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Abstract: The slow water dissociation process in alkaline
electrolyte severely limits the kinetics of HER. The
orientation of H,O is well known to affect the dissocia-
tion process, but H,O orientation is hard to control
because of its random distribution. Herein, an atomically
asymmetric local electric field was designed by IrRu
dizygotic single-atom sites (IrRu DSACs) to tune the
H,O adsorption configuration and orientation, thus
optimizing its dissociation process. The electric field
intensity of IrRu DSACs is over 4.00x 10" N/C. The ab
initio molecular dynamics simulations combined with in
situ Raman spectroscopy analysis on the adsorption
behavior of H,O show that the M—H bond length (M=
active site) is shortened at the interface due to the
strong local electric field gradient and the optimized
water orientation promotes the dissociation process of
interfacial water. This work provides a new way to
explore the role of single atomic sites in alkaline

hydrogen evolution reaction. )

Introduction

Alkaline water electrolysis is a promising way for large-scale
hydrogen production.! In alkaline electrolyte, water dissoci-
ation as the source of hydrogen is generally regarded as the
rate-determining step for hydrogen evolution reaction
(HER).”! Generally, the orientation of H,0, including the
adsorption configuration (O-down or H-down) and the
H-O-H bond angle of H,O, at the interface between
catalyst and electrolyte can directly affect the dissociation
process.”! Therefore, regulating the orientation of interface
H,O to facilitate the H,O dissociation could be a promising
way to enhance the HER activity.

H,O molecule is a typical polar molecule, which can be
easily polarized under the action of electric field.”! The
polarized H,O molecules will undergo orientation rear-
rangement, from a randomly H,O adsorbed phase to a
uniform configuration. In particular, the H-down configu-
ration can shorten the distance between the active site (M)
and H and enhance the M—H binding energy,”) which is
beneficial to the dissociation process of interfacial H,O
molecules.*” Through regulating the charge transfer be-
tween active sites and the surrounding atoms, it is possible
to tune the local electric field around the active site to
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optimize the H,O orientation and enhance its dissociation
process.

In this work, we originally designed Ir/Ru dizygotic
single-atom sites on CoP catalysts (IrRu DSACs) to
generate an atomically asymmetric local electric field for
tuning the H,O adsorption configuration and orientation,
and thus promoting the alkaline HER. The double Cs-
corrected scanning transmission electron microscopy
(STEM) directly characterized the atomic-scale charge and
local electric field distribution around the active sites. The
IrRu DSACs possess a high charge density variation of
4.00 e A2, corresponding to an electric field intensity of
~4.00x 10" N/C, much larger than 2.24 and 2.12 ¢e A2 of Ru
and Ir SACs, respectively. The ab initio molecular dynamics
(AIMD) simulations further revealed the impact that the
atomically localized electric field has on the re-orientation
of water at the interface, including the configuration
evolution of adsorbed H,0O, and the M—H distance change.
The in situ Raman characterization confirmed the asymmet-
ric H-down adsorbed H,O configuration with an increased
H—O-H bond angle, which are positively correlated to the
H,O dissociation ability, indicating an excellent alkaline
HER activity. As a result, the IrRu DSACs show an
ultralow overpotential of 10 mV for achieving 10 mA cm ™
current density in a single cell, and a high stability over
300h at 1Acm ™ in a membrane electrode assembly
(MEA). This work provides an unorthodox/original way to
explore the role of local electric field on water dissociation
for better HER.

Results and Discussion

The interfacial H,O reorientation induced by the asym-
metrical atomical electric field is shown schematically in
Figure 1. For pure CoP catalysts without strong local electric
fields, the interfacial H,0O shows a random arrangement and
the distance between Co and H (d;) is relatively large
(Figure 1a). The Ir/Ru dizygotic single-atom sites on CoP
catalysts (IrRu DSACs) lead to local charge transfer among
Ru, Ir and CoP, resulting in a strong atomic electric field
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around the Ir and Ru sites. Under the action of electric field,
the interfacial H,O molecules rearrange around the Ir/Ru
DSAGs, in an orderly phase. The distance between M site
and H (d,) is apparently shorter than the corresponding d,
in the case of pure CoP.

The possible structure models of CoP and IrRu DSACs
were constructed (Figure S1), in which the adjacent Ru and
Ir sites constitute DSACs in the CoP matrix. The charge
density analysis shows that the IrRu DSACs cause an
intensive charge redistribution (Figure 2a), which leads to a
strong and asymetric atomic electric field. In order to study
the effect of the local electric field on the orientation of
interfacial H,O molecules, the ab initio molecular dynamics
(AIMD) simulations were performed. The local electric field
around the IrRu DSAC affects the configuration of H,O
molecules and the distributions of H and O at the interface
(Figure 2b). The average distance between H and surface of
IrRu DSAGCs is significantly reduced from 2.5 A to 1.6 A
(Figure 2c), while the distance between O and surface is not
changed significantly in these two cases. These results reflect
the orientation polarization of H,O molecules on IrRu
DSAC:s surface.

We further employ density functional theory (DFT)
calculation to investigate the energy barrier for H,O
dissociation on the CoP and IrRu DSACs (Figure 2d and
Table S1). The results show that the energy barrier of H,O
dissociation on the IrRu DSACs is 0.68 eV which is much
lower than that on CoP (0.91eV). Moreover, the IrRu
DSAC:s enables an optimal hydrogen adsorption free energy
(AGy) of 0.04 eV which is much lower than that of CoP
(0.36 V) and very close to the ideal value (0 eV, Figure S2
and S3). The above findings demonstrate that the interfacial
H,O reorientation induced by local electric field at the
active site can optimize the H,O dissociation process and H
adsorption, therefore, improving the HER performance.

Encouraged by the theoretical prediction, we designed
and prepared the IrRu DSACs by a simple impregnation-
reduction method. The scanning electron microscopy (SEM)
image shows a nanosheet structure of IrRu DSACs (Fig-
ure S4). The nanosheet substrate provides abundant anchor-
ing sites for metal single-atom sites. Transmission electron

b l'lz()iHJr + OH™
o

: H
d,Atomical local
electric field

Water dissociation
on IrRu sites

Figure 1. Schematic of interface H,O reorientation induced by atomi electric field. H,O adsorbed on a) CoP and b) IrRu DSACs.
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Figure 2. a) Charge density analyses of CoP and IrRu DSACs. b) Interfacial H,O orientation simulated by ab initio molecular dynamics (AIMD)
simulations, and the statistical H and O distribution distance (c) in the z-direction of the adsorbed H,0 molecules at the interface. The energy
barriers and structures of H,O dissociation process (d) on the CoP and IrRu DSACs, calculated by DFT calculation.

microscopy (TEM) images and energy dispersive x-ray
spectroscopy (EDS) mapping show the IrRu DSACs are
uniformly distributed on the CoP matrix (Figure S5), which
could be further confirmed by the X-ray diffraction (XRD)
signals of only CoP (Figure S6). The Ir, Ru and Co ratios
quantified by the inductively coupled plasma - optical
emission spectrometry (ICP-OES) show that the number of
Ir and Ru is identical before and after HER reaction
(Table S2). High-resolution scanning TEM (HR-STEM)
images show that Ir and Ru atoms appear in pairs, as the red
circles marked in Figure 3a. The calculated average distance
of Ir—Ru pairs is ca. 0.249+0.015 nm (Figure 3b), which is
consistent with the DFT models and confirms the structure
of IrRu DSAGC:s.

To further understand the local structure of IrRu
DSACGs, the extended X-ray absorption fine structure
(EXAFS) investigations were performed (Figure3c and
d).”! The Ir L-edge spectra show that the IrRu DSACs
possess Ir—P and Ir—Ru peaks at ~1.80 and ~2.31 A,
respectively (Figure 3c). The Ir—P peak at ~1.80 A in IrRu
DSAGCs aligns well with that in Ir SACs and the strong
Ir—Ru peak indicates Ir bonded with the adjacent Ru atoms.
Similar, the peaks near to ~1.50 and ~2.31 A belong to
Ru—P and Ru-Ir bonds, respectively (Figure 3d). Combing
the STEM and EXAFS results, we can conclude the
formation of IrRu DSACs, consistent with the theoretical
model (Figure S1).
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To investigate the local electrical field of IrRu DSACs,
the integral differential phase contrast-STEM (iDPC-
STEM) was carried out (Figure 3e, f and S7). The thickness
of the nanosheets are ~1 nm, which - together with the low
power of the incident electron beam—enables accurate
charge density mapping. Notably, the IrRu DSACs possess a
high average charge density variation of ~4.00 e A~ even
under the linear charge density analysis, corresponding to an
electric field intensity of ~4x 10" N/C (Figure 3f, g and S8).
In comparison, the Ir and Ru SACs possess only ~2.24 and
~2.12 e A2 (Figure S8), respectively, which are much lower
than that of IrRu DSACs. These results demonstrate that an
obvious charge redistribution occurs on IrRu DSACs, which
leads to enhanced atomic electric fields around IrRu active
sites.

In order to reveal the interfacial H,O structure, in situ
Raman tests were carried out (Figure 4). The stretching
vibration peak of H,O on IrRu DSACs shifts from 1609 to
1618 cm™!, indicating the asymmetric H,O adsorption with
H-down structure is formed on IrRu DSACs.' The
envelope peaks at 3000-3600 cm™' can be deconvoluted into
four peaks of 3000, 3200, 3388, and 3535 cm ™', corresponding
to (HOH),H' (hydrogen bonded water HBWn),""! four
hydrogen bonded water (4-HBW),*!! two hydrogen bonded
water (2-HBW),* and K*-H,0 (KW),™ respectively. The
HBWn and KW possess H-down structure. The proportions
of various water structures are stable on IrRu DSACs at
over —0.3 V vs. RHE (Figure S9), indicating that the charge
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Figure 3. a) STEM image of IrRu DSACs. al) is the low-resolution STEM image of IrRu DSACs. The rectangle marks the amplified area of IrRu
DSACs with different exposed facet. a2) is the amplified area of CoP with lattice distance of 0.26 nm. Inset is the atomic model of IrRu DSACs.

a3) is the amplified area of CoP with lattice distance of 0.5 nm. b) Atomic distribution of Ir—Ru pairs in IrRu DSACs. The top is the collection of the
distance between Ir and Ru atoms. The bottom is the statistics of the distance of Ir and Ru atoms. ¢) Ir L-edge of Ir SACs, Ir foil and IrRu DSACs.
d) Ru K-edge of Ru SACs, Ru foil and IrRu DSACs. The selected area integral differential phase contrast-STEM (e), corresponding quantified charge
density (f). Total electric field and charge variations of Ir—Ru pairs in IrRu DSACs (g).

redistribution in IrRu DSACs possesses priority in modulat-
ing the water orientation over the applied potentials. The
increased peak intensity of HBWn on IrRu DSACs demon-
strates pseudo acidic environment at catalyst-electrolyte
interface (Figure 4b). The HBWn and KW on IrRu DSACs
have similar slopes of —12.14 and —9.76, which are much
smaller than those of 2-HBW (25.15), and 4-HBW (79.96)
(Figure 4c), indicating that HBWn and KW with H-down
structure are preferentially consumed during HER.
Comparatively, the in situ Raman peaks at 1600 cm ™ of
CoP did not show obvious shifts (Figure 4d), indicating that
the H-down structure is not easier formed on CoP. No
HBWn signal is detected on the CoP (Figure 4d and e),
revealing the poor water dissociation on CoP. The slopes of

1

Angew. Chem. Int. Ed. 2023, 62, €202300873 (4 of 7)

2-HBW (8.44), 4-HBW (22.10) and KW (23.98) show that 2-
HBW is preferentially consumed during HER (Figure 4f).
These results confirmed that atomic electric fields on IrRu
DSAGCs can induce H,O adsorption configurations which
promote its dissociation.

The alkaline HER of Ir-Ru DSACs was conducted in
1M KOH. Compared to the polarization curves of IrRu
DSACs, CoP NSs, Ru/C, and Pt/C (Figure 5a), the IrRu
DSACs show the highest HER activity among those
samples, even better than Ir, Ru SACs and IrRu alloy
(Figure S10-S13). Besides, the IrRu DSACs possess ultra-
high mass activity of 236 mAug ' at overpotential of
100 mV, higher than 0.03 mAug™" of CoP and 0.63 mAug™
of Ru/C, but low than 4.81 mAug™" of Pt/C. The lower Tafel
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Figure 4. The in situ Raman spectra of IrRu DSACs (a) and corresponding specific peak intensity of various peak conducted form Raman spectra
(b) and interfacial water structure evolution (c). The in situ Raman spectra of CoP (d) and corresponding specific peak intensity of various peak
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accelerated degradation curve at a large current density of 1.4 and 0.3 Acm™? of Ir—Ru DSACs. e) MEA model test employed for DSACs. f) The

stability test of IrRu DSACs in MEA at 1 Acm ™.

slope of Ir-Ru DSACs (22 mV dec™), compared to those of
CoP NSs (181 mVdec™'), Ru/C (65mVdec™'), and Pt/C
(33 mVdec "), respectively, demonstrates the lower HER
kinetic energy barrier for IrRu DSACs (Figure 5b). Thus,
the IrRu DSACs exhibit an overpotential of only
10 mA cm 2 at current density of 10 mA cm 2, which is lower
than that of CoP NSs (251 mV), Ru/C(62 mV), and Pt/C
(31 mV) and most reported values to date (Figure 5c and
Table S3).2>*! Moreover, the IrRu DSACs show ultrahigh
stability over 100 h at 300 mAcm™ and 1.4 Acm™ in single
cells (Figure 5d). No obvious structure change and dissolu-

Angew. Chem. Int. Ed. 2023, 62, €202300873 (5 of 7)

tion after long-time HER were observed by TEM and ICP
measurements (Figure S14, S15 and Table S2).

To evaluate the practical applications of IrRu DSACs,
the membrane electrode assembly (MEA) test was con-
ducted (Figure Se and f). The results show that IrRu DSACs
only require low overpotentials of 78, 134, 286, and 500 mV
to reach 0.1, 0.2, 0.5, and 1 Acm™?, respectively (Figure S16).
Importantly, IrRu DSACs possess a high stability at
1Acm™ in the MEA for over 300 h under an applied
potential of —0.5V, which is better than most reported
values (Table S3). ¥ These results demonstrate that the
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IrRu DSACs can be a promising catalyst for the practical
alkaline HER.

The concept that enhanced local electric fields can
impact on molecular orientation and thus changing the
chemical reaction rates can be extended to other molecules
and catalysts, besides HER on IrRu DSACs. For instance,
in photocatalysis, plasmonic structures can create highly-
enhanced local electric fields, even at the atomic scale.' Of
course, this light-induced fields are oscillating at high
frequencies compared to the ones shown in here, but it
could be worth exploring if a similar phenomenon to the
one reported here can be also achieved with light or for
other materials and molecules.

Conclusion

In this work, IrRu DSACs were originally designed to
generate an atomically asymmetric local electric field for
tuning the H,O adsorption configuration and orientation,
and thus promoting the alkaline HER. Our results indicate
that the obtained IrRu DSACs exhibit an ultralow over-
potential of 10 mV at 10 mA cm 2 for alkaline HER and an
ultrahigh stability in MEA at 1 Acm ™ over 300 h, which are
much better even than those of Pt/C and most reported
catalysts. The quantitative results show that the IrRu
DSACs possess charge density value of 4.00 e A2, which
results in a strong atomically localized electric field, a
reorientation of interfacial H,O and then the promoted H,O
dissociation for better HER. These are confirmed by the
AIMD simulations and Raman spectroscopy analyses which
show the “H-down” adsorption configurations and re-
orientations of interfacial H,O by local electric fields. Our
findings demonstrate that water orientation induced by
atomically localized electric field can be an efficient way to
achieve high HER activity.

Additional Information

Supporting Information is available online for this paper.
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