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Overall water splitting (OWS) is the most potential method for large-scale hydrogen production, but the high-
potential and sluggish oxygen evolution reaction (OER) greatly impedes its efficacy. Coupling the low-
potential hydrazine oxidation reaction (HzOR) with the cathodic hydrogen evolution reaction (HER) has
drawn widespread attention with energy-saving advantage and safe products, which necessitates the elaborate
design of advanced bifunctional electrocatalysts. Herein, only using two complexes of Ru and Pd with 2,2
bipyridine, the novel RuPd alloy/N-codoped carbon (RuPd/NC) composite was originally synthesize by direct
mixing and pyrolysis, showing superior dual activity for HER and HzOR. Particularly, to deliver the current
density of 10 mA cm ™2, RuPd/NC merely needs the potentials of —8 and —42 mV for alkaline HER and HzOR, far
outperforming Pt/C and being most advanced among the previously studied counterparts. Moreover, the two-
electrode overall hydrazine splitting (OHzS) needs ultrasmall voltages of 0.042 and 0.239 V to achieve 10 and
100 mA cm~2, displaying great energy-saving feature. Moreover, the better activity for neutral HER, HzOR and
OHzS on RuPd/NC was also found compared with Pt/C. The theoretical simulations uncover the water disso-
ciation at Ru site with the greatly reduced energy barrier followed by the H desorption on the adjacent Pd site for
HER, and the optimum activation energy on Ru site for HzOR, crediting to the synergistic regulation of alloying
effect and metal-substrate interaction.

1. Introduction cell [14,15]. More importantly, the non-toxic and safe N, generated in

HzOS would avert the explosion risk of electrolyzer and also simplify the

To date, the excessive consumption of fossil fuels has aggravated
energy crisis and global warming. Hydrogen is now deemed as the
perfect alternative on account of the highest energy density and carbon-
free characteristics [1,2]. However, although high-purity hydrogen can
be obtained by conventional overall water splitting (OWS), the anodic
oxygen evolution reaction (OER) with sluggish 4-electron transfer and
high potential greatly hinders the efficiency of OWS [3,4]. Recently,
developing small-molecule oxidation reactions to replace OER has been
regarded as one effective solving approach [5], including urea [6,7],
alcohols [8,9], biomass[10,11] and hydrazine [12]. Particularly, hy-
drazine oxidation reaction (HzOR) exhibits a significantly low thermo-
dynamic potential (—0.33 V vs. RHE) [13], which can facilitate highly
efficient Hy production by integrating cathodic hydrogen evolution re-
action (HER) to assemble the novel overall hydrazine splitting (OHzS)
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device [16]. From this point of view, it is of great significance to develop
highly active and stable materials for bifunctional HER and HzOR
together with instructive structure-activity relationships.

Noble-metal Pt has widely served as the advanced electrocatalysts
for HER and HzOR [17], its fancy price and scarcity yet remain one of
most significant challenge of related techniques. Ru is one of the Pt-
group metals with Pt-like catalytic activity, but only costs a third of
the price of Pt [18,19], and the exploration of Ru-based materials would
be greatly potential for the high-performance electrocatalyst for HER
and HzOR with favored cost performance [20,21]. The mono-metallic
active site is often insufficient in the development of bifunctional cata-
lysts, owing to the multiple intermediate reactions involved in HER and
HzOR. In this case, alloying can provide multiple reaction sites, and
more particularly, can effectively regulate the electronic property of
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metals [22-24]. Additionally, to maximize atomic utilization is a key
method to boost the cost-effectiveness of catalysts, which can be ach-
ieved by loading metal phases on the reasonable carbon substrate
[25,26], which can thus facilitate the dispersion of the metal phase,
improve stability, and also regulate its electronic properties by the
strong metal-substrate interaction [27,28]. Therefore, to rationally
design the simple strategy for the Ru alloy loaded in carbon substrate is
imperative for the advanced bifunctional electrocatalysts.

Herein, the complexes of Ru and Pd with 2,2-bipyridine were
selected as the precursors to synthesize RuPd alloy/N-codoped carbon
(RuPd/NC) by facile mixing and pyrolysis. The easily prepared RuPd/NC
features alloy particles of 4.5 nm, large surface area and highly graph-
itized doped carbon. Benefiting from the synergistic regulation of
alloying effect and metal-substrate interaction, RuPd/NC displays
outstanding bifunctional HER and HzOR activity in nonacidic electro-
lytes. Concretely, to achieve 10 mA cm ™2, RuPd/NC just has the po-
tentials of 27 and —42 mV for alkaline HER and HzOR, both far superior
to Pt/C, together with the matchable neutral HER activity and better
HzOR activity compared to Pt/C. Moreover, the two-electrode OHzS
system separately need small voltages of 0.042 and 0.267 V in alkaline
and neutral electrolytes, largely superior to Pt/C with huge energy-
saving advantages relative to the OWS system, facilely operated under
a home-made hydrazine HyO5 fuel cell (DHHPFC) to produce Hy of
1.139 mmol h™!. The theoretical computations elucidate the water
dissociation of HER occurs with the much-reduced energy barrier at Ru
site followed by the H desorption on the adjacent Pd site, while HZOR
occurs on Ru site of RuPd/NC with the lowest activation energy.

2. Experimental section
2.1. Chemicals and materials

Tris (2,2-bipyridine) ruthenium (II) chloride (Ru(bpy)sCls) and (2,2
bipyridine)dichloropalladium(II) (Pd(bpy)Clz) were purchased from
Shanghai Aladdin Industrial Corporation. The commercial 20 % Pt/C,
Nafion solution and Nafion 115 membrane were obtained from Gaoss
Union (TianJin) Photoelectric technology CO., LTD.

2.2. Preparation of RuPd/NC

Typically, 27.2 mg Pd(bpy)Cl, and 272.7 mg Ru(bpy)sCly were
dispersed in 20 mL ethanol and 15 mL Milli-Q water and stirred for 24 h
followed with rotary drying, and then treated with pyrolysis at 900 °C
for 3h under Ar atmosphere to obtain RuPd/NC.

2.3. Preparation of Ru/N-doped carbon (Ru/NC) and Pd/N-doped
carbon (Pd/NC)

3 mg Ru(bpy)sCl, was directly treated with pyrolysis at 900 °C for 3
h in Ar atmosphere, the collected sample were named as Ru/NC. Pd/NC
was synthesized using the similar process with 70 mg Pd(bpy)Cl; as the
precursor.

2.4. Physical characterizations

A Talos F200X G2 microscope (TEM) was employed for transmission
electron microscope (TEM), high-resolution TEM (HRTEM) and
elemental mapping analyses. A SmartLab (9 kW) diffractometer was
used for powder X-ray diffraction (XRD) and a HORIBA iHR550 spec-
trometer with an excitation wavelength of 532 nm for Raman analysis.
Surface chemistry was examined with a Kratos Axis Ultra X-ray photo-
electron spectrometer (XPS). The specific surface areas were derived
from N; adsorption-desorption isotherms recorded on a Micromeritics
2460 analyzer based on the Brunauer-Emmett-Teller (BET) method.

X-ray absorption (XAS) measurements were carried out at the
Shanghai Synchrotron Radiation Facility. Raw spectra were processed
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and the extended X-ray absorption fine structure (EXAFS) region
modelled with the ATHENA and ARTEMIS modules of the Demeter
software suite. Energy alignment was verified against Ru and Pd refer-
ence foils. The energy calibration of the sample was conducted through
standard Ru foil and Pd foil, which as a reference was simultaneously
measured. After background removal and edge-step normalization, k>-
weighted signals were Fourier-transformed (Hanning window, dk = 1.0
1°\) over 3-14.1 A™! for Ru and 3-10.0 A! for Pd. The amplitude-
reduction factor S(2) was fixed to the values extracted from fits of the
corresponding metal foils (0.878 for Ru, 0.874 for Pd) to extract the
coordination number (CN).

2.5. Electrochemical measurements

The electrochemical measurements were performed using an elec-
trochemical station (References 3000, Gamry Instruments, USA)
coupled to a rotating disk electrode (RDE) apparatus under ambient
conditions. The working electrode was fabricated by casting 20 uL of a
well-dispered catalyst ink (2 mg mL ™) onto a mirror-polished RDE and
drying naturally, followed with the addition of 0.5 wt% Nafion solution
(5 pb). The reference was an Ag/AgCl (3.5 M KCl) electrode, and a
graphite rod served as the counter electrode. 1 M KOH solution was
employed for the HER electrolyte and 1 M KOH + 0.5 M N3H4 for the
HzOR electrolyte. Except for stability experiments, all recorded data
were iR-compensated.

In the DHHPFC configuration, catalyst inks were deposited on
Sigracet 29BC carbon paper (1 cm x 2 cm) at 1 mg cm™ 2 the anode
employed either RuPd/NC or commercial Pt/C, while the cathode
consistently used Pt/C. During operation, a 0.5 M H3SO4 + 5 M Hy04
catholyte and a 4 M KOH + 1 M NyH, anolyte were fed at 5 mL min~!
into their respective chambers, separated by a Nafion N115 membrane,
via a dual-channel peristaltic pump (EC200-01, Gaoss Union).

The solar cell-powered OHzS setup is built from three components: a
two-electrode OHzS module that uses RuPd/NC catalysts at both elec-
trodes and an electrolyte of 1 M KOH + 0.5 M NpHy4; a commercial
polycrystalline-silicon photovoltaic panel rated at 1.5 V; and a 150 W
xenon lamp light source (CEL-PF300-T9, Beijing China Education Au-
Light Co., Ltd.). The lamp delivers 2 Sun irradiances (2 x 1000 W
m~2) over the 300-2500 nm range onto the solar cell.

2.6. Calculation methods of ECSA-normalized activity and mass activity

ECSA = Cq1 / Cs.

where Cq; is general specific capacitance, C; value was generally
found to be in the range of 20—60 uF cm ™2 and the capacitance of 40 pF
em 2 was used to calculate the ECSA.

Mass activity = j / masSmetal-

The calculations of mass activity (A mg’l) were performed based on
the catalyst loading density massg, and the current density j (mA cm™?)
at varied overpotential.

2.7. Theoretical calculations

All computations relied on density functional theory (DFT) as
implemented in the Quantum-Espresso code. Structural relaxation was
per_x0002_formed by using spin-polarized scalar relativistic ultrasoft
pseudopotentials and an exchange correlation functional in the form of a
Perdew-Burke Ernzerhof functional with the van der Waals interaction
by the empirical dispersion correction. Vacuum regions of at least 20
and 15 A in vertical and parallel directions, respectively, were applied to
avoid unphysical in_x0002_teractions between periodic images. All
calculations were conducted with a plane wave cutoff of 60 rydberg and
a5 x 5 x 1 Monkhorst-Pack k-grid for the Brillouin zone?, which are
sufficient to ensure convergence. Geometry optimization was performed
using a quasi-Newton algorithm. A total energy convergence of 1.4 x
10~* eV and residual forces below 0.02 eV A~ were achieved. More
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Scheme. 1. Schematic preparation route of RuPd/NC for bifunctional HER and HzOR.
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Fig. 1. (A-B) TEM images in different magnifications, with the inset showing the size distribution of nanoparticles and (C) the line-scan elemental distribution curves
for RuPd/NC. (D) TEM elemental mapping images of C, N, O, Pd and Ru for RuPd/NC. (E) XRD patterns, (F) Raman spectra and (G) the N, adsorption-desorption

isotherms and the pore size distribution curves of different samples.

computational details were presented in the supporting information.
3. Results and discussion

Scheme 1 illustrated that the RuPd/NC was obtained through a direct
“mix-and-pyrolyze” strategy. The morphological information of RuPd/

NC was initially analyzed through TEM. Fig. 1A presents two-
dimensional carbon flakes dotted with dense nanoparticles for RuPd/
NC composite. The HRTEM image (Fig. 1B) displays fine particles with
the even size of 4.4 nm and high-degree crystalline phase with a spacing
of 0.218 nm, not associated with sole Pd or Ru metal but well matchable
with that of RuPd alloy (0.219 nm) [29,30]. The line-scan elemental
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Fig. 2. (A) Ru K-edge XANES and (B) Fourier transform (FT) of the Ru K-edge EXAFS spectra of RuPd/NC, Ru foil and RuO,. (C) The EXAFS fitting results of RuPd/
NC at R space. (D) Pd K-edge XANES and (E) Fourier transform (FT) of the Pd K-edge EXAFS spectra of RuPd/NC, Ru foil and RuOs. (F) The EXAFS fitting results of
RuPd/NC at R space. (G) Ru 3p of RuPd/NC and Ru/NC, (H) Pd 3d of RuPd/NC and Pd/NC and (I) XPS N 1 s spectra of RuPd/NC.

distribution curves clearly confirm the uniform dispersion of Ru and Pd
elements with the intensity ratio of Ru and Pd of about 2:1 (Fig. 1C). The
TEM elemental mapping images (Fig. 1D) reveal the even-distributed C,
N, O, Pd and Ru elements, while the perfect overlap of Ru and Pd
components firmly proves the formation of RuPd alloy. Comparatively,
the small Ru nanoparticles of 1.8 nm can be found on Ru/NC (Fig. S1),
while Pd/NC owns the large aggregates of Pd particles (Fig. S2).

The metallic components were then examined by XRD. Fig. 1E pre-
sents the diffraction peaks at 40.1, 46.7 and 68.1° for Pd/NC separately
coincide with (111), (200) and (220) planes of Pd (JCPDS No. 46-1043)
[31], and the diffraction peaks at 38.4, 42.2 and 44.0° for Ru/NC
correlate with (100) (002) and (101) planes of Ru (JCPDS No. 06-0663)
[26], respectively. In comparison, the signal positions of RuPd/NC
slightly shift to the left relative to Ru/C, arising from the successful
introduction of larger Pd atoms into the Ru lattice [32]. The carbon
skeleton structure was further examined with Raman spectra. As illus-
trated in Fig. 1F, the intensity ratio of D band to G band (Ip/Ig) values
are in the range of 0.94—0.96, indicating the highly graphitized carbons

for all samples [33]. The surface properties were probed by N3 adsorp-
tion—desorption isotherms (Fig. 1G and Table S1). All samples show the
characteristics of type-IV adsorption—desorption curve with the typical
hysteresis loop, suggesting the abundant porosity. Distinctly, RuPd/NC
owns the largest BET surface area of 380.98 m? g~! with the pore vol-
ume of 0.05 cm® g7, relative to Ru/NC (305.27 m? g~! and 0.03 em®
g1 and Pd/NC (31.62 m? g ! and 0.05 cm® g™1).

XAS was further conducted to understand the coordination envi-
ronment of metals in RuPd/NC. Fig. 2A depicts the X-ray absorption
near-edge structure (XANES) of Ru in RuPd/NC with the K-edge location
near to Ru foil, and Ru mainly exists with an average valence state of 0 in
RuPd/NC. Figs. 2B and 2C show the Fourier-transformed EXAFS spectra
of Ru in RuPd/NC. A distinct signal at 2.66 A is associate with the Ru-
Ru/Pd bond by a CN of 6.6 (Table S2), much less than that of bulk Ru
(CN=12), while the signal at 2.00 A coincide with the Ru-N/O bond by
the CN of 2.1 [27,34]. Similarly, the K-edge position of Pd in the RuPd/
NC is between the Pd foil and PdO (Fig. 2D). The EXAFS spectra of Pd in
RuPd/NC display the Pd-Ru/Pd bond locating at 2.79 A with the CN of
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Fig. 3. (A) LSV curves, (B) Tafel slopes, (C) EIS spectra and the chronoamperometric test using RuPd/NC for alkaline HER. (D) The ECSA-normalized LSV curves and
(E) the mass activity for alkaline HER. (F) LSV curves, (G) EIS spectra and the chronoamperometric test using RuPd/NC for alkaline HzOR. (H) The ECSA-normalized

LSV curves and (E) the mass activity for alkaline HzOR.

3.0 (Figs. 2E and 2F), far below that of bulk Pd (CN=12), and the peak at
2.02 A reveals Pd-N/O bond with the CN of 2.7 [35]. The XPS was also
determined to inspect the elemental status on sample surface
(Fig. 2G—2I, S3—-S5). The survey scan of XPS (Fig. S3A) confirms the
presence of C, O, N, Ru and Pd in RuPd/NC. The high-resolution spectra
of Ru 3p in RuPd/NC and Ru/NC both have four peaks (Fig. 2G). In
RuPd/NC, the peaks at 461.5 and 483.7 eV correlate to Ru 3p3,2 and Ru
3p1/2 of Ruo, while the ones at 464.9 and 486.1 eV match with Ru 3ps/2
and 3p; » of Ru™* [18]. Additionally, Fig. 2H compares the Pd 3d spectra
of RuPd/NC and Pd/NC. The signals at 335.4 and 340.7 eV belong to
3ds,2 and 3ds,2 of Pdo, and the ones at 336.6 and 342.3 eV match with
Pd 3ds,2 and Pd 3ds,2 peaks of Pd™" in RuPd/NC [36]. Noteworthily, the
binding energy of Ru 3p in RuPd/NC shifts of 0.3 eV to lower energy
region relative to Ru/NC, while the peaks of Pd 3d in RuPd/NC shift
about 0.2 eV to the higher energy region compared with that of Pd/NC,
arising from the RuPd alloying [37,38]. Fig. 2I exhibits N 1 s spectra of
RuPd/NC with the signals at 398.8, 399.7, 400.7 and 401.6 eV corre-
spond to the pyridinic N, metal-N bond, pyrrolic and graphitic N [39],
respectively. Furthermore, the inductively coupled plasma optical
emission spectrometer (ICP-OES) demonstrates 14.7 wt% Ru and 7.76
wt% Pd in RuPd/NC, compared with 26.5 wt% Ru in Ru/NC and 49.1 wt
% Pd in Pd/NC.

The HER activity was firstly studied in 1 M KOH. The linear sweep

voltammetry (LSV) reveals RuPd/NC only requires an ultrasmall po-
tential of —8 mV to achieve 10 mA cm ™2 (Fig. 3A), overmatching the
benchmark Pt/C (—18 mV), Ru/NC (—33 mV) and Pd/NC (—40 mV).
Moreover, RuPd/NC just requires a small overpotential of 65 mV to
deliver 100mA cm’z, compared with that of Pt/C (146.7 mV), demon-
strating the superior HER activity at large current density. Meanwhile,
RuPd/NC also has the lowest Tafel slope of 37 mV dec! (Fig. 3B),
indicating the most favorable HER kinetics. The electrochemical
impedance spectra (EIS) test (inset in Fig. 3C) shows a ultrasmall charge
transfer resistance (R, 1.46 Q) for RuPd/NC, indicating the fast charge
transfer and reaction dynamics. Furthermore, after 30 h’s chro-
nopotentiometric test (Fig. 3C), the current density has insignificant
change on RuPd/NC, indicating its excellent stability. The electro-
chemical surface area (ECSA) can be evaluated from the electrical
double-layer capacitance (Cq)), and RuPd/NC has the largest Cq; value
(Fig. S6), suggesting the highly exposed active sites on RuPd/NC [40].
Moreover, to evaluate the intrinsic activity of different samples, the
ECSA-normalized and mass-activity LSVs was extracted as shown in
Figs. 3D and 3E. Concretely, RuPd/NC can attain —1.66 mA cmpésa at
—0.1V, 4.3 and 6.9 times that of Pt/C (—0.383 mA cmgésa) and Ru/C
(—0.239mA cmECZSA), and the mass activity of —5.74 A mg_1 is observed
for RuPd/NC at —0.1 V, 3.9 and 8.7 times that of Pt/C (—1.47 A mg’l)
and Ru/C (—0.66 A mg 1), respectively, those verifying the best intrinsic
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Fig. 4. (A) LSV curves, (B) Tafel slopes, (C) EIS spectra and the chronoamperometric test using RuPd/NC for neutral HER. (E) The ECSA-normalized LSV curves and
(E) the mass activity for neutral HER. (F) LSV curves, (G) EIS spectra and the chronoamperometric test using RuPd/NC for neutral HzOR. (H) The ECSA-normalized

LSV curves and (E) the mass activity for neutral HzOR.

activity of RuPd/NC for alkaline HER.

The HzOR activity was measured in 1.0 M KOH with 0.5 M NyHy
[20,41]. As depicted in Fig. 3F, LSV curves manifest the best HzOR ac-
tivity on RuPd/C with a potential of —42 mV to deliver 10 mA cm 2, also
on a par with the most advanced materials (Table S4). Meanwhile,
RuPd/C just requires an ultralow potential of 28 mV to drive 200 mA
cm ™2, greatly surpassing Pt/C (268 mV). Besides, RuPd/NC displays the
smallest Tafel slope (32 mV dec™}, Fig. S7A), and the lowest R value of
1.5 Q (inset in Fig. 3G), verifying the most favorable HzOR kinetics.
Furthermore, the current attenuation of RuPd/NC is negligible in the
chronopotentiometric test for 10 h, exhibiting its excellent stability.
Similarly, RuPd/NC also owns the best intrinsic activity for HZOR, with
3.47 mA cmE§SA and 11.9 A mg’1 for ECSA-normalized and mass ac-
tivity at 0.2 V, about 7.0 and 6.3 times that of Pt/C (Figs. 3H and 3I),
respectively.

The neutral HER activity of RuPd/NC in 1.0 M phosphate buffered
saline (PBS, pH=7) was further studied [42,43]. As shown in Fig. 4A, the
overpotential of RuPd/NC is measured to be 28 mV at 10 mA em 2,
slightly inferior to Pt/C (18 mV) but far superior to Ru/NC (127 mV) and
Pd/NC (662 mV). Additionally, RuPd/NC requires an overpotential of
325 mV to attain 100 mA cm_z, about 86 mV less than that of Pt/C (411
mV). Fig. 4B exhibits that RuPd/NC has the smallest Tafel slope of 61

mV dec’l, suggesting the fastest catalytic kinetics. RuPd/NC also owns
the smallest R value (24.1 Q), indicating that the smoothest interfacial
charge transfer during HER. Furthermore, the unchangeable chro-
noamperometric signal on RuPd/NC for 30 h (Fig. 4C) further verifies
the remarkable stability for neutral HER. Notably, RuPd/NC also has the
good intrinsic activity for neutral HER, with —0.43 mA empésa and
—2.00 A mg ! for ECSA-normalized and mass activity at —0.2 V
(Figs. 4D and 4E), comparable with those of Pt/C (—0.39 mA cmpésa
and —1.96 A mg_l).

The neutral HzOR was then determined in 1.0 M PBS + 0.1 M NoHy
[20]. Specifically, RuPd/NC exhibits a small working potential of 100
mV to achieve 10 mA c¢cm ™2 (Fig. 4F), far overmatching Pt/C (312 mV).
Meanwhile, the Tafel slope of RuPd/NC electrode (Fig. S7B is mere 102
mV dec™ !, superior to Pt/C (150 mV dec™, indicating the much better
HzOR kinetics. The R¢; of RuPd/NC (21.6 Q) is smaller than that of Pt/C
(42.1 Q), confirming that the RuPd/NC has a fast electron transfer and
HzOR kinetics (inset of Fig. 4G). The chronoamperometric test was
performed without obvious attenuation after 10 h’s operation (Fig. 4G).
Likewise, RuPd/NC has the best ECSA-normalized and mass activity
with 0.53 mA cmpésp and 1.82 A mg’1 at 0.4V (Figs. 4H and 41), 4.1 and
3.6 times those of Pt/C (0.13 mA cmg&p and 0.51 A mg™1), implying the
superior intrinsic activity for neutral HzOR.
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Afterwards, the two-electrode OHzS cell was assembled by using the
RuPd/NC or Pt/C as bifunctional electrodes in 1.0 M KOH with 0.5 M
NoHy4 [44]. Fig. 5A presents RuPd/NC-based OHzS system separately
needs ultralow voltages of 0.042 and 0.239 V to deliver 10 and 100 mA
cm 2, enormously better than that of Pt/C-based counterpart (0.280 and
0.716 V), and also exhibits great energy-saving advantage compared
with RuPd/NC-based OWS cell (1.30 and 2.41 V, Fig. 5B). Meanwhile,
the chronoamperometric curve shows the insignificant change of cur-
rent density on RuPd/NC for up to for 60 h with replacing electrolyte
every 20 h (Fig. 5C), verifying the robust stability of bifunctional RuPd/
NC in OHzS. Furthermore, the neutral OHzS was also measured in 1.0 M
PBS with 0.1 M NyHy. Fig. 5D displays a small voltage of 0.268 V on
RuPd/NC to attain 10 mA cm’z, overmatching Pt/C (0.482 V) and has
an advantage of approximately 2.2 V over OWS (Fig. 5E). The neutral
OHzS also has excellent stability within 60 h’s continuous operation
(Fig. 5F), proving the huge potential in practical applications.

The outstanding performance of RuPd/NC-based OHzS unit inspires
us to further explore the practicability of economical Hy production. As
illustrated in Fig. S8a self-driven Hy production system was built by
coupling a DHHPFC with RuPd/NC as anode and commercial Pt/C as
cathode to drive OHzS [45,46]. The DHHPFC shows an OCV of 1.74 V
(Fig. 5G) for RuPd/NC||Pt/C-based DHHPFC with a maximum power
density of 107 mW em 2 (Fig. 5H), larger than those of Pt/C||Pt/C-based
one (1.59 V and 56.5 mW cm 2). A large number of vigorous bubbles

gushed out in DHHPFC-powered OHzS with the hydrogen output of
1.13 mmol h~! (Fig. 5I), proving the strong practical practicability of
RuPd/NC.

To further elucidate the intrinsic origins of enhanced activity, DFT
computation was performed for both HER and HzOR. Based on the
aforesaid composition information, three simulated models including
RuPd/NC, Ru/NC and Pd/NC were established. As known, the HER
pathways can be revealed from the Tafel slopes. Figs. 3B and 4B reveal
the alkaline and neutral Tafel slopes range from ~ 37 to ~ 61 mV dec ™},
manifesting the Volmer-Heyrovsky route for HER and the Heyrovsky
reaction as the rate-determining step (RDS) [47]. Accordingly, the HER
process in alkaline and neutral conditions involves water adsorption,
water dissociation and H* ad-/desorption. Thus, the water dissociation
energy barrier in Volmer step was firstly investigated (Fig. S9). As shown
in Fig. 6A, the water dissociation energy barrier (E,) values for Ru/NC
and Pd/NC are 0.84 and 1.27 eV, respectively, and after alloying, the Ru
site on RuPd/NC has the much lower E,, of 0.33 eV, superior to Pd site on
RuPd/NC (0.95 eV), suggesting the water dissociation occurs on the Ru
site of RuPd/NC with the most favorable kinetics [48]. Subsequently, the
hydrogen adsorption free energy (AGy+) was also analyzed for different
models [49]. As shown in Fig. 6B, on RuPd/NC, the Pd site has the better
AGy+ (—0.46 eV) relative to Ru site (—0.76 eV), manifesting the H in-
termediate produced by water dissociation on the Ru site of RuPd/NC
will transfer to the adjacent/neighboring Pd site for desorption to
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generate Hy [48]. Additionally, the adsorption energy values of H,O%,
OH* and H* intermediates on two sites of RuPd/NC were also analyzed.
As shown in Fig. 6C, the Ru site of RuPd/NC has the more negative
values for H,O* and OH* adsorption energy, indicating the strong
ability for water dissociation, while Pd site with the benign adsorption
energy of H* can facilitate the H desorption [50]. Moreover, the mod-
erate d-band center (e4) can be found on RuPd/NC (—1.65 eV, Fig. 6D) in
comparison to that of Pd/NC (—1.77 eV) and Ru/NC (—1.52 eV), arising
from the synergetic regulation by the alloying effect and metal-substrate

interaction and enabling the more favorable balance for the ad-/
desorption in electrocatalytic process [41].

The theoretical mechanism of HzOR was also interpreted by DFT
calculations [51]. The free energy of HzOR intermediates in stepwise
dehydrogenation processes was examined carefully on different models
(Fig. 6E and S10). Notably, the NyH,4 adsorption is downhill and spon-
taneous, while the desorption of N3 is uphill and non-spontaneous on all
models. More specifically, the dehydrogenation of NoHz* to NoHy* is the
RDS for Pd/NC with the activation energy of 0.50 eV, while the RDS on
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RuPd/C (Pd site) is the step of NoH4* to NoHg* with the uphill energy of
1.45 eV, and Ru/NC and RuPd/NC (Ru site) share the same RDS as the
final desorption of Ny with the activation energy of 0.53 and 0.33 eV,
respectively [52,53]. Evidently, RuPd/NC has the highest HzOR activity
with Ru as active sites. These results demonstrate alloying of Ru and Pd
can validly tailor electronic property of active sites, accordingly opti-
mizing the thermodynamic parameters for water dissociation and H
desorption in HER and intermediate steps in HzOR.

4. Conclusions

In conclusion, a new-type RuPd/NC was facilely synthesized by
simple mixing and pyrolysis only with Ru(bpy)sCl, and Pd(bpy)Cl; as
precursors. Remarkably, RuPd/NC displays superior bifunctional per-
formance for HER and HzOR in nonacidic conditions with better ECSA-
normalized and mass activity in comparison to Pt/C. Moreover, the two-
electrode OHzS systems in both electrolytes show great energy-efficient
advantages over OWS, and a home-made DHHPFC can easily power the
OHzS cell for the self-driven Hy production system. DFT computations
uncover the root of improved bifunctional activity lies in the synergistic
regulation of alloying effect and metal-substrate interaction, endowing
RuPd/NC with the greatly lowered water dissociation energy barrier at
Ru site followed by the H desorption on the adjacent Pd site for HER and
the reduced activation energy on Ru site for HzOR.
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