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ABSTRACT: Search for active, stable and cost-efficient electrocataltysts for hydrogen production via water splitting could
make substantial impact to the energy technologies that do not rely on fossil fuels. Here we report the synthesis of
rhodium phosphide electrocatalyst with low metal loading in the form of nanocubes (NCs) dispersed in high surface area
carbon (Rh;P/C) by a facile solvo-thermal approach. The Rh,P/C exhibit remarkable performance for hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) compared to Rh/C and Pt/C catalysts. The atomic structure of the
Rh,P NCs was directly observed by annular dark-field scanning transmission electron microscopy (ADF-STEM), which
revealed phosphorous-rich outermost atomic layer. Combined experimental and computational studies suggest that
surface phosphorous plays crucial role in determining the robust catalyst properties.

INTRODUCTION Transition-metal phosphides (TMPs) have been

known as active catalysts for the hydrodesulfurization

Hydrogen fuel is a clean and abundant energy
resource for replacing fossil fuels in the future.®
Electrolysis of water, a sustainable approach for hydrogen
production, requires effective electrocatalyst for both the
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER).* While platinum is the conventional HER
catalyst of choice due to the highest exchange current
density and low Tafel slope,® the high price limits its
electrochemical applications, including in fuel cells and
electrolyzers.* ®7 Despite intensive research efforts
towards the development of active, acid-stable and low-
cost HER catalysts in the past decade? only a few
examples of Pt-based catalyst with modified structure can
overpass the HER activity in acidic environments when
compared to the state-of-the-art commercial Pt/C.%10
Consequently, development of an active and affordable
Pt-free catalyst remains to be a challenging task.

(HDS) reaction.’ Insomuch as HDS and HER rely on the
reversible binding between the catalyst and hydrogen,***3
it is expected that TMPs could be active for the HER.
Indeed recent studies demonstrated that some metal
phosphides’**® and chalcogels'® can be active HER
electrocatalysts, even though their performance remains
inferior to that of the Pt/C, pointing towards possibility
for further improvements. Previous reports has revealed
that RhoP catalyst is highly active for catalyzing the HDS
reaction,®? which initiated investigations of its
capabilities for the HER. Here we report a Pt-free catalyst
based on Rh modified with phosphorus, which was
evaluated by well-defined thin film surfaces and
corresponding  monodisperse  rhodium  phosphide
nanocubes (Rh,P NCs) supported on high surface area
carbon. This catalyst exhibits higher HER and OER
catalytic activities and better durability than Pt/C and
Rh/C catalysts in both acidic and alkaline electrolytes.
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Figure 1. Schematic illustration and characterization of Pt, Rh and Rh,P thin films grown on a glassy carbon substrate: (a) XRD
of RhyP thin film indicates characteristic peaks for both RhyP (red) and Rh (blue). Scanning electron microscopy images of (b)
Rh, and (c)Rh2P. XPS of Rh,P surface indicate characteristic peaks for: (d) Rhodium 3d, (e) Phosphorus 2s, 187.2 eV (Rh2P), 190.2
eV (P oxide) Polarization curves of RhyP (black), Rh (red) and Pt (blue) at 20 °C with 20 mV/s at 1600 rpm: (f) HER and (g) OER.

RESULTS AND DISCUSSION

Thin film preparation and analysis. In order to
systematically identify and evaluate novel
electrocatalytically active systems, it is of paramount
importance to construct well-defined surfaces. These
systems presumably provide control of the critical

parameters such as surface area, surface and subsurface
composition and, to some extent, morphology. In our
earlier work, we proposed thin film methodology as a
powerful tool in evaluation of electrochemical systems.??
Here we applied this approach to investigate catalytic
performance of Pt-free surfaces that are based on Rh and
P, which assumed reliance on
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Figure 2. Characterization of rhodium phosphide nanocubes. (a) XRD pattern of the RhoP NCs. (b) TEM image of the RhoP NCs.
Scale bar, 50 nm. (¢) HRTEM image of a RhoP NC. Scale bar, 2 nm. (d) HAADF-STEM image of Rh,P NCs with red line showing
the line scanning path. Scale bar, 10 nm. (e) Corresponding line-scanning profile. Scale bar, 10 nm. (f) HAADF-STEM image of
RhyP NCs and corresponding element maps showing the distribution of Rh (orange, yellow) and P (red). Scale bar equals 20 nm.

well-established standards such as Pt surfaces. Magnetron
sputtering method was used to deposit Rh thin films over
the clean glassy carbon electrode inside an ultra-high
vacuum chamber. Moreover, Rh thin film surface was
chemically treated in order to induce surface modification
by phosphorus, forming new X-ray diffraction (XRD)
peaks which were indexed to the antifluorite structure of
RhoP (card no. 02-1299) as shown in Figure 1 (see
experimental section and Figures S1, S2 for detailed thin
film preparation and characterization). Electrocatalytic
performance of Rh and Rh;P thin films with similar
surface morphology and geometric surface area are then
compared with that of Pt thin film electrode (6 mm in
diameter). Figure 1 summarizes the thin film preparation
and characterization, including polarization curves for
HER and OER for all three surfaces. It turns out that
geometrically the same thin film surfaces with the similar
surface morphology (see Figure S1) exhibit quite different
electrochemical properties. Polarization curves in Figures
1f and g suggest that the order of activity is Rh < Pt <
RhP for the HER and Pt < Rh < Rh;P for the OER. In both
cases surface modification by phosphorus has been found
to be crucial in enhancing catalytic performance. These
findings were used to design real-world material at
nanoscale in the form of Rh,P nanoparticles dispersed on
high-surface-area carbon.

Nanoparticle synthesis and structural
characterization. The RhoP NCs were synthesized by a
one-step solvo-thermal method via a direct reaction
between Rh(acac); and tri-n-octylphosphine (TOP). For
comparison, pure Rh and pure Pt NCs were also prepared
(see experimental section and Figures S3-5 for details). As
shown in Figure 2a, the X-ray diffraction (XRD) peaks
were indexed to the antifluorite structure of Rh,P (card
no. 02-1299). Transmission electron microscopy reveals
monodisperse NCs with an average edge length of 4.7 nm
(see Figure 2b for TEM image and Figure S3f for size
distribution). Figure 2c shows an HRTEM image of an
individual Rh,P NC along the [100] zone axes. The clear
fringes with lattice spacing of 2.76 A and 1.96 A can be
indexed to the (200) and (220) planes of antifluorite
structure of RhyP, respectively. High-angle annular dark-
field scanning transmission electron microscopy-energy
dispersive X-ray spectroscopy (HAADF-STEM-EDS) line
scan and mapping analysis confirmed the homogenous
distributions of Rh and P throughout the whole cube
(Figures 2d-f). As a result, we synthesized monodisperse
nanocubes of Pt, Rh and RhyP to keep constant particles
size distribution and surface morphology, while surface
composition of Rh particles was controlled by chemical
modification by phosphorus. Such approach allows
systematic evaluation of electrochemical properties where



only one variable of the system, surface composition, is
being changed, i.e., particles with similar shape, size and
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Figure 3. Electrocatalytic properties for the HER in acid (0.5 M H2SOa). (a) Cyclic voltammograms for Pt/C, Rh2P/C and Rh/C
with a scan rate of 50 mV/s. (b) Polarization curves for Pt/C (3.7 pgp/cm?), RhoP/C (3.7 pgrn/cm?) and Rh/C (13.3 ugrn/cm?)
recorded at 5 mV/s and (c) Corresponding overpotentials at 5.0 mA/cm? current density. (d) Chronopotentiometry of the
Rh,P/C and Pt/C recorded at -1.72 mA/mgmetal current density, room temperature while rotating at 1600 rpm. The potentials
were converted to reversible hydrogen electrode (RHE) and corrected for iR drop.
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Figure 4. OER activity and stability in acid (0.5 M H2SO4). (a) Polarization curves for Pt/C (3.7 ugpe/cm?), RhoP/C (3.7 pgrn/cm?)
and Rh/C (3.7 pgrn/cm?) recorded at 20 mV/s. (b) Chronopotentiometry of the RhoP/C, Rh/C and Pt/C recorded at 1.72
MA/Mgmetal current density, room temperature while rotating at 1600 rpm. The potentials were converted to RHE and corrected
for iR drop.

other.

Electrochemical properties of nano-sized catalysts.

The surface cleanliness of acetic acid (AA) treated Rh,P
NCs supported on carbon (Rh,P/C) is reflected in the
cyclic voltammograms (CVs) (Figure 3a) along with the
HER performance (Figures 3b-d). The CV of Rh;P shows a
suppressed onset of hydrogen adsorption and early onset

of surface oxidation compared with that of Pt. The
polarization curves in Figure 3b show increasing HER
activities in the following order: Rh/C < Pt/C < Rh,P/C,
which matches the one established for well-defined thin
film surfaces. It should be noted that accurate Tafel slope
and exchange current density are very difficult to obtain
for the nanoscale systems. Instead, the overpotential at



given current density can be directly measured by the
potentiostat to compare electrocatalytic performance,®
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compensation. For that reason, as mentioned above, the
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Figure 5. ADF-STEM imaging and calculated surface free energies of the RhyP NCs. (a),(c) ADF-STEM images of two individual
RhzP NCs. Colored frames feature near-surface regions. (b),(d) Enlarged images of the frames show that the outermost surface is
composed of P atoms. Arrows in the intensity profile in right d point out the intensity of P columns. Insets in (b),(c),(d) display
atom model projections along [001] axis. Scale bars equal 1 nm. (e) Calculated surface energies of Rh and P terminations of RhyP
NCs as a function of P chemical potential. The dash vertical lines indicate the allowed range of the phosphorus chemical
potential, using 1/4E (P4, white phosphorus) as zero reference. (f),(g) The schematic diagram of Rh-terminated and P-terminated
surfaces, respectively. Cyan spheres indicate Rh atoms, and magenta spheres indicate P atoms.

particle size, shape as well as metal loading of different
catalysts were controlled to make reliable comparison of
their performance. In case of Rh,P/C, the overpotential at
the current density of 5 mA/cm? is 5.4 mV, which is lower
than Pt/C (8.0 mV) and Rh/C (68.4 mV) (Figure 3c). The
difference between Rh;P/C and Pt/C in terms of HER
activity was further revealed by chronopotentiometry. In
Figure 3d, at constant current density of -1.72 mA/mgmetal
(normalized by metal mass loading), the overpotential of
Rh,P/C was still lower than that of Pt/C after 2,000
seconds. Therefore, one can conclude that the
incorporation of surface phosphorous greatly enhances
the HER activity of RhyP/C compared to pure Rh/C,
making it even more active than Pt/C.

In order to illustrate the superior catalytic activity of
Rh,P/C, electrochemical impedance spectroscopy (EIS)
was performed at an overpotential of n = 3.8 mV. As the
Nyquist plot of the EIS response shown in Figure S6, the
RhyP/C exhibits much lower impedance [Faradaic
impedance (Zf), or charge-transfer impedance, of 2.04 Q]
than the others. Note that the loading amount of Rh in
Rh,P/C for catalytic measurement is as low as 3.7 ug/cm?
determined by ICP-AES (Table S1). These results suggest
that superior catalytic performance of RhyP/C leads to a
significant reduction of the precious metal loading that
can meet the cost requirements for large-scale
applications. Moreover, the Rh,P/C electrocatalyst also
performs well in alkaline media, showing higher activity
compared with Rh/C and Pt/C (Figure S7).



In addition to the high activity, the Rh,P/C exhibits
excellent durability throughout the electrochemical
process under strong acidic conditions. The long-term
stability of Rh2P/C was evaluated by electrolysis at a fixed

overpotential of 109 mV. Figure S8a displays that as much
as 93% of the hydrogen evolution current density was
sustained after 36,000 seconds. TEM images confirm that
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Figure 6. HER mechanism. (a) Gibbs free energies diagram for HER on P-terminated (solid line) and Rh-terminated (dash line)
surfaces under different coverage (one, two, three and four H atom is considered as 1/4, 2/4, 3/4 and 4/4 monolayer (ML)
coverage, respectively). (b) Optimized structures of H adsorption with different coverage on P-terminated surface. (c) Tafel-step

reaction pathway of HER on P-terminated surface. Cyan, magenta

and white spheres indicate Rh, P and H atoms, respectively.

the size, morphology and dispersion of the Rh,P NCs were
preserved after 10 h (Figures S8b, c). These results prove
that Rh,P/C is stable for long-term hydrogen production
from electrolysis of water, making it a promising catalyst
in practical application.

The RhyP/C, Rh/C and Pt/C catalysts were also tested
for oxygen evolution reaction (OER) in 0.5 M sulfuric
acid. Figure 4 shows that both the OER activity and
stability follows the order of Pt/C < Rh/C < RhyP/C. From
the polarization curves in Figure 4a, at 5 mA/cm? current
density, Rh,P/C showed 0.51 V overpotential, followed by
Rh/C (0.56 V) and Pt/C (0.63 V). It is important to note
that catalyst stability for the OER in acidic environment is
very challenging. Figure 4b depicts the results obtained by
holding at constant current density of 1.72 mA/mgmetal
(6.38 mA/cm? normalized to the geometric surface area of
the glassy carbon electrode), both Pt/C and Rh/C did not
survive 1,000 seconds test, ending up in sharp spike of
potential, which is attributed to the significant metal
dissolution. In contrast, the potential of Rh,P/C only
increased approximately 0.1 V under the same conditions.
Therefore, it is obvious that as-synthesized Pt and Rh NCs
are more vulnerable to metal dissolution than the RhyP
NCs. The OER stability of Rh,P was also tested in 0.1 M
perchloric acid by cycling between 1.23 V and 1.78 V at 50
mV/s. As summarized in Figure S9, the OER activity
slightly increased (7 mV at 5 mA/cm?) after 100 scans and
held until 200 scans. After that, the activity dropped at
300 scans (10 mV at 5 mA/cm?) compared with initial
activity. The amount of Rh found in the electrolyte was 76
ng, which only accounts for 7.2% of the Rh total mass
loading (1.05 pg) on the electrode.

Surface atom determination. Determination of the
near surface structure and composition is critical in
revealing the high performance of Rh,P NC catalyst. For
an ideal RhyP NC with an antifluorite structure and with
surface enclosed by facet, the terminated atoms will
exclusively be Rh or P. Annular dark-field scanning
transmission electron microscopy (ADF-STEM) enabled
us to determine the atomic structures? of the Rh,P NC.
Figures 5a, ¢ show the ADF-STEM images of two Rh,P
NCs oriented along the [001] direction at which the P and
Rh atoms are separated in two different columns. Due to
the contrast approximately scales with Z!7, the brighter
columns correspond to Rh atoms and the lighter ones
correspond to P atoms. Figures 5b, d display the enlarged
images of the sur faces, where the outermost atoms locate
at P lattice positions and appear lighter than those in the
sub-layer (also see the intensity profile). This result
strongly indicates that the surface atoms can be identified
as P atoms. Statistical estimation based on eight Rh,P NCs
shows that approx. 67% of the surface atoms are P,
suggesting that the outmost atomic layer of RhoP NCs is
P-rich. Figure 5e shows the calculated surface free
energies of Rh and P terminations by using periodic
density functional theory (DFT). We find the P-
terminated surface (Figure 5g) is more stable than the Rh-
terminated surface (Figure 5f) in the whole range of
phosphorus chemical potentials from P-rich to P-poor
boundaries, indicating that P prefers surface position.
This result agrees well with the ADF-STEM observations.

DFT calculations. Previous studies have proved that
the value of AG°y (Gibbs free energy of hydrogen
adsorption) is a reasonable descriptor of HER activity for
various catalysts.?*?® A material will be a good catalyst for



hydrogen evolution when AG®4 is close to zero, because
lower AG®°y will lead to the slow hydrogen release step
due to the strong bonds with hydrogen atoms whereas
higher AG°y will make the proton/electron-transfer step
endothermal. AG°y of Rh-terminated and P-terminated
surfaces with different H coverage were investigated using
DFT method, as shown in Figure 6a and Table S2. The
optimized structures of H adsorption are shown in Figure
6b and Figure S10. Rh atoms in the Rh-terminated surface
exhibit strong binding to hydrogen atom under all
hydrogen coverage, which clearly indicates that Rh
should not be the active site. However, on P-terminated
surface, when hydrogen coverage increases from 25% to
50%, the Gibbs free energy is calculated as 0.00 eV,
indicating the vital role of P atoms in hydrogen evolution.
To gain more insights into the HER mechanism, we also
calculated the combination of two adsorbed hydrogen
atoms, i.e. the Tafel step in hydrogen evolution reaction.
Figure 6¢ represents the Tafel-step reaction pathway of
HER on P-terminated RhyP (200) surface. It is found that
reactant (R) with two H atoms adsorbed on two top sites
can form product (P) with a weakly absorbed H, molecule
(-0.01 eV) by crossing the transition state (TS) with H-H
distance of 1.156 A and imaginary vibration frequency of
1504i cm™. The calculated activation barrier is 1.44 eV
(39.1 kcal/mol), suggesting the favorable activity for HER.
Our DFT calculations confirm that the high activity of
the Rh,P NC for HER arises from P atoms because of the
nearly zero Gibbs free energy. To further illustrate the
role of P atoms, the electron localization function (ELF) of
Rh,P was calculated, and the results are shown in Figure
S11. The calculation results reveal significant covalent
interaction between P and Rh and P atoms are slightly
negatively charged. As a result, the binding with H is
neither too strong nor too weak, which is consistent with
the calculated AG®°y. XPS was further carried out to verify
the weak electron transfer from Rh to P. Figures S12a and
b show XPS data in the Rh(3d) and P(2p) regions for Rh,P
NCs/C sample, respectively. Two peaks are apparent in
the Rh(3d) region at 307.7 and 312.2 eV, along with peaks
at 130.2 and 131.0 eV in the P(2p) region. The Rh 3ds.
binding energy of 307.7 eV is positively shifted from that
of metallic Rh (307.3 eV),? suggesting that Rh in Rh,P NC
bears a partial positive charge (8*). For P (2p) region, the
peak assigned to the oxidized P species was derived from
tri-n-octylphosphine at around 133.0 eV; the P 2ps, has a
binding energy of 130.2 eV similar to P° (130.2 eV),”
which indicates that P is nearly charge neutral. These
results points to weak electron density transfer from Rh
to P in the RhyP NCs. On the other hand, it is conceivable
that the phosphorous that dominates the surface of Rh,P
NCs will not be stable in the OER potential range in an
acidic electrolyte. During OER, the continuous
dissolution of P may promote the formation of rhodium
oxide from the partially positive Rh. In addition, with the
P-rich surface, its dissolution may also increase the
surface roughness (i.e. the density of defects/under-
coordinated atoms) of the catalyst, giving rise to the
enhanced OER activity compared with Rh NPs.?®

Indeed, our DFT calculations confirm that the P-defect
can be formed easily (formation energy Ef = 2.80 eV in a
P-rich condition) and this surface defect will play a vital
role in OER activity. The free energy profiles of OER
process are illustrated in Figure S13 and the calculation
data are listed in Table S3, where U = 1.74 V (i.e. an
overpotential of 0.51 V) is determined via experiment.
The optimized structures of the intermediates in OER on
Rh,P (200) surface with one defect are shown in Figure
S14. On the RhyP (200) defect surface, the first adsorbed
H;O binds one proton to form *OH (structure b)
spontaneously due to the downbhill free-energy profile of
1.12 eV. Meanwhile, another H,O molecule adsorbed on
another Rh-Rh bridge site can immediately obtain an
electron, leading to the second *OH (structure c). This
step is calculated to be exothermic by 0.89 eV. As the
reaction continues, two *OH lose one proton in quick
succession (structure d, structure e) and the AG goes
further downbhill. The third water molecule adsorbs and
transfers one proton, resulting in the formation of *OOH
(structure f). The similar process also occurs on another
*O (structure g). These steps are calculated to be
endothermic by 0.13 eV and 0.47 eV, respectively. Finally,
two electrons are captured consecutively, leading to two
desorbed O, molecules (structure h, structure i) and a
presumptive defect surface (structure a). Therefore, the
overall energy barrier on the Rhy,P (200) defect surface is
0.60 eV after the continuous uphill steps of fifth and sixth
proton removal, which suggests that the 051 V
overpotential can drive the OER on this surface. To
further illustrate the role of defect, the OER on perfect
RhoP NCs has also been investigated. The calculation
results show that the largest free energy difference is 1.71
eV, corresponding to splitting the third proton to form
*OOH. It follows that OER cannot occur on Rh,P surface
without defect unless we increase the overpotential. The
calculation details on RhyP surface without defect are
shown in Figures S15 and S16, and Table S4. Based on the
DFT calculations, the poor property for OER on Rh,P
surface without defect is attributed to the strong binding
with *O and weak binding with *OOH, which leads to the
enormous AG in the third step. The presence of surface
defect can balance the binding intensity between *OOH
and *O, leading to the decreasing free energy barrier and
the enhanced OER activity.

CONCLUSION

Our studies have revealed that Rh,P NCs with P-rich
surface exhibit extraordinary HER performance in acid,
which overpasses activity of pure Pt catalyst. The RhyP
NCs also show enhanced OER activity and stability
compared with as-synthesized Rh/C and Pt/C catalysts
with the help of surface defect. Further investigation on
the reaction mechanism as well as fine-tuning the surface
structure can help to achieving favorable design rules of
the catalysts that are both low cost and precious metals-
free.

EXPERIMENTAL SECTION



Reagents. The synthesis was carried out using a
solvothermal method with commercial reagents. rhodium
() acetylacetonate [Rh(acac)s, 99%], rhodium(III)
chloride hydrate (RhCl3-xH.0), tri-n-octylphosphine
(TOP), trimethyl(tetradecyl)ammonium bromide (TTAB)
were purchased from Alfa Aesar. Benzyl ether,
Oleylamine (OAm) was purchased from Acros.
Poly(vinylpyrrolidone) (PVP, Mw = 24,000), acetic acid,
ethanol, cyclohexane and ethylene glycol were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Iron pentacarbonyl [Fe(CO)s], oleic acid (OAc),
Nafion-117 (5%) and potassium hydroxide (99.99% trace
metal basis) were purchased from Sigma-Aldrich.
Platinum acetylacetonate [Pt(acac),, 98%)] was from
STREM Chemical. Sulfuric acid and perchloric acid were
produced by EMD. All reagents were used as received
without further purification.

Thin film preparation. Rh thin films of 20 nm
thickness were deposited onto polished glassy carbon
disks (6 mm in diameter, 4 mm in height) by magnetron
sputtering (AJA International, Inc.) at 0.98 A/s.?® The as-
sputtered thin films were annealed at 400 °C for one hour
in the same chamber under UHV condition (~10-9 Torr)
to smooth the surface. Rh,P thin film growth was
modified from literature.® The carbon disks with 20 nm
Rh were placed in a crucible in the center of a tube
furnace under flow of forming gas (4% H: in Ar). Another
crucible with 5 mL of TOP was placed near the gas inlet
inside the same tube furnace. The furnace was gradually
heated to 400 °C, kept for 30 min and then cooled down
to room temperature. The disks were rinsed with ethanol.
The disks were subsequently placed in a clean crucible
inside a clean tube furnace without tri-n-octylphosphine
(TOP) and annealed at 450 °C for 30 min.

Synthesis of Rh:P nanocubes. The Rh;P nanocubes
(NCs) were synthesized using a solvo-thermal method. In
a typical procedure, 0.01 mmol Rh(acac)s and 30 pL (0.067
mmol) TOP were added to 5 mL of oleylamine (OAm).
The mixture was stirred vigorously at room temperature
for 10 min and then transferred to a Teflon-lined stainless
steel autoclave. The autoclave was sealed and maintained
at 180 °C for 12 h and then cool down to room
temperature. The resulting black product was
precipitated with ethanol (20 mL), separated by
centrifugation with rate 10000 rpm for 10 min and washed
three  times by  precipitation/dissolution  with
ethanol/cyclohexane.

Synthesis of Rh nanocubes. The synthesis of Rh
nanocubes was carried out using a modified reported
method.®! In the present work, the amount of TTAB was
twice of that of reported one while other experimental
conditions were kept the same. TEM image and
corresponding XRD pattern were shown in Figures S3 and
S4, respectively.

Synthesis of Pt nanocubes. 0.10 g Pt(acac);, 1 mL
OAc, 6 mL OAm and 10 mL benzyl ether were mixed in a
flask and stirred at 300 rpm under argon flow. The
mixture was then heated to 110 °C, kept for 10 min and
further heated to 170 °C. In the meantime, Fe(CO)s was
diluted in chloroform to make 10% (volume percentage)

Fe(CO)s solution. 0.25 mL of this 10% Fe(CO)s solution
was injected to the flask at 170 °C. After that, the
temperature was increased to 210 °C and kept for one
hour. The Pt NCs were precipitated out by ethanol and
centrifuge at 8000 rpm for 5 min and then collected in
hexane.

Preparation of electrocatalysts. In order to increase
the stability as well as the conductivity, carbon black
(Cabot, Vulcan XC-72) was used as the catalyst support.10
Specifically, the as-synthesized Rh,P and Rh NCs were
dispersed in cyclohexane and incorporated onto carbon
black. The obtained samples were refluxed in acetic acid
at 70 °C for 12 h,* and were further washed with ethanol
and dried in a vacuum at 60 °C for 12 h. The Pt NCs were
loaded on the same type of carbon support in chloroform
and sonicated for 1 hour. The catalyst was then dried and
heated at 185 °C in air for 12 hours to remove the
surfactant.

Preparation of working electrodes. Catalyst
solutions of Rh,P/C and Rh/C dispersed in water/
isopropanol (v:v=3:1) solution with catalyst concentration
of 0.7 mg/mL (Rh;P) and 2 mg/mL (Rh) were prepared by
sonication respectively. Then the catalyst inks of above
solutions were loaded onto glassy carbon electrode of
0.283 c¢m? geometric surface. The metal loading was 3.7
ugrn/cm? for RhoP/C. For Rh/C, the loading was 13.3
ugrn/cm? (HER) or 3.7 pggrs/cm? (OER). 0.5 mg/mL ink of
Pt/C was also prepared using MilliQ water. The metal
mass loading of Pt was controlled to be higher than that
of the RhyP/C (5.0 uge:/cm?), because of its larger size. 15
pL of 0.1% nafion solution were added onto each of
catalyst electrode to keep it from falling during
electrochemical measurement.

Electrochemical measurements. All the
electrochemical measurements were performed using an
autolab 302 potentiostat. All measurements in were
obtained at room temperature using a typical three-
compartment cell that included a Ag/AgCl electrode as
the reference electrode and a Au wire as the counter
electrode. 0.5 M sulfuric acid (H2SO4), 0.1 M perchloric
acid (HCIO4) or 0.1 M potassium hydroxide (KOH) was
used as the electrolyte. For alkaline experiment, Pt/C was
first cycled in 0.1 M HCIO4 for 10 scans between 0.06 V
and 0.97 V, 50 mV/s to remove the surface iron.
Electrochemical ~ impedance  spectroscopy  (EIS)
measurements were performed in the frequency range
from 100 kHz to 100 mHz. electrochemical stability for
the catalysts were tested by potentiostatically maintaining
under constant voltage n = 109 mV at room temperature
for 10 h. All the potentials reported in this work were
converted to the reversible hydrogen electrode (RHE).

Instrumentation. Samples for X-ray diffraction (XRD)
analysis were prepared by drying a few drops of
concentrated colloid dispersion of RhyP or other products
in cyclohexane on glass. XRD patterns were recorded with
a Rigaku RU-200b X-ray powder diffractometer with
CuKa radiation (A = 1.5406 A). Particles sizes and
morphologies were determined by using a Hitachi H-800
transmission electron microscope (TEM) and a FEI Tecnai



G2 F20 S-Twin high-resolution transmission electron
microscope (HRTEM) operated at 200kV. The Rh,P NCs
were imaged with annular dark-field scanning
transmission electron microscopy (ADF-STEM). The
ADF-STEM images were captured with a Titan 80-300
scanning/transmission electron microscope operated at
300 kV, equipped with a probe spherical aberration
corrector. The relative small collection angle (15mrad to
88mrad) increases the intensity from low Z number atoms
such as P. Thin film surface morphologies were
characterized by Hitachi S4700-11 SEM. X-ray
photoelectron spectroscopy (XPS) analysis was carried
out on a ULVAC PHI Quantera microprobe using Al K
Alpha as the source type, and with spot size of 500 pm,
pass energy of 30.0 eV and energy step size of 0.050 eV.

COMPUTATIONAL METHODS AND MODELS

All the calculations were performed by using periodic
density functional theory (DFT) with the Vienna Ab-initio
Simulation Package (VASP).*** Projector augmented
wave method (PAW) was used to describe the interaction
between the atomic cores and electrons with a kinetic
cutoff of 400 eV.*® We applied the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional.®® The Rh,P (200)
surfaces of two possible terminations were modeled by a
nonstoichiometric 2x2 eight-atom-layer supercell slab to
eliminate the polarity with a vacuum gap of ~15 A. A
Monkhorst-Pack grid of size of 3x3x1 was used to sample
the surface Brillouin zone. The lowest two layers were
fixed and the other atoms were fully optimized until the
residual force on each ion was less than 0.02 eV/A. The
standard dimer method was used to search for the
transition states.*’

Surface free energy and defect formation energy.
The surface free energy y can be calculated using the
equation®:

7= (Gslab -Nrntrh-Nepp) [2A =
[Gelab -NrnGbui/ 2+(Nrn/2-Np) ] /2A
where A is the area of the surface unit cell, gpux is the
Gibbs free energy per formula unit in RhyP bulk, Ng, and
Np are the numbers of Rh and P atoms in the three-
dimensional supercell, g, and up are the chemical
potentials of a Rh atom and a P atom, respectively. The
range of up can be estimated as follows:
min (zp) = Gbu(Rh2P) - 2gbu(Rh)
max (up) = 1/4 E(P4, white phosphorus)
where gpuk(Rh) is the Gibbs free energy per formula unit
in Rh bulk and E(Ps, white phosphorus) is the total energy
of a free, isolated P, molecule at T=0 K.
The defect formation energy can be calculated with the
equation:
E¢ = E(RhoP-defect) + 1/4E(Ps) — E(RhoP)
where E(Rh,P-defect), E(Rh,P) and E(P) represent the
energies of RhyP with a defect, Rh,P and P4 molecule,
respectively.

Hydrogen adsorption and free energy. The
differential adsorption energy AEy can be estimated by
using the equation:

AEy = E(RhP + nH) — E(Rh,P + (n-1) H) - 1/2 E(Hy)
where E(Rh,P + nH), E(Rh,P + (n-1)H) and E(H,)
represent the total energy of Rh,P with n hydrogen atoms
adsorbed on surface, the total energy of Rh,P with (n-1)
hydrogen atoms adsorbed on surface, and the total energy
of hydrogen molecule in the gas phase, respectively. Top
(T), bridge (B) and hollow (H) sites were considered for
the adsorption of H atom on both P-terminated and Rh-
terminated surfaces (see Figure S17). The results (see
Table S5) show that the top site is favorable for H
adsorption on P-terminated surface, while the favorable
binding site on Rh-terminated surface is the hollow?2 site.

The Gibbs free energy of hydrogen adsorption AG®°y
can be calculated with the equation:

AGOH = AEH + AEZPE +A0ﬁ298KAHH - TASH

where AEzpg, Ao2skAHy and ASy are the differences in
zero point energy (ZPE), in enthalpy change from 0K to
298K, and in entropy between the adsorbed state and the
gas phase, respectively. Considering that the vibrational
entropy of H* in the adsorbed state is small, we can take
the entropy of hydrogen adsorption as ASy = 1/2 S°%,
where S°y, is the entropy of H, in the gas phase at
standard conditions. Likewise, Ao_20sxAHH equals to the
half Of AoﬁzngAHHz.

Free energy profile in OER. To derive the free energy
reaction profile, we first obtain the enthalpy energy of
each elementary step (AH at 0 K, 0 bar), which
approximately equals to the DFT total energy (AE) after
ZPE correction (AEzpr). For adsorbed species, AH at 0 K, 0
bar is a good approximation to the Gibbs free energy
(AG), as the entropy (S) contributions are small. However,
for gaseous or liquid molecules, such as oxygen,
hydrogen, and water, the large entropy term at elevated
temperatures cannot be neglected. Therefore, G of H,O
and H; can be estimated by the equation:

G=E+ Esz +AH (0—298K) — TS
where Ezpr, AH (0—2sx) and S are the ZPE correction,
enthalpy difference between 0K and 298K, and entropy,
respectively.

The G value of O, (derived as G[O2]) can be calculated
with the equation according to the OER equilibrium at
the standard conditions:

G[Oz] =4.92¢eV + ZG[Hzo] - 2G[H2]

Next, we must consider the proton when calculating
the Gibbs free energy change (AG) of an elementary step.
It is well-known that when pH = 0 in the electrolyte and 1
bar of H, in the gas phase at 298 K, the reaction free
energy of %2 H, — H* + e equals to zero at an electrode
potential of U = 0. Therefore, at standard conditions
(U=0, pH=0, p=1 bar, T=298 K), AG of the reaction *AH —
A + H* + e equals to AG of the reaction *AH — A + % H..
Finally, the effect of a bias on all states involving an
electron in the electrode should be corrected, by shifting
the energy of this state by AGy = - eU, where U is the
electrode potential relative to the standard hydrogen
electrode.
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