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1. Introduction

Hydrogen, as a clean and renewable 
energy resource, has been deemed as a 
promising alternative to the traditional 
fossilfuels in electrochemical energy 
storage and conversion system.[1–3] To 
realize the efficient reversible hydrogen 
generation and utilization for a successful 
hydrogen economy, hydrogen electrode 
reactions, involving hydrogen evolution 
reaction (HER) in water electrolysis and 
hydrogen oxidation reaction (HOR) in 
fuel cells, have been intensively investi-
gated.[4–10] With the rapid development of 
anion exchange membrane for alkaline 
fuel cells, HOR/HER in alkaline media 
has attracted increasing attention due to 
their more benign reaction conditions 
compared to proton exchange membrane 
fuel cells.[11–16] However, the HOR/HER 
activities of Pt-group catalysts in alkaline 
media have been demonstrated two orders 
of magnitude lower than those in acidic 
media, which becomes one of the major 
barriers for the breakthrough of anion 

exchange membrane fuel cells.[17,18] Therefore, it is imperative 
to develop robust HER/HOR catalysts to drive those two reac-
tions in alkaline media to satisfy the practically relevant rates.

From the volcano diagram of calculated hydrogen adsorption 
energies and experimentally measured exchange currents based 
on different transition and noble metals, Rh has been consid-
ered as one of the most promising alternatives to Pt in the HOR/
HER reaction.[19] However, the performance of many reported 
Rh-based catalysts for HOR/HER is still not sufficient to meet 
practical applications.[20–22] Recently, it has been reported that 
catalysts with atomically isolated sites generally exhibit excel-
lent activity and selectivity for various catalytic reactions due to 
their optimal adsorption with reactants and products.[23–26] How-
ever, the conventional single-atom catalysts are particularly vul-
nerable under the harsh electrocatalytic reaction conditions.[27] 
To enhance the stability of single atom catalysts, one popular 
strategy is to isolate the single site with another metal, on which 
the single sites can be anchored and stabilized by other metal 
atoms.[28] Therefore, it is extremely desirable to create Rh-based 
alloy catalysts, which could simultaneously possess atomically 

Breaking the bottleneck of hydrogen oxidation/evolution reactions (HOR/
HER) in alkaline media is of tremendous importance for the development 
of anion exchange membrane fuel cells/water electrolyzers. Atomically 
dispersed active sites are known to exhibit excellent activity and selectivity 
toward diverse catalytic reactions. Here, a class of unique Rh2Sb nanocrystals 
with multiple nanobranches (denoted as Rh2Sb NBs) and atomically dis-
persed Rh sites are reported as promising electrocatalysts for alkaline HOR/
HER. Rh2Sb NBs/C exhibits superior HER performance with a low overpoten-
tial and a small Tafel slope, outperforming both Rh NBs/C and commercial 
Pt/C. Significantly, Rh2Sb NBs show outstanding HOR performance of which 
the HOR specific activity and mass activity are about 9.9 and 10.1 times to 
those of Rh NBs/C, and about 4.2 and 3.7 times to those of Pt/C, respec-
tively. Strikingly, Rh2Sb NBs can also exhibit excellent CO tolerance during 
HOR, whose activity can be largely maintained even at 100 ppm CO impurity. 
Density functional theory calculations reveal that the unsaturated Rh sites 
on Rh2Sb NBs surface are crucial for the enhanced alkaline HER and HOR 
activities. This work provides a unique catalyst design for efficient hydrogen 
electrocatalysis, which is critical for the development of alkaline fuel cells and 
beyond.

Adv. Mater. 2021, 33, 2105049



© 2021 Wiley-VCH GmbH2105049  (2 of 9)

www.advmat.dewww.advancedsciencenews.com

isolated surface sites for activity enhancement and robust struc-
ture for high stability, but there is rare report on this respect.

Herein, we explored a class of highly branched Rh2Sb 
nanocrystals (denoted as Rh2Sb NBs) with atomically iso-
lated Rh sites for efficient alkaline hydrogen electrocatalysis. 
The detailed characterizations demonstrated that Rh2Sb NBs 
with high yield were composed of many {210} facets of Rh2Sb 
phase. Benefited from their unique structure, Rh2Sb NBs/C 
could serve as highly efficient catalysts for both alkaline HOR 
and HER. Rh2Sb NBs/C exhibits excellent alkaline HER per-
formance with a low overpotential of 39.5 mV at 10 mA cm−2 
and a small Tafel slope of 40.1 mV dec−1, outperforming both 
Rh NBs/C and commercial Pt/C. In particular, the HOR mass 
activity (Jk,m) and specific activity (Jk,s) is ≈10.1 and ≈9.9 times 
to those of Rh NBs/C, and ≈3.7 and ≈4.2 times to those of Pt/C, 
respectively. More significantly, Rh2Sb NBs/C can also display 
excellent CO tolerance in alkaline HOR. By combining electro-

chemical tests and theoretical calculations, we concluded that 
the unsaturated surface sites on Rh2Sb NBs played a vital role 
in enhancing alkaline HER and HOR activities.

2. Results and Discussion

The Rh2Sb NBs were synthesized through a hydrothermal 
process with rhodium (III) 2,4-pentanedionate (Rh(acac)3) and 
antimony trichloride (SbCl3) as metal precursors, polyvinyl pyr-
rolidone as surfactant, and benzyl alcohol (BP) as solvent in the 
presence of ammonia bromide (NH4Br) (see Supporting Infor-
mation for details). High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image shows 
that uniform Rh2Sb NBs with high morphological yield were 
obtained (Figure  1A and Figure S1, Supporting Information).  
High-magnification TEM image vividly depicted the branched 
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Figure 1.  A) HAADF-STEM image and B) TEM image, C) length and diameter distribution, D) three projected 3D visualizations of tomographic recon-
struction images at viewing angles of 0°, 120°, 180°, and 300°. E) Elemental mappings of Rh2Sb NBs: HAADF-STEM image, Rh mapping in red, Sb 
mapping in green, and integrated mapping of Rh and Sb are shown. F) PXRD pattern and G) XPS spectra of Rh 3d, Sb 3d, and O 1s of Rh2Sb NBs.  
H) Crystal structure of Rh2Sb along [010] plane, dark cyan and purple spheres denote Rh and Sb atoms, respectively.
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features of Rh2Sb NBs (Figure  1B), and the mean length and 
diameter of those branches were ≈88.5 and ≈4.2  nm, respec-
tively (Figure 1C). To reveal the growth mechanism of the Rh2Sb 
NBs, the Rh2Sb NBs intermediates were collected at different 
reaction times. Figure S2, Supporting Information, shows TEM 
images of the intermediates. At the initial stage (<15 min), the 
products with branch shape are already observed and the size 
gradually increases (Figure S2A–D, Supporting Information). 
The branch shape of products become more obvious with 
the reaction time increase to 30 min (Figure S2E, Supporting 
Information). After 60 min, uniform Rh2Sb NBs are obtained 
(Figure S2F, Supporting Information). Further extension of 
the reaction time to 120 min or even 180 min does not result 
in obvious morphological changes (Figure S2G,H, Supporting 
Information). The above results demonstrate the Rh2Sb NBs is 
not simply assembled by nanorods but an integrated body.

To further identify the overall morphology of NBs, we applied 
3D tomographic reconstruction of Rh2Sb NBs from different 
angles. We can see that the Rh2Sb NBs were assembled by 
multiple nanobranches splay out wildly in different directions 
(Figure  1D). Elemental mapping images suggested that Rh 
and Sb were evenly distributed in Rh2Sb NBs (Figure 1E). The 
peaks in X-ray diffraction pattern were ascribed to Rh2Sb alloy 
(JCPDS: 47–1302) (Figure  1F).[29] Moreover, scanning electron 
microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) 
showed that the atomic ratio of Rh to Sb was close to 2, which 
is consistent with the value obtained from inductively coupled 
plasma optical emission spectrometer measurement (66.1/33.9) 
(Figure S3, Supporting Information). X-ray photoelectron spec-
troscopy (XPS) measurement was performed to reveal the sur-
face properties of Rh2Sb NBs (Figure  1G). It was found that 
Rh and Sb were mainly in metal state with partial oxidation on 
surface (Rh3+ and Sb3+). The O 1s peak in Sb 3d XPS spectrum 
can fit with three characteristic OI, OII, and OIII peaks at 530.5, 
531.6, and 533.2 eV, corresponding to the lattice oxygen in 
metal oxide, defect-oxide/hydroxyl-like groups, and unavoidable 
surface physically adsorbed/residual water molecules, respec-
tively. We further calculated the atomic ratios of Rh3+/Rh0 and 
Sb3+/Sb0 based on the peak fittings of XPS spectra (Table S1, 
Supporting Information). It was noted that the binding energy 
of Rh 3d5/2 peak negatively shifted by ≈0.29 eV compared to Rh 
NBs (Figure S4, Supporting Information),[30] indicating that 
electrons might transfer from Sb to Rh. Considering Rh atoms 
were isolated by Sb atoms in the crystalline structure of Rh2Sb 
alloy (Figure  1H), we concluded that Rh atoms presented as 
single states.[28,31]

To elucidate the detailed structural information for Rh2Sb 
NBs, X-ray absorption fine structure (XAFS) spectroscopy 
analysis and aberration-corrected HAADF-STEM measurement 
were further performed. X-ray absorption near-edge structure 
analysis shows that the Rh absorption energy for Rh2Sb NBs 
is close to Rh powder (Figure 2A), indicating the existence of 
metallic state of Rh in Rh2Sb NBs, in agreement with the XPS 
results. The Fourier-transformed k3χ(k) functions of extended 
XAFS spectra in frequency domain (R) space reveal the infor-
mation on coordination environment. The Rh2Sb NBs show 
the main peak at ≈2.33 Å, which corresponds to the RhSb 
bond (Figure 2B). As for Rh powder and Rh2O3 powder, a main 
peak of RhRh and RhO coordination were observed at 2.58 

and 1.60 Å, respectively. No RhRh characteristic peaks can 
be detected for Rh2Sb NBs, confirming the isolated Rh sites 
within the branched Rh2Sb nanostructures. Figure 2C–E shows 
the atomically resolved HAADF-STEM images, oriented along 
[021], [101], and [001] zone axes. Corresponding fast Fourier 
transform patterns (Figure  2C1–E1) agree with the standard 
structure mode (ICSD no. 42960), indicating that Rh2Sb NBs 
possesses orthorhombic crystal structure (space group: Pnma, 
no. 62). Figure 2C2–E2 exhibits ideal crystal structure models of 
Rh2Sb, along three corresponding zone axes. The atomic struc-
ture modes (inset in Figure  2C–E) match well with HAADF-
STEM images. We then performed aberration-corrected high-
resolution TEM (AC-HRTEM) to carefully identify the surface 
structure of Rh2Sb NBs. AC-HRTEM images (Figure 2F,G) sug-
gest that Rh2Sb NBs are single crystal and grow along <001> 
direction. The exposed surfaces are mainly {210} high-index 
facets.[32] As revealed by the atomic structure modes (inset in 
Figure  2F,G), Rh atoms of the {210} facet are isolated by Sb 
atoms. The d-band center of Rh2Sb NBs is analyzed by the XPS 
spectra (Figure S5, Supporting Information). We find that there 
is an upshift of the d-band center of the surface Rh atoms on 
Rh2Sb NBs, which essentially derived from the charge transfers 
between Rh and Sb (as shown in Table S1, Supporting Informa-
tion). The upshift of the d-band center will increase the adsorp-
tion of H2O and lower the barrier for H2O dissociation.

To investigate the unique Rh2Sb structure on catalytic perfor-
mance, we chose electrochemical HER and HOR as model reac-
tions. Prior to catalytic test, Rh2Sb NBs were loaded on com-
mercial carbon black (C, Vulcan XC-72R) (Rh2Sb NBs/C, Figure 
S6, Supporting Information) and benchmarked with Rh NBs/C 
(Figure S7, Supporting Information) and commercial Pt/C (JM, 
20 wt% Pt). The catalysts were dispersed in a mixture of isopro-
panol/Nafion, and then dropped onto glassy carbon electrode 
(area: 0.196 cm2). The loading amount of Rh (or Pt) was kept to 
be 10.0 µg cm−2 for all catalysts. Cyclic voltammograms (CVs) 
were conducted in Ar-saturated 0.1 m KOH at a scan rate of  
50 mV s−1. It was found that the hydrogen desorption potential 
of Rh2Sb NBs/C and Rh NBs/C was 0.37 V, which was lower 
than that of Pt/C (0.47 V) (Figure S8, Supporting Information), 
indicating that the adsorption of hydrogen species on Rh2Sb 
NBs/C and Rh NBs/C was weaker than that on Pt/C, and as 
a major reason of enhancements in HER/HOR activities.[33] 
CO-stripping measurements revealed that the electrochemically 
active surface areas (ECSAs) of Rh2Sb NBs/C in 0.1 m KOH, Rh 
NBs/C and Pt/C were 58.0, 56.5, and 67.3 m2 g−1, close to calcu-
lated value in 0.1 m HClO4 (Figure S9A,C, Supporting Informa-
tion). Additionally, compared to the positions of CO-oxidation 
peak for Rh NBs/C (0.67 V) and Pt/C (0.65 V), the position 
of CO oxidation peak for Rh2Sb NBs/C shifted to low poten-
tial (0.61 V) (Figure S9B, Supporting Information). However, 
the CO oxidation peak potential of the Rh2Sb NBs/C (0.69 V)  
is lower in acidic medium than Rh NBs/C (0.72 V) and Pt/C 
(0.87 V) (Figure S9D, Supporting Information), suggesting that 
Rh2Sb NBs/C possessed superior resistance to CO poisoning in 
both acidic and alkaline media. It is believed that Sb can form 
oxidation species at low potential, which can promote the oxida-
tion of CO adsorbed on adjacent Rh sites.[34]

We initially applied Rh2Sb NBs/C to HER catalysis under 
alkaline media. Figure 3A shows the HER polarization curves 

Adv. Mater. 2021, 33, 2105049
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of Rh2Sb NBs/C, Rh NBs/C, and commercial Pt/C in 0.1 m 
KOH with a scan rate of 5 mV s−1. Primarily, the number of 
active site and turnover frequencies (TOF) value were calcu-
lated to reveal the intrinsic activity based on the CO stripping 
in 0.1 m KOH (Table S2, Supporting Information). As observed 
in Figure 3A, the TOF value of Rh2Sb NBs/C at the overpoten-
tial of 50 mV was 6.36 H2 s−1, higher than those of Rh NBs/C 
(0.77 H2 s−1 at 50 mV) and Pt/C (1.76 H2 s−1 at 50 mV). The 
overpotentials of Rh2Sb NBs/C, Rh NBs/C, and commercial 
Pt/C were 39.5, 134.0, and 79.4 mV, respectively, at a current 
density of 10 mA cm−2. The Tafel slope of Rh2Sb NBs/C was 
40.1 mV dec−1, which was much lower than those of Rh NBs/C 
(132.2 mV dec−1) and Pt/C (58.9 mV dec−1), implying the fastest 
HER kinetics compared to Rh NBs/C and Pt/C (Figure  3B). 

Furthermore, we also compared the current density of each 
catalyst under different overpotentials (Figure 3C). It was found 
that the current density of Rh2Sb NBs/C was 21.9 mA cm−2) at  
60 mV, which was ≈9.5 and ≈3.2 times to those of Rh NBs/C  
(2.3 mA cm−2) and Pt/C (6.9 mA cm−2), respectively. To the best 
of our knowledge, the HER performance of Rh2Sb NBs/C has 
outperformed many other reported catalysts (Table S3, Sup-
porting Information). Furthermore, the stability of Rh2Sb NBs/C 
for HER was evaluated by 1000-cycle accelerated durability tests 
in 0.1 m KOH. The overpotential was slightly increased by  
2.3 mV at 10 mA cm−2, suggesting the promising stability of Rh2Sb 
NBs/C for HER (Figure 3D and Figure S10, Supporting Infor-
mation). In addition, the HER performance of various catalysts 
was also investigated under acidic conditions. It was found that  

Adv. Mater. 2021, 33, 2105049

Figure 2.  Normalized Rh K-edge A) XANES and B) EXAFS spectra of Rh powder, Rh2O3 powder, and Rh2Sb NBs. C–E) HAADF-STEM images oriented 
along [021], [101], and [001] zone axes. The insert (C–E) shows HAADF-STEM images match well with atomic modes. C1–E1) Corresponding FFT pat-
terns and C2–E2) ideal crystal modes. F,G) HRTEM images and atomic modes of {210} facets.
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Rh2Sb NBs/C displayed lower overpotential (28.3 mV) and Tafel 
slope (24.6 mV dec−1) than Rh NBs/C and Pt/C (Figure S11, 
Supporting Information), suggesting that Rh2Sb NBs/C could 
also sever as an efficient catalyst for acidic HER.

Encouraged by the enhanced performance of the Rh2Sb 
NBs/C for alkaline HER, we further explored its electrocata-
lytic performance toward the anodic HOR. Figure 4A shows the 
HOR polarization curves of various catalysts normalized by the 
area of glassy carbon area (0.196 cm2), which were conducted 
in H2-saturated 0.1 m KOH solution at a sweep rate of 5 mV s−1 
and at a rotation rate of 1600 rpm with rotating disk electrode 
(RDE). As showed in Figure  4A and Figure S12, Supporting 
Information, Rh2Sb NBs/C exhibited much faster kinetics 
and intrinsic activity than Rh NBs/C and commercial Pt/C for 
HOR. Figure  4B shows the ECSA normalized kinetic current 
density (Jk) versus the potential via the Butler-Volmer fittings. 
Rh2Sb NBs/C displayed high kinetic current densities under 
different overpotentials, suggesting the promising HOR activity 
of Rh2Sb NBs/C for HOR. Meanwhile, Butler-Volmer equa-
tion was used to obtain the exchange current density (J0) for 
investigating the intrinsic activity. As shown in Figure 4C,D and 
Figure S13, Supporting Information, the Koutecky–Levich plots 
at 0.10 V showed that the inverse of current density was linear 
with the inverse of square root of the rotating rate, and the slope 
of Koutecky–Levich plot for Rh2Sb NBs/C was calculated to be 
12.64 cm2 mA−1 rpm1/2, and the electron-transfer number was 

approximatively calculated to be 2.0, indicating that HOR on 
Rh2Sb NBs/C was nearly two-electron process.[35] J0 and Jk were 
further normalized by the metal mass and ECSA, which were 
denoted as J0,m, Jk,m, and J0,s, Jk,s, respectively. As shown 
in Figure 4E, J0,s and J0,m of Rh2Sb NBs/C were calculated to 
be 0.506 and 0.462 mA μgPGM

−1, respectively, which were much 
higher than those of Rh NBs/C (0.146 and 0.130 mA μgPGM

−1) 
and Pt/C (0.250 and 0.264 mA μgPGM

−1). In addition, Jk,s and  
Jk,m of Rh2Sb NBs/C at 50 mV were 3.568 and 3.254 mA μgPGM

−1,  
respectively (Figure  4F), which were about 9.9 and 10.1 
times to those of Rh NBs/C (0.361 and 0.321 mA μgPGM

−1), 
and about 4.2 and 3.7 times to those of Pt/C (0.840 and  
0.887 mA μgPGM

−1), respectively (Table S4, Supporting Infor-
mation). We have compared the HOR performance of the 
Rh NBs/C with the recent reported electrocatalysts (Table S5, 
Supporting Information). It is clear to see that the Rh2Sb NBs 
exhibit the impressive performance toward alkaline HOR.

We further evaluated the durability of Rh2Sb NBs/C, Rh 
NBs/C, and commercial Pt/C by applying chronoamperometry 
at 0.10 V versus RHE operated on catalyst-modified RDE. After 
a continuous 20  000 s operation in H2-saturated 0.1 m KOH, 
Rh2Sb NBs/C exhibited a decay of current density by ≈6.5%, 
which was much small than that of Rh NBs/C (71.2%) and Pt/C 
(49.2%) (Figure 5A). Moreover, the spent Rh2Sb NBs/C was char-
acterized by TEM and SEM-EDS measurements (Figure S14,  
Supporting Information). The morphology and composition 
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Figure 3.  A) HER polarization curves and B) Tafel plots of Rh2Sb NBs/C, Rh NBs/C, and Pt/C in Ar-saturated 0.1 m KOH with a scan rate of 5 mV s−1, 
inset (A) is TOF values of HER of different catalysts. C) The current density of HER at different overpotentials. D) Histograms of comparative overpo-
tentials for the Rh2Sb NBs/C, Rh NBs/C, and Pt/C before and after 1000 cycles of ADTs.



© 2021 Wiley-VCH GmbH2105049  (6 of 9)

www.advmat.dewww.advancedsciencenews.com

of the spent Rh2Sb NBs/C were largely maintained, whereas 
severe aggregations occurred for the spent Rh NBs/C and com-
mercial Pt/C (Figure S15, Supporting Information). Consid-
ering the existence of trace amount of CO in the actual low-
temperature hydrogen-oxygen fuel cell,[36] the resistance to 
CO poisoning of catalyst was therefore further investigated.[37] 
Compared to the obvious decays in the current densities for 
Rh NBs/C and Pt/C in the presence of 100 ppm CO, Rh2Sb 
NBs/C displayed a much smaller decay in current density from 
HOR polarization curves (Figure S16, Supporting Information). 
Moreover, the durability of catalysts was evaluated using chron-
oamperometry at 0.10 V versus RHE in H2-saturated 0.1 m  
KOH with 100 ppm CO. As shown in Figure  5B, the rela-
tive current density for HOR on Rh2Sb NBs/C decreased by 
11.2% after continuous operation for 5000 s, which was much 

lower than that of Rh NBs/C (29.7%) and Pt/C (49.1%) under 
the same conditions. Further increasing CO to 1000 ppm led 
complete deactivations of commercial Pt/C after 1500 s, while 
the HOR activity of Rh2Sb NBs/C dropped by 45.5% at 2000 s 
(Figure S17, Supporting Information), suggesting the superior 
stability against CO poisoning of Rh2Sb NBs/C to commercial 
Pt/C.

To elucidate the origin of enhanced alkaline HER and HOR 
activities on the Rh2Sb NBs, density functional theory (DFT) 
calculations were carried out. It is established that the overall 
HER/HOR reaction involves three elementary steps, that is, the 
Tafel or Heyrovsky reaction for H2 formation (dissociation) and 
the Volmer step for H2O dissociation (formation).[38] Despite 
the lack of complete understandings on the effects of electrolyte 
pH values on HOR/HER activities, recent studies suggested 
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Figure 4.  A) HOR polarization curves of Rh2Sb NBs/C, Rh NBs/C, and Pt/C in H2-saturated 0.1 m KOH with a scan rate of 5 mV s−1 at the rotating 
speed of 1600 rpm. B) The Tafel plots of the ECSA normalized kinetic current densities (Jk) via the Butler-Volmer fittings. C) HOR polarization curves 
of Rh2Sb NBs/C at the rotating speeds varied from 2500 to 625 rpm. D) Koutecky–Levich plots at overpotentials of 0.10 V versus RHE. E) Exchange 
current densities and F) kinetic current densities (at 50 mV) normalized by ECSA or metal mass.
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that the Volmer reaction was the rate-determining step for 
HER/HOR in alkaline electrolytes due to its higher energy bar-
rier in splitting (formation) of H2O.[39,40] Therefore, we aim to 
determine the dissociation energy barrier of H2O into adsorbed 

H and OH on Rh2Sb (210) surface and compare it with that on 
Pt (111) surface. Rh2Sb (210) surface comprises zigzag Rh-Sb 
steps, with unsaturated Rh and Sb reaction sites (Figure 6A). 
Among all available H2O adsorption sites, these unsaturated 

Figure 5.  Relative current-time chronoamperometry response of Rh2Sb NBs/C, Rh NBs/C, and Pt/C in A) H2-saturated and B) H2/100 ppm  
CO-saturated 0.1 m KOH solution at 0.10 V versus RHE operated on an RDE.

Figure 6.  A) Atomistic slab models for Rh2Sb (210) surface. B) The energy barrier for breaking OHH bond in the Volmer step (water dissociation) 
on Pt (111) and Rh2Sb (210) surfaces. C) The energy barrier for combining two Had into H2 (the Tafel step) on Pt (111) and Rh2Sb (210) surfaces. Top 
and side views of the adsorption structure of initial, transition, and final states are shown as insets. Dark cyan, purple, red, and white spheres denote 
Rh, Sb, O, and H atoms, respectively.
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Rh atoms at Rh2Sb (210) steps were found to be most stable. 
Moreover, they were predicted to have even stronger H2O 
adsorption than active sites on the flat Pt (111) surface. More 
specifically, the surface-O (in H2O) distance on Rh2Sb (210) step 
was estimated as 2.28 Å, which was shorter than that on Pt (111) 
surface (2.44 Å). As a result, the energy barrier for breaking the 
HOH bond of H2O on Rh2Sb (210) step was 0.87 eV, which 
was much lower than that on Pt (111) surface (1.59 eV), as 
shown in Figure  6B. Interestingly, the formation of H2 from 
the adsorbed H, in the next step of Volmer-Tafel HER reaction, 
followed the same trend. As shown in Figure 6C, the surface-
H2 distance at Rh2Sb (210) step was 1.72 Å, which was much 
shorter than that (3.46 Å) on flat (111) Pt surface. As a result, 
H2 adsorption on Rh2Sb (210) step is much stronger than that 
on flat (111) Pt surface, leading to a lower reaction energy and 
a much lower H2 formation barrier (0.43 versus 0.98 eV) com-
pared to Pt (111) surface. Surprisingly, the energy barriers for H2 
dissociation and H2O formation in HOR (the reverse reaction 
of HER) at the unsaturated Rh sites of Rh2Sb (210) step were 
calculated as 0.02 and 0.79 eV, respectively, which were smaller 
than those of Pt (111) surface (0.15 and 0.82 eV). Since the 
unsaturated surface steps on Pt may have higher activity than 
the crystalline (111) surface,[41–43] the adsorption structures of 
H2O and H2 on Pt (211) surface were compared with that on the 
Rh2Sb (210) step. We find that the surface-O (in H2O) (2.28 Å)  
and surface-H (in H2) (1.72 Å) distances on Rh2Sb (210) step are 
also smaller than that on Pt (211) surface (calculated as 2.30 and 
3.10 Å, respectively), implying a lowered reaction barrier for 
H2O/H2 dissociation and increased HOR/HER activities on the 
Rh2Sb (210) surface. Combined with XPS spectra suggest that 
there is an upshift of the d-band center of the surface Rh atoms 
in Rh2Sb NBs relative to the Rh NBs (Figure S5, Supporting 
Information), demonstrating increased adsorption of H2O and 
H2 on the Rh2Sb step and thus higher HOR/HER activities. 
Finally, to simulate a more realistic alkaline condition in reac-
tions, we have also incorporated a bilayer of water molecules 
along with Na+ cations on Rh2Sb (210) surface in DFT calcula-
tions, as shown Figure S18, Supporting Information. We found 
that the HOR reaction energy barrier in the Volmer step (H2O 
formation) was further reduced from 0.79 to 0.66 eV. Thus, the 
inclusion of the alkaline solvent effect affirms our DFT results 
and lends strong support to the experimental observations.

3. Conclusion

In summary, we have successfully fabricated a class of highly 
branched Rh2Sb NBs with atomically isolated Rh sites as high-
performance electrocatalysts toward alkaline HOR/HER. Rh2Sb 
NBs/C exhibited superior HER performance to Rh NBs/C and 
commercial Pt/C. Strikingly, Rh2Sb NBs/C also displayed excel-
lent HOR performance and promising resistance to CO poi-
soning, of which the HOR specific activity and mass activity were 
≈9.9 and ≈10.1 times to those of Rh NBs/C, and ≈4.2 and ≈3.7 
times to those of Pt/C, respectively. DFT calculations revealed 
that the unsaturated Rh sites on Rh2Sb NBs step were uniquely 
responsible for the enhanced alkaline HER and HOR activities. 
This work provides a new strategy for designing highly active 
and stable HOR/HER electrocatalysts by combining atomically  

isolated surface sites and unique alloy structure, but also promotes 
the fundamental researches on electrocatalyst design for anion 
exchange membrane fuel cells, water electrolysis, and beyond.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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