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Abstract

Searching the highly efficient and durable electrocatalysts toward hydrogen evolution reaction
(HER) at all pH is of great interest to the scientific community, however is still a grand challenge
because the HER kinetics of Pt in alkaline solutions is approximately two to three orders of
magnitude lower than that in acidic solution. Herein, we report a new class of wrinkled, ultrathin
Rh2P nanosheets for enhancing HER catalysis at all pH. They exhibit a small overpotential of 18.3
mV at 10 mA cm, low Tafel slope of 61.5 mV dec! and good durability in alkaline media, much
better than the commercial Pt/C catalyst. Density functional theory (DFT) calculations reveal that the

active open-shell effect from P-3p band not only promotes Rh-4d for higher activities of
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proton-electron charge exchange but also provides stronger capabilities of excellent p-p overlapping
to locate the O-related species as distributary center, which can benefit the HER process in alkaline
media. We also demonstrate that the present wrinkled, ultrathin Rh2P nanosheets are highly efficient
and durable electrocatalysts toward HER in both acid and neutral electrolytes. The present work
opens a new material design for ultrathin 2D metal phosphides nanostructures in boosting HER at all

pH.

Hydrogen (H2) has been considered a green and renewable resource alternative to reduce our
dependence on fossil fuels to benefit the environment.['! The hydrogen evolution reaction (HER) is a
crucial step in electrochemical water splitting, and plays an important role in energy conversion for
the development of hydrogen-based energy resources.?’! For an energy-efficient HER, a catalyst must
be able to trigger the proton reduction with minimal overpotential and fast kinetics.[*! Recently, the
pH-universal nanoelectrocatalysts for HER have drawn a lot of attention as they could work well
with the good oxygen evolution reaction (OER) catalysts in the same electrolyte regardless of pH.*
Platinum (Pt) is generally considered as the best state-of-the-art catalysts towards HER, particularly
in acid media due to its highest exchange current density and lowest Tafel slope.’) However, the
HER kinetics of Pt in alkaline solutions is usually approximately two to three orders of magnitude
lower than that in acidic solutions, hindering its practical use in electrochemical water splitting.*]
Besides, in industrial manufacture, acid electrolytic cell, normally operating at high temperatures,
inevitably produces the electrolyte vapor or acid fog that can contaminate the hydrogen gas but also

corrode the used devices, while alkaline electrolyzer generally works in a lower vapor pressure under



the higher temperature conditions and can generate high purity hydrogen.[®! As a consequence, it is
very urgent to develop an effective and highly efficient HER nanoelectrocatalyst that can work very
well at all pH, especially in the alkaline media.”’ To date, metal phosphides,® carbides,?!
sulphides!!'”) and heteroatom-doped (e.g. N, P, S) carbon nanomaterials!'!! have been proved to be
good nanoelctrocatalysts toward HER under various pH values as they could tune the water
dissociation free energy and hydrogen adsorption free energy well for HER.['?) However, the
reported nanoelectrocatalysts can merely exhibit Pt-like HER activity. It remains a grand challenge
to search for a Pt-free electrocatalyst that can boost HER at all pH and exhibit better HER activity
than that of commercial Pt/C.[3!

Herein, we design novel wrinkled, ultrathin Rh2P nanosheets as a highly efficient pH-universal
electrocatalyst for HER, which is superior to commercial Pt/C, especially in alkaline media. They
exhibit a smaller overpotential of 18.3 mV at 10 mA cm, lower Tafel slopes of 61.5 mV dec! and
better durability (negligible activity decay after 1000 potential sweeps) than those of commercial
Pt/C in alkaline media. Density functional theory (DFT) calculations were used to shed the light on
the catalytic mechanism in alkaline solution, which indicates that the activities of d-bands in
transition metals (Rh-4d) can be boosted up by open-shell P-3p orbital for both effective
charge-transfer and binding of the O-related species. This would provide a key reason of high HER
performance by a series of transition metal phosphides, especially in alkaline media. Besides, the
wrinkled Rh2P nanosheets were also demonstrated to work very well as highly efficient and durable

electrocatalysts toward HER in both acid and neutral electrolytes.



Wrinkled Rh2P nanosheets were prepared via a two-step chemical procedure. Rh nanosheets
were firstly synthesized by using Rh(acac)s; and Ni(acac)2 as metal precursors, ascorbic acid (AA) as
reductant, oleylamine (OAm) as solvent and surfactant and carbon monoxide decomposed by
Mo(CO)s at 180 °C as a surface confining agent. Then, they were phosphorized at high temperature
of 300 °C with phosphorus through the decomposition of tri-n-octylphosphine (TOP) under air free
condition.""l The wrinkled Rh2P nanosheets preserve the ultrathin 2D structure of Rh nanosheets
after high temperature phosphorization process.

Transmission electron microscopy (TEM), high-angle annular dark-field scanning TEM
(HAADF-STEM), power X-ray diffraction (PXRD), high-resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction (SAED) were used to characterize
ultrathin Rh nanosheets and wrinkled Rh2P nanosheets. Figure 1a&1b show that the as-made Rh
nanosheets with high yield have an average diameter of ca. 250 nm. PXRD of Rh nanosheets
(Figure S1a) shows a few of diffraction peaks, assigned to the (100), (200) and (220) reflections of
cubic (Fm-3m) Rh [Joint Committee on Powder Diffraction Standards (JCPDS) No. 05-0685].115
The TEM energy-dispersive X-ray spectroscopy (TEM-EDX) spectra (Figure S1b) were further
employed to characterize the chemical composition of the Rh nanosheets. No Ni and Mo atoms can
be detected, indicating the formation of pure Rh nanosheets. HRTEM (Figure 1¢) and SAED image
of one single nanoplate prove the low crystallinity of the Rh nanosheets (Figure S1¢&S1d), being in
accordance with the PXRD result. Herein, we found that the existence of Ni(acac): and AA was
necessary for the synthesis of high-quality Rh nanosheets (Figure S2&S3). And also carbon

monoxide decomposed by Mo(CO)s as a surface confining agent was the key in formation of Rh



nanosheets since only nanoparticles could be obtained without the existence of Mo(CO)s (Figure
S4).

The Rh nanosheets were then phosphorized with phosphorus by the decomposition of
Tri-n-octylphosphine (TOP) under air free conditions (details in Experimental Section) to make the
wrinkled RhoP nanosheets. Figure 1d&S5 show the representative HAADF-STEM and TEM images
of the wrinkled RhoP nanosheets. They preserve the ultrathin 2D morphology of Rh nanosheets after
high-temperature phosphorization process. The thickness of wrinkled Rh2P nanosheets was
determined to be about 3.3 nm (Figure S6) by atomic force microscopy (AFM), proving their
ultrathin feature. Figure 1e shows the representative TEM image and the related SAED image (inset)
of one single wrinkled Rh2P nanosheet, showing its polycrystalline structure. The HRTEM image of
the wrinkled Rh2P nanosheets is displayed in Figure 1f, in which the lattice spacings of 0.276 nm
and 0.196 nm correspond to the (200) and (220) planes, respectively. The elemental distribution of
Rh and P of the wrinkled Rh2P nanosheets was characterized using STEM-energy dispersive X-ray
spectroscopy (EDX) mapping (Figure 1g), where Rh and P elements distribute uniformly across the
whole nanosheet, and the compositional ratio of Rh to P in wrinkled Rh2P nanosheets is determined
to be ca. 2:1 by EDX analysis (Figure 1h), being in accordance with the results of inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray photoelectron spectroscopy
(XPS). PXRD pattern of the wrinkled RhoP nanosheets shows that they are highly crystalline with
cubic (Fm-3m) RhoP structure (Figure 1i, JCPDS No. 02-1299).'%1 X-ray photoelectron
spectroscopy (XPS) was also used to study the chemical states of Rh and P after the phosphorization

process (Figure 1j). All the binding energies were calibrated to C 1s carbon at 284.8 eV to eliminate



differences in sample charging. For the wrinkled Rh2P nanosheets (Figure 1j&S7), the XPS
spectrum in the Rh 3d 5/2 region shows the peaks at 307.8 eV and 321.5 eV (with well separated
spin-orbit components, Ametal = 4.7 €V), which are slightly above the binding energy for Rh metal
(307.0-307.6 eV) and well below the value for Rh*" in Rh203 (308.8 V), indicating that Rh in
wrinkled Rh2P nanosheets bears a partial positive charge (Rh®"),[!7! quite different from Rh atoms in
Rh nanosheets existing mainly in oxidized state (Rh®") due to surface oxidation (Figure S8). The
broad P 2p XPS peak is fitted into three peaks. The peaks located at 130.3 and 131.2 eV are
attributed to the P 2p 3/2 orbitals of metal phosphide while the peak centered at 133.5 eV is
attributed to P 2p 1/2 orbitals of residual metal phosphates due to surface partially oxidation,"®]
proving the phosphorized Rh nanosheets exist mainly in the state of Rh2P.

The HER catalytic activity of wrinkled Rh2P nanosheets and Rh nanosheets were evaluated by
recording polarization curves in Nz-saturated 0.1 M KOH (with IR corrected) with a scan rate of 5

mV s’

at room temperature. The commercial Pt/C (20 wt %) was also studied as the benchmark
catalyst under the same conditions. Before the electrochemical measurement, the wrinkled Rh2P
nanosheets and Rh nanosheets were deposited on a commercial carbon (Ketjen-300J) support
(Figure S9&S10, named as w-RhoP NS/C and Rh NS/C, respectively). The carbon supported
w-Rh2P NS/C and Rh NS/C, dispersed in a mixture of isopropanol/water/Nafion solution, were
casted onto a rotating disk electrode. Figure 2a shows that among all the investigated samples,
w-Rh2P NS/C displays the best HER catalytic activity in 0.1 M KOH solution. It exhibits an

overpotential (n) of 18.3 mV at a current density of 10 mA cm?, (Figure 2b), 40.1 mV lower than

that of commercial Pt/C (58.4 mV) and 50.6 mV lower than that of Rh NS/C (68.9 mV), indicating



the superior catalytic activity of w-Rh2P NS/C in alkaline media. The Tafel slopes were obtained
according to the Tafel equation: (n =b X log (j) + a, where b is the Tafel slope) in a linear region of
the Tafel plots.!”) As shown in Figure 2¢, the Tafel slopes are 61.5, 87.4 and 113 mV dec! for
w-Rh2P NS/C, Pt/C and Rh NS/C, respectively, suggesting that the w-RhoP NS/C exhibits more
favorable kinetics toward HER catalysis than the Pt/C and w-Rh NS/C. Note that both the
overpotential and Tafel slope of w-Rh2P NS /C are lower than those of Pt/C, Rh NS/C and most of
the reported state-of-the-art electocatalysts in alkaline media (Table S1), further indicating the
superior electrocatalytic activity of w-RhaP NS/C.

Besides, the electrochemical stability of w-Rh2P NS /C, Pt/C and Rh NS/C was also evaluated
using a long-term cycling test in 0.1 M KOH. As shown in Figure 2d, the polarization curve of
w-Rh2P NS/C shows negligible negative shift after 1000 cyclic voltammetry (CV) cycles. As for
Pt/C and Rh NS/C, their polarization curves show obvious negative shift under the same condition
(Figure S11), indicating a significant decrease in the electrocatalytic activities of Pt/C and Rh NS/C.
The above results indicate that the ultrathin 2D wrinkled RhoP nanosheets are highly efficient and
durable electrocatalysts toward HER in alkaline media.

To shed the lights on the catalytic mechanism in alkaline solution, an in-depth investigation of
the entire hydrogen evolution reaction on both RhoP NS and Rh NS was carried out. The Rh2P
(Fm-3m) surface (200) model has been built. The final structure shows a substantial reconstruction
and lowers the system energy with the magnitude of -3.21 eV-nm™. The charge density distribution
of bonding and antibonding orbitals has turned from nearly-delocalized to localized by following the

reconstruction (Figure 3a). To exhibit the subtle information on the Rh-P bonding, we performed the



previously developed ab-initio method on projecting the on-site orbital potential components with
orbital electronic chemical potential and screened pseudo charge compensated orbital relaxation.
This reflects the electronic activities of the targeted orbital especially with electronic occupation
within different chemical bonding environment. It is found that the Rh-4d orbital turns to be a closed
shell (crossover), indicating strong orbital overlaps between Rh and neighboring P sites. While the
P-3p orbital gets to active open-shell effect (non-crossover), providing more abundant
accommodations for charge exchange (Figure S12). The shown closed shell effect for Rh site
repulsively promotes the 4d-electrons to occupy the higher energies with 4d-band closer to the Fermi
level (Er), compared to the RhoP (111), Rh2P bulk, and Rh-metal (Figure 3b). To dates, the band
width, band shapes, band centers, and band overlapping have been being still actively discussed to
emphasize many contributing roles of catalyst, including the stabilities, catalytic activities, etc. These
can also determine the performance of catalysts.*”) We further found the orbital interplay for Rh and
P sites is different from the internal bulk to the surface. In addition, the bonding capability for P-3p
to overlap the O-2p would be potentially reduced if the Rh-4d band covers a wide range of P-3p band
due to the delocalized behavior on the (111) surface (Figure 3c). This effect has been alleviated on
the Rh2P (200) surface. The Rh-4d and P-3p bands have been clearly discrete, and the P-3p orbital
shows a strongly localization for potentially bonding of O-2p from the species of H2O and OH group.
This is confirmed by the substantial p-band matching between O-2p from H2O and P-3p orbitals
(Figure 3d).

The pathway for HER under alkaline condition has been studied between Rh2P (200) and Rh

(100) surfaces (Figure 3e). Overall, the Rh2P (200) (-2.14 eV) shows more energetic favorable than



that in the Rh (100) (-0.77 eV) for HER. The initial adsorption of itinerant H2O and [H'+ €] is
similar to both system with -1.89 eV for Rh2P (200) and -1.74 eV for Rh (100) respectively.
However, due to the strong over-binding effect (Rh-H) on the Rh (100) surface, the location and
splitting of the H2O meets the energetic barriers. Especially to the step of splitting from
[H20*+*(H™+e")] to [*OH+2*H"+¢’], which is the potentially the barrier energetic difference of 0.62
eV, implying the endothermic reaction heat for the path. In contrast, the HER on the Rh2P (200)
surface turns to be a barrier free pathway. The further binding energy studies confirm the moderate
Rh-H bonding for Rh2P (200) but much stronger on the Rh (100) surface. It implies a potential
further bond cleave of H-H to reverse the 2¥*H—H2 backward. The chemisorption energies also
exhibit an obvious contrast between these two systems. It is shown that the H and H2 chemisorption
energies in the RhoP (200) system are close to the thermoneutral line (AG = 0), where denotes an
efficient adsorption and desorption. This confirms the processes for both 2*H—2H—H> and
Ha-desorption are rather energetic favorable. However, the chemisorption energies in the Rh (100)
system display much descent energy levels, confirming that the over-binding potentially decreases
the efficiency of HER. From the local structure (Figure S13), the stable adsorbed H is bonding with
Rh site and the sole H2O location is also staying near the Rh-site. The H2O molecule is weakly
bonded on the top of surface Rh site while the OH group is strongly binding with the surface Rh-site.
The H20 splitting process occurs on the surface Rh sites. The two closely contacted adsorbed *H
actually exhibit head-to-head structural configuration for potentially efficient H2 generation. With the
assistance of P site, the leaving group (OH") can be stably located on the surface of Rh2P (200). We

have performed the comparison on free energy pathways (AG) for HER under alkaline condition,



with consideration of P-terminated (Pr-Rh2P (200)), Rh-terminated (Rht-Rh2P (200)), and Rh (100)
surfaces, respectively (Figure 3e). We have found out the potential over-binding issue with hydroxyl
groups [*OH-] led by P-terminated surface of Rh2P (200) under the alkaline solution condition.
Especially, this over-binding effect may go further severely when the OH-contained solution
adsorption coverage turns to be even higher. Accordingly, the OH species adsorbed on the Rh-site
will easily have desorption or detachment, while the P surface sites would unlikely have this since
the (P-3p)-(O-2p) overlapping would increase the probabilities of overbinding or surface P-oxidation
states. Therefore, the Rhr-Rh2P (200) can be long-sustainable for pH-universal HER electrochemical
environment. The observed active open-shell effect from P-3p band not only promotes Rh-4d for
higher activities of proton-electron charge exchange but also provides stronger capabilities of p-p
overlapping to locate the O-related species, which can facilitate the HER process in alkaline media.
The HER performance of w-Rh2P NS/C, Pt/C and Rh NS/C was investigated in 0.1 M HCIO4 as
well. As shown in Figure 4a, the w-Rh2P NS/C displays the best HER catalytic activity among all
three samples in 0.1 M HCIO4. In 0.1 M HCIO4, to reach a current density of 10 mA cm?, the
overpotential required for Rh2P NS /C is only 15.8 mV (Figure 4b), 6.3 mV and 25.8 mV lower than
those of commercial Pt/C (22.1 mV) and Rh NS/C (41.6 mV). Besides, the Tafel slope is 29.9 mV
dec! for w-Rh2P NS /C (Figure 4b&S14), comparable to that of commercial Pt/C (29.6 mV dec™)
and lower than that of Rh NS/C (37.4 mV dec™), suggesting it employs the Volmer-Tafel mechanism
(Hads + Hads — H21) for HER.!*!] The HER performance of w-Rh2P NS /C was further studied in 0.5
M PBS solution. Remarkably, the RhaP NS /C still displays the best HER catalytic activity in neutral
media (Figure 4¢) with a small overpotential of 21.9 mV to achieve a current density of 10 mA cm™
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(Figure 4d), lower than those of Pt/C (27.2 mV) and Rh NS/C (47.7 mV). Meanwhile, w-RhoP NS/C
shows a Tafel slope of 78.4 mV dec’!, comparable to that of Pt/C. Besides, the w-RhoP NS/C
displays better stabilbity than that of Pt/C and Rh NS/C in 0.1 M HCIO4 and 0.5 M PBS. (Figure
S15&S16) These results prove that the wrinkled Rh2P nanosheets could serve as the superior Pt-free
pH-universal electrocatalysts for HER.
Conclusions

In summary, we have successfully designed a new class of wrinkled Rh2P nanosheets for
boosting HER at all pH. Particularly, in 0.1 M KOH solution, the wrinkled Rh2P nanosheets are more
efficient and durable for HER by showing smaller overpotential, lower Tafel slope and much lower
activity decay after long-time cycles than those of commercial Pt/C. DFT calculations interpret the
P-3p orbital with open-shell behavior reserves an optimal role in leveling-up the Rh-4d band for
highly active charge exchange with protons via orbital Coulombic interactions. Moreover, the
lower-lying 3p-c bonding level guarantees the effectiveness of locating O-related species as perfect
distributary center, which can further benefit the HER performance in alkaline media. The present
wrinkled, ultrathin Rh2P nanosheets are also highly general for catalyzing HER in both acid and
neutral electrolytes, which are superior to commercial Pt/C catalyst. This work first highlights the
important role of designing ultrathin metal phosphide nanosheets as pH-universal electrocatalysts for

HER with both excellent electrocatalytic activity and stability.
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Figure 1. Morphology and structure characterization of Rh nanosheets and wrinkled Rh2P
nanosheets. Representative (a) TEM image and (b) HAADF-STEM image of nanosheets. (c)
HRTEM TEM image of Rh nanosheets. (d) Representative HAADF-STEM image of wrinkled Rh2P
nanosheets. (¢) TEM image of one single wrinkled Rh2P nanosheets. The inset shows the
corresponding SAED image. (f) HRTEM, (g) STEM-EDX elemental mapping, (h) STEM-EDX
spectrum and (i) PXRD pattern of wrinkled Rh2P nanosheets. (j) XPS analysis of Rh 3d and P 2p for

wrinkled Rh2P nanosheets.
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Figure 2. Electrocatalytic activities of Pt/C, Rh NS/C and w-RhoP NS/C in 0.1 M KOH. (a) HER
polarization curves, (b) overpotentials at 10 mA cm and (c) Tafel slopes of different catalysts. (d)

Electrochemical stability of w-RhaP NS/C.
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Figure 3. DFT simulations of HER. (a) The Rh2P (200) surface lattice before and after reconstruction
with charge density distributions. (b) The projected density of states (PDOS) for the Rh-4d bands
within Rh2P (200), Rh2P (111), Rh2P bulk, and Rh-metal. (c) The PDOS for the Rh-4d and P-3p
bands for illustrating the overlapping effect. (d) Overlapping effect among the Rh-4d, P-3p and O-2p
from H20 shown by PDOS. (e) Free energy pathways (AG) for HER of P-terminated (Pr-Rh2P (200)),
Rh-terminated (Rhr-Rh2P (200)), and Rh (100) surfaces, respectively, under alkaline condition as
well as the formation energies of H, 2H, H2 and 2H2 contrasted by the chemisorption energies

between Rh2P (200) and Rh (100) surfaces.
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Figure 4. Electrocatalytic activities of Pt/C, Rh NS/C and w-Rh2P NS/C in 0.1 M HCIO4 and 0.5 M
PBS. (a) HER polarization curves, (b) overpotentials at 10 mA c¢cm™ and Tafel slopes of Pt/C, Rh
NS/C and w-Rh2P NS/C in 0.1 M HClOa. (c) HER polarization curves and (d) overpotentials at 10

mA cm and Tafel slopes of Pt/C, Rh NS/C and w-Rh2P NS/C in 0.5 M PBS.
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