-polarization
region of N-Ru-2/C (Fig. S13c) exhibits a decreasing tendency from
2.65 mA/cm? to 2.52 mA/cm?, suffering a loss of 5% in HOR ac-
tivity (Fig. S13d), suggesting the good stability of N-Ru/C in alka-
line media. The chronoamperometry was further conducted to test

the stability of N-Ru/C (Fig. S14 in Supporting information). After
20000s, the N-Ru/C only shows a small decay in current density.
Furthermore, there are no obvious changes in TEM, XRD and XPS
of N-Ru/C carried out after ADTs (Fig. S15 in Supporting informa-
tion) compared with those before ADTs. These results also suggest
the good durability of N-Ru/C toward alkaline HOR.

The electrocatalytic HER activities of all the N-Ru/C catalysts
were also explored in order to investigate the impact on HER ac-
tivity of different N contents in 1.0 mol/L KOH solution. Fig. S16a
shows their HER polarization curves. The overpotentials to achieve
10 mA/cm? (n1g) of N-Ru-1/C, N-Ru-2/C and N-Ru-3/C are 67, 31
and 46 mV, respectively. Fig. S16b (Supporting information) shows
their relevant Tafel plots. The Tafel slopes of N-Ru-1/C, N-Ru-2/C
and N-Ru-3/C are 125, 106 and 118 mV/dec, respectively. These re-
sults indicate that N-Ru-2/C has the highest HER activity and the
fastest reaction kinetics among all the N-Ru/C catalysts. Fig. S16c
(Supporting information) displays their corresponding polarization
curves normalized by the loading of the PGM, exhibiting the same
tendency of HER polarization curves. Fig. S16d (Supporting infor-
mation) also exhibits that N-Ru-2/C possesses the highest mass ac-
tivity.

The HER performances of N-Ru/C, Ru/C and Pt/C (20 wt%) were
further conducted for better comparison. The 19 of N-Ru/C, Ru/C
and Pt/C are 31, 106 and 43 mV, respectively (Fig. 3a). Notably, the
n10 of N-Ru/C surpass most of the reported electrocatalysts (Table
S5 in Supporting information). The Tafel slopes of N-Ru/C, Ru/C and
Pt/C are 106, 131 and 110 mV/dec, respectively (Fig. 3b). After nor-
malized with the loading of the PGM, the HER polarization curves
of these three catalysts in Fig. 3¢ shows the same tendency. The
obtained current density (jm) at overpotential varying form 10 mV
to 50 mV are presented in Fig. 3d. It is obvious to see that N-
Ru/C possesses higher current density at the same overpotential
compared to Ru/C and Pt/C. The jy, of N-Ru/C is 0.90 mA/ug at
n = 50 mV, which is about 5.5 and 2 times higher than that of
Ru/C (0.16 mA/ng) and Pt/C (0.45 mA/ug). In addition, the stability
of the N-Ru/C was also carried out. After 1000 CVs, the HER polar-
ization curve of N-Ru/C is almost the same with that before 1000
CVs (Fig. S17a in Supporting information). In addition, there is no
obvious change in overpotential during the long-time chronopoten-
tiometry test (Fig. S17b in Supporting information). Furthermore,
XRD, TEM and XPS of N-Ru/C after the stability test (Fig. S18 in
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Fig. 3. (a) HER polarization curves of N-Ru/C, Pt/C and Ru/C in 1.0 mol/L KOH. (b) The corresponding Tafel plots. (¢, d) HER polarization curves and the corresponding
exchange current density at different overpotentials of N-Ru/C, Pt/C and Ru/C in 1.0 mol/L KOH normalized with the loading of PGM calculated by ICP-AES (Table S2).
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Fig. 4. (a) The hydrogen adsorption free energy (AGy-) on Ru and N-Ru. (b) The
d-pdos of Ru of pure Ru and N-Ru.

Supporting information) show no apparent changes compared with
those of N-Ru/C before the stability test, indicating its good HER
stability in alkaline solution.

To further understand the origin of enhanced alkaline HOR/HER
activity of N-Ru/C, density functional theory (DFT) calculations
were conducted. On the basis of the Volcano plot, the HOR/HER
activity of a catalyst depends on its value of hydrogen adsorption
Gibbs free energy (AGy+) [45,46]. And the AGy+ value of a good
electrocatalyst should be close to zero, which means suitable H
chemisorption and releasing strength. Therefore, we calculated the
AGy+ on Ru (001) surface with and without N doping. The the-
oretical structures of Ru and N-Ru before and after the adsorption
of H were shown in Fig. S19 (Supporting information). As shown in
Fig. 4a, the calculated values of AGy+ on Ru and N-Ru models are
—0.39 eV and —0.29 eV, respectively, revealing that the doping of N
weaken the binding energy of Ru with hydrogen. The d-band cen-
ter (¢4) theory developed by Ngrskov et al. states that metals with
the g4 closer to the Fermi level are more active than those with
the g4 further away from the Fermi level, which means the lower
&4 could give rise to weaker binding strength between adsorbates
and catalysts [47,48]. Thus, the d-orbital partial density of states
(d-pdos) of Ru and N-Ru were calculated. The downshift trend of
the d-band centers from Ru (—2.07 eV) to N-Ru (—2.34 eV) corre-
sponding to the weaker H binding strength of N-Ru (Fig. 4b). The
Bader charges of Ru atoms and N atoms (Fig. S20 in Supporting in-
formation) were also calculated and shown in Table S6 (Supporting
information), and the results indicate that partial electrons trans-
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fer from Ru to N, which is consistent with the XPS analysis. Thus,
the incorporation of N could regulate the electronic structure of
Ru, thereby weaken H binding strength of Ru to become closer to
zero and consequently enhance the HOR/HER activity.

In summary, we have developed an efficient strategy to boost
the HOR/HER performance of Ru through N-incorporation. As ex-
pected, the resulted N-Ru/C catalysts exhibit remarkable HOR/HER
performance under alkaline media, with the HOR activity 4.5 and
4 times higher than Ru/C in terms of both MA and SA, and even
surpassing the commercial Pt/C. In addition, at the overpotential
of 50 mV, the normalized HER current density of N-Ru/C is 5.5
times higher than that of Ru/C. Experimental and density func-
tional theory (DFT) calculation results indicate that the enhanced
HOR/HER performances are derived from optimized hydrogen ad-
sorption Gibbs free energy (AGy+) of N-Ru/C after N incorporation.
This study provides a new way for the rational design of Pt-free
catalysts for catalyzing alkaline HOR/HER.
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