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Activating rhodium phosphide-based catalysts for
the pH-universal hydrogen evolution reaction¥
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Highly active and stable Pt-free electrocatalysts for hydrogen production via water splitting are of great
demand for future energy systems. Herein, we report a novel hydrogen evolution reaction (HER) catalyst
consisting of rhodium phosphide (Rh,P) nanoparticles as the core and N-doped carbon (NC) as the shell
(Rh,P@NC). In a wide pH range, our catalyst not only possesses a small overpotential at 10 mA cm™
(~9 mV in 0.5 M H,SO4, ~46 mV in 1.0 M PBS and ~10 mV in 1.0 M KOH), but also demonstrates high
stability. Importantly, all these performances are far superior to commercial Pt/C catalysts for HER. To the
best of our knowledge, this is the highest HER performance reported so far in acidic and basic media.
Density functional theory (DFT) calculations reveal that the introduction of phosphorus can significantly
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lower the proton adsorption energy of Rh/NC, thereby benefiting surface hydrogen generation. Moreover,
this synthetic strategy for Rh,P@NC is also applied to other transition metal phosphides (TMPs)/nitrogen-
doped carbon heterostructures (such as Ru,P@NC, Fe,P@NC, WP@NC etc.) with advanced performance

rsc.li/nanoscale toward HER and beyond.

Hydrogen is a promising alternative energy carrier to fossil
fuels due to its renewability, zero-emission and high gravi-
metric energy density."* Although the electrolysis of water is
an eco-friendly and sustainable pathway to hydrogen gene-
ration,>* it needs an effective electrocatalyst for both the
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). Currently, platinum (Pt) is still the most active
electrocatalyst for HER.” However, the high-price and scarcity
of Pt limit its wide application in electrolyzers.®” In recent
years, considerable efforts have been made to develop highly-
active, stable, and cost-effective HER catalysts.® ™
Nevertheless, their catalytic activity is still far from satisfactory
in comparison with Pt, which would increase energy consump-
tion and hence decrease economic competitiveness.>'® As a
result, developing a Pt-free catalyst with similar or superior
activity to Pt is highly desirable.

The past few years have witnessed the rapid development of
transition metal phosphides (TMPs, M = Cu, Mo, Fe, W,
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Co and Ni) for efficient HER catalysis in acidic solutions."”>*

Despite such a big success, it still remains a huge challenge to
design and develop TMPs catalysts with superior activity to Pt
and long-term electrochemical durability at all pH values,
which is critical for practical applications. Myoinositol
1,2,3,4,5,6-hexakisphosphate (MH) (Fig. S1t) is a nontoxic,
natural, eco-friendly and renewable biological compound. It
contains six phosphate groups that can act as a P source and
also readily cross-link the metal precursors.>*>* In addition,
previous studies have demonstrated that the catalyst coated
with a carbon shell, especially heteroatom-doped carbon
(N and/or P), can simultaneously promote the HER activity
through synergism and enhance the durability due to the
protection from the carbon cage.>*°

Herein, for the first time, we successfully achieved Rh,P
nanoparticle encapsulated N-doped carbon (NC) (Rh,P@NC)
core-shell frameworks via a one-step facile solid-state reaction
with RhCl;-xH,O, MH and melamine as Rh, P and C sources
(Scheme 1). Electrochemical measurements show that
Rh,P@NC has an unprecedented high electrocatalytic per-
formance toward HER under acidic, neutral, and basic
conditions, even superior to that of commercial Pt/C catalysts.

Fig. 1a presents the low-magnification transmission elec-
tron microscopy (TEM) image of Rh,P@NC, indicating that a
large amount of Rh,P nanoparticles are decorated on thin
carbon nanosheets. In addition, Rh,P nanoparticles have a
small size generally less than 60 nm (Fig. S2t). The high-
magnification TEM image (Fig. 1b) shows the encapsulated
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Scheme 1 Schematic illustration of the synthesis process of the
Rh,P@NC electrocatalyst.
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Fig. 1 (a and b) TEM and (c) HRTEM images of Rh,P@NC. (d—i) HAADF
images and EDX elemental mapping of Rh, P, N and C for Rh,P@NC. (j)
HAADF-STEM image of Rh,P@NC with the yellow line showing the line
scanning path. (k) Corresponding line-scanning profile. () XRD pattern
of Rh,P@NC.

relationship between Rh,P and the carbon matrices in the
formed core-shell structure. The high resolution TEM
(HRTEM) (Fig. 1c) image reveals clear fringes with a lattice
spacing of 2.75 A, which can be indexed to the (200) plane of
cubic Rh,P. Furthermore, the observed 3.50 A lattice fringe
is in good agreement with the (002) plane of graphite.
High-angle annular dark-field scanning
electron microscopy-energy-dispersive X-ray spectroscopy
(HAADF-STEM-EDX) line scan and elemental mapping analysis
confirm the homogeneous distribution of Rh, P, N, and C
elements (Fig. 1d-k). Most importantly, the core (Rh,P) and
shell (NC) composition can be clearly seen (Fig. 1i). The crystal
structure of the obtained sample was characterized by X-ray
powder diffraction (XRD). The diffraction peaks at 20 = 28.1,
32.5, 46.6, 58.0, 68.1 and 77.5° can be well-indexed to the

transmission
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(111), (200), (220), (222), (400) and (420) planes of cubic Rh,P
(JCPDS No. 65-0350, space group: Fm3m, a, = b, = ¢, = 5.502 A)
(Fig. 11). The N-doped carbon layers were further characterized
by Raman and X-ray photoelectron spectroscopy (XPS). As
shown in Fig. S3a,f Rh,P@NC displays two Raman peaks at
~1353 and 1590 cm™', which correspond to the D and G
bands, respectively. In the high-resolution XPS spectrum
(Fig. S3b¥), the C 1s peaks at 288.9, 285.8 and 284.5 eV can be
assigned to carbon in the form of O=C-0O, C=0O and C-C,
respectively.*® The high resolution N 1s spectrum (Fig. S3ct)
can be deconvoluted into three individual subpeaks, corres-
ponding to oxidized-N (402.3 eV), pyrrolic-N (400.2 eV) and
pyridinic-N  (398.5 V)" As a result, we successfully
synthesised the Rh,P@NC core-shell structure catalyst. For
comparison, the same preparation method without the pres-
ence of MH only leads to the formation of Rh/NC (Fig. S41).
Next, we evaluated the HER catalytic performance of
Rh,P@NC in 0.5 M of H,SO, solution using a typical three
electrode system. The Rh/NC and commercial Pt/C (20 wt%)
were also tested under the same conditions for comparison.
The loading amount of Rh in Rh,P@NC for catalytic measure-
ments is about 0.07 mg cm > determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES),
which is lower than Pt in Pt/C (~0.14 mg cm™?). Before the
tests, the reference electrode was calibrated in a high purity
hydrogen saturated electrolyte solution with a Pt wire as the
working electrode (Fig. S51). Fig. 2a shows the representative
HER polarization curves. Both Rh,P@NC and Pt/C exhibit out-
standing HER catalytic activities with 0 mV onset overpotential
(onset), which is much smaller than that of Rh/NC. Rh,P@NC
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Fig. 2 Electrocatalytic properties of HER in 0.5 M H,SO4. (a)
Polarization curves of Rh,P@NC, Rh/NC and Pt/C, recorded at 5 mV s,
(b) Corresponding overpotentials at 10.0 mA cm™2 current density. (c)
Corresponding Tafel slopes. (d) Polarization curves for Rh,P@NC initially
and after 1000 CV scanning between +0.26 and —0.14 V vs. RHE. (Inset:
Time-dependent current density curve for Rh,P@NC under a static over-
potential of 20 mV for 10 h, without iR correction.)
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only needs an overpotential (i710) as low as 9 mV (16 mV
without iR correction, Fig. S6f) at a current density of
10 mA cm™2, which is about 15 and 18 mV lower than Pt/C and
Rh/NC (Fig. 2b), respectively. It should be noted that when
Rh,P@NC is loaded on carbon cloth, an overpotential of 8 mV
is needed at j = 10 mA cm™> (Fig. S7). The corresponding
Tafel slope of Rh,P@NC is ~26 mV dec™", appreciably lower
than that of commercial Pt/C (30 mV dec™') (Fig. 2c),
suggesting the improved HER kinetics of Rh,P@NC which is
executed via the Volmer-Tafel mechanism.>” Both the over-
potential of Rh,P@NC at 10 mA cm > and the Tafel slope are
lower than that of commercial Pt/C and all of the noble
metals, non-noble metals and nonmetallic catalysts reported
under acidic conditions (Table S17). Based on the Tafel ana-
lysis, the calculated exchange current density ( j,) of Rh,P@NC
is approximately 2.5 x 107> A em™> (Fig. $81), which is higher
than that of Pt/C (1.5 x 10™* A em™2),** further revealing the
exceptional H, evolution efficiency of Rh,P@NC.

Besides the high catalytic activity, optimal stability is also
needed for the application of catalysts. Therefore, the stability
was evaluated under acidic media. As shown in Fig. 2d, after
1000 cyclic voltammetric (CV) cycles between +0.26 and —0.14
V vs. RHE at a scan rate of 100 mV s~ in 0.5 M H,SO, solution,
the polarization curve retains almost similar performance to
the initial test. For comparison, Pt/C was also tested under the
same conditions. The polarization curve of Pt/C shifts
negatively by about ~11 mV after 1000 CV cycles at a current
density of 10 mA cm ™2, suggesting a significant decrease in the
catalytic activity (Fig. S91). Furthermore, the long-term stability
of Rh,P@NC was assessed by electrolysis at a fixed overpotential
of 20 mV without iR correction. Rh,P@NC displays a slight
hydrogen evolution current density loss after 10 h (inset of
Fig. 2d). The Rh,P@NC catalyst after the HER stability test was
collected and characterized by TEM. The TEM image (Fig. S107)
confirms that the size and morphology of the Rh,P NPs are
maintained well. All of these suggest that the N-doped carbon
shell contributes to protecting the catalysts from corrosion
during cycling and enhances the conductivity.'®*” These results
confirm that Rh,P@NC is stable for long-term hydrogen
generation by the electrolysis of water, making it a promising
catalyst for widespread commercialization.

We further tested the activity of Rh,P@NC in neutral and
alkaline electrolytes. In 1.0 M phosphate buffered saline (PBS)
(pH = 7), Rh,P@NC exhibits excellent catalytic behavior with
an onset overpotential of 0 mV, a Tafel slope of 37 mV dec™”,
and good stability (Fig. 3a-c). To reach the current density of
10 mA cm™?, Rh,P@NC only needs an overpotential of 46 mV
(inset of Fig. 3a). More interestingly, such catalytic behavior is
better than that of Pt/C (1,0 = 56 mV, Tafel slope: 42 mV dec ™)
and Rh/NC (o = 154 mV, Tafel slope: 97 mV dec™ ') as well as
all of the Pt-free HER catalysts reported in neutral solutions
(Table S1t). In addition, as shown in Fig. 3d, the Rh,P@NC
catalyst also exhibits high HER catalytic activity than that of
Pt/C in 1.0 M KOH, affording a current density of 10 mA cm™>
at an overpotential of 10 mV, which is 4 and 14 mV lower than
that of Pt/C and Rh/NC (inset of Fig. 3d), respectively. Such an

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Electrocatalytic properties of HER in 1.0 M PBS and KOH. (a, d)
Polarization curves for Rh,P@NC, Rh/NC and Pt/C, recorded at 5 mV s™*
(inset of a and b: corresponding overpotentials at 10.0 mA cm™2 current
density.). (b, e) Corresponding Tafel slopes. (c, f) Polarization curves for
Rh,P@NC initially and after 1000 CV scanning between +0.26 and —0.14
V vs. RHE. (Inset: Time-dependent current density curve for Rh,P@NC
under static overpotentials of 60 and 20 mV for 10 h in neutral and
alkaline solutions, respectively. Without iR correction.)

impressive overpotential and a low Tafel slope of 40 mV dec™

(Fig. 3e) indicate that Rh,P@NC is also a promising electroca-
talyst for HER even in alkaline media in comparison with all of
the recently developed noble metals, non-noble metals and
nonmetallic HER electrocatalysts (Table S1f). Similarly,
Rh,P@NC displays an excellent stability in basic solution
(Fig. 3f). Furthermore, the hydrogen yield catalyzed by
Rh,P@NC was measured. As shown in Fig. 4, it indicates
almost 100% faradaic efficiency for hydrogen production over
the whole pH range.*® Overall, these results clearly indicate the
superior catalytic performance and durability of Rh,P@NC
toward HER at all pH values.

The superior HER activity and stability of Rh,P@NC in a
wide pH range could be attributed to the following attributes:
first, phosphorus plays a crucial role in determining the robust
catalytic properties. On one hand, as shown in Fig. 5a, Rh/NC
yields a calculated AGy~ of —0.24 eV, indicating strong hydro-
gen binding strength on the catalyst surface and a sluggish
hydrogen releasing step. However, after introducing phos-
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3d and (c) P 2p XPS spectra of Rh,P@NC.

phorus, the formed Rh,P@NC dramatically lowers the proton
adsorption energy (AGy- = 0.20 eV), thereby benefitting the H,
generation process. On the other hand, according to previous
analysis, the researchers found that there is significant
covalent interaction between P and Rh.** As a result, the
H-binding strength is neither too strong nor too weak, making
Rh,P possess an ultrahigh electrocatalytic performance toward
HER.>*** In addition, herein, XPS was employed to investigate
the interaction between P and Rh in Rh,P@NC. Fig. 5b and ¢
illustrate the XPS spectra of the Rh and P regions in
Rh,P@NC, respectively. The two peaks at 312.2 and 307.5 eV
are assigned to Rh 3d;/, and Rh 3ds,,, respectively.’® The high-
resolution spectrum of P 2p shows two subpeaks at 130.9 and
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130.1 eV corresponding to the binging energy (BE) of P 2py,
and P 2p;, as well as a peak at 133.7 eV for P-O.*” The BE of
307.5 eV for Rh 3ds,, exhibits a positive shift from that of
metallic Rh (307.3 eV),*® while the BE of 130.1 eV for P 2ps,
exhibits a negative shift from that of elemental P (130.2 eV).*
These observations suggest that Rh in Rh,P@NC bears a
partial positive charge (§) and P in Rh,P@NC bears a partial
negative charge (67). These findings point to a weak electron
transfer from Rh to P in Rh,P@NC. Second, the uniform
encapsulation of the Rh,P nanoparticles within the conductive
NC layers enables full utilization of the active sites of the cata-
lysts and protection against solution induced corrosion.*®*!
Third, the synergistic effect between Rh,P and NC might
further enhance the HER catalytic activity.> Eventually, the
unique nanostructure of the NC encapsulating the Rh,P nano-
particles not only avoids the aggregation of Rh,P nano-
particles, but also guarantees the high durability of the electro-
catalyst during a long-term operation.**>**

Additionally, the developed strategy was also effective in
preparing a series of transition metal phosphides/nitrogen-
doped carbon materials (e.g Ru,P@NC, Fe,P@NC and
WP@NC). The typical XRD patterns and TEM images of the as-
prepared Ru,P@NC, WP@NC and Fe,P@NC are shown in

Fig. 6. These demonstrate the generality of the synthetic
strategy.
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Fig. 6 (a) XRD pattern and (b) TEM images of Ru,P@NC. (c) XRD
pattern and (d) TEM images of WP@NC. (e) XRD pattern and (f) TEM
images of Fe,P@NC.
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Conclusions

In summary, we have developed a facile strategy to synthesize
Rh,P nanoparticles encapsulated in a N-doped carbon (NC)
(Rh,P@NC) core-shell structure. Electrochemical measure-
ments demonstrate that Rh,P@NC was a robust and durable
HER electrocatalyst in acidic, neutral and alkaline media.
Rh,P@NC possessed a low overpotential at 10 mA cm >
(~9 mV in 0.5 M H,S0,, ~46 mV in 1.0 M PBS and ~10 mV in
1.0 M KOH). Such a high HER activity is much better than that
of commercial Pt/C. In addition, Rh,P@NC exhibited better
long-term stability than Pt/C under similar conditions. This is
the first study on a transition metal phosphide/heteroatom-
doped carbon hybrid material with HER -catalytic activity
exceeding that of the Pt catalyst over a wide pH range. This
effective method might be extended to the design and prepa-
ration of other transition metal phosphide/heteroatom-doped
carbon materials (e.g. Ru,P@NC, Fe,P@NC and WP@NC) for
various electrocatalytic applications.
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