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CoMn phosphide encapsulated in a nitrogen-doped graphene
core-shell structure was successfully prepared with Prussian Blue
complexes as the precursor and P atom doping at a high temperature.
The core—shell heterostructure demonstrates an impressive catalytic
performance of hydrogen evolution reaction over a broad pH range,
i.e., the overpotentials reach 159, 190 and 279 mV at a current density
of 20 mA cm~2 in the conditions of pH = 0, 14 and 7, and maintains
excellent stability.

Nowadays, with the excessive consumption of fossil fuels,
environmental pollution and energy shortage are becoming
more and more serious." Therefore, it is necessary to develop
new alternative or renewable energy sources to alleviate and
fundamentally solve these problems.>? As a kind of sustainable
and renewable energy with abundance and zero carbon emis-
sion, hydrogen has become an ideal alternative to fossil fuels.
Electrochemical overall water splitting is considered to be an
efficient and clean method.*® However, the low kinetics of the
catalysts and the high cost of precious metals (Pt, Pd) and their
alloys hinder the development and application of electrolytic
water splitting for hydrogen at a large scale.*” Moreover, most
hydrogen evolution reaction (HER) active catalysts only perform
well under a single condition.®® Therefore, it is urgent to develop
catalysts with abundant resources, low cost, high efficiency, and
stability, suitable for a wide range of pH conditions to replace
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platinum group precious metals to realize the industrialization
development of hydrogen production.

Among many promising non-noble metal catalysts, Co-based
Prussian Blue (PB) analogues have received extensive attention
because of their low overpotential and excellent electrocatalytic
activity as HER catalysts."®"" For instance, Ma’s group synthe-
sized a porous hollow carbon microsphere PB-Co/Co-N-PHCS
nanocomposite and performed HER studies under alkaline
conditions, showing good catalytic activity.'> However, its appli-
cation under a wide range of pH conditions still needs improve-
ment. Meanwhile, due to the poor conductivity of cobalt-base PB
materials, self-aggregation is easy to occur in the reaction
process, which limits their practical application as electrolytic
water-splitting catalysts. With conductive porous carbon and a
multi-layer graphene-coated core-shell structure, the metal core
encapsulated in multi-layer graphene avoids the loss of metal
ions in the reaction process, and improves the utilization rate of
electrons between metal ions and multi-layer graphene, and
then facilitates the transmission rate.'>'* Du et al designed
and synthesized the core-shell FeCo@NG/NCNT, which pre-
sented excellent mass transfer capability and charge transfer
properties, which can be effectively applied for the HER and
oxygen evolution reaction (OER)." Besides, the introduction of
N and P elements into the heterogeneous structure can further
adjust the electronic properties of the material and generate
more active sites, which further improves the catalytic
activity.'®*”

Herein, we have synthesized CoMn phosphide encapsulated
in a nitrogen-doped graphene core-shell structure by the
combination of the coprecipitation method and annealing
treatment at high temperature. Comparing the HER properties
of graphene-coated composites before and after P doping in a
wide pH environment, it was found that P doped CoOMn@NG
formed more active sites and showed better electrocatalytic
activity of hydrogen evolution due to the P atoms entering the
CoMn bimetal core. The P dopants with low electronegativity
reduce the activation energy barrier during the reaction and
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Fig. 1 (a) Schematic illustration of the synthetic process of CoMn-P@NG.
(b) XRD patterns and (c) Raman spectra of CoMn@NG and CoMn-P@NG.

generate more active sites.'® As a result, COMn-P@NG has
strong electron transport capacity and electrocatalytic activity
in a wide pH environment. The results have demonstrated that
CoMn-P@NG can be used as a high-performance catalyst for
the hydrogen evolution reaction.

As schematically illustrated in Fig. 1a, the COMn@NG was
synthesized through the annealing of PB-CoMn precursor, then
using sodium hypophosphate as a phosphorus source doped
into CoMn@NG to form CoMn-P@NG. From the XRD patterns
in Fig. 1b, the diffraction peaks of CoMn@NG at 21.70° and
31.34° correspond to the (102) and (004) planes of CoO (marked
with ¢, JCPDS No. 89-2803). The peaks at 11.72°, 18.06° 18.81°,
20.52°% 23.46° and 25.43° correspond to the (111), (120), (022),
(114), (222) and (223) planes of Co,Mn;0, (marked with &,
JCPDS No. 30-0446), respectively. The diffraction peaks of
CoMn-P@NG at 10.47°, 14.61°, 16.59°, 17.15°, 21.03°, 30.46°
36.25° and 37.75° belong to the (101), (011), (111), (201), (202),
(312) (105) and (015) planes of Coy3Mn,,P (marked with #,
JCPDS No. 65-3921), indicating the success of P doping. The
diffraction peaks at 17.65°, 19.04°, 23.41°, 25.11° and 32.88°
belong to the (201), (202), (103), (212), and (303) planes of
Co;.9,P (marked with *, JCPDS No. 89-3032). These peaks
demonstrate that part of the Co; ¢,P compounds exist in the
CoMn-P@NG. The Raman spectra of CoMn-P@NG and
CoMn@NG in Fig. 1c show two characteristic peaks in the
range of 1292-1615 cm ™', corresponding to the D and G bands
of graphene.'® The defect density is proportional to the value of
In/Ig.2° The Ip/lg values of CoMn-P@NG and CoMn@NG are
1.15 and 1.06, respectively, which indicates that the defect
degree of CoMn-P@NG was more than CoOMn@NG after phos-
phorus doping. These defects of the structure provide more
active sites, which could make the electrochemical perfor-
mance better.

The morphology of CoMn-P@NG is nanocubes with a length
of about 200 nm (Fig. 2a-c). Besides, the morphology of
CoMn@NG (Fig. S1, ESIf) is similar to that of CoMn-P@NG.
As shown in Fig. 2d, the TEM image of CoMn-P@NG further
testifies that the nanocubes are composed of nanoparticles. As
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Fig.2 (a—-c) SEM, (d) TEM, (e and f) HRTEM, (g) STEM and (h-l) the
corresponding EDS elemental mapping images of CoMn-P@NG.

displayed in Fig. 2e, the enlarged TEM image shows that these
nanoparticles were core-shell structures. Fig. S2 (ESIf) also
shows that the CoMn@NG is a core-shell structure. The
HRTEM image of Fig. 2f further demonstrates the core-shell
heterostructure for CoMn-P@NG. The darker part inside was
the bimetallic core, where the lattice fringe with the plane
spacing of 0.23 and 0.26 nm belongs to the (201) plane of
Coy3Mn, 7P and (201) plane of Co, o4P. The brighter part of the
outer layer is the graphene layer, which agrees with the above
Raman analysis, indicating the formation of multiple layers of
graphene during the material synthesis. The elemental mapping
images indicate that Mn, Co and P elements are uniformly
distributed in the core while C and N elements uniformly exist
in the shell (Fig. 2g-1). Importantly, the P is only distributed in
the core place of the heterostructure where the CoMn bimetals
exist. These results have given a sufficient indication that
the P element is successfully doped into the core part of the
CoMn-P@NG nanoparticles.

In order to better understand the elemental composition
and surface electron valence of the material, the CoMn-P@NG
was analyzed in detail by XPS. Fig. 3a shows the full XPS
spectrum of CoMn-P@NG. The corresponding high-resolution
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Fig. 3 (a) XPS survey spectrum of CoMn-P@NG and the corresponding
high-resolution spectra: (b) Co 2p, (c) Mn 2p, (d) C 1s, (e) N 1s and (f) P 2p.
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spectra are analyzed in detail. Four peaks were found in the
high-resolution spectrum of Co element (Fig. 3b), and the two
strong peaks located at 777.8 and 796.8 eV are attributed to the
phosphating of the Co atom, forming a Co-P bond. The two
weak peaks located at 784.9 and 802.5 eV correspond to Co
2ps2 and Co 2p,),, indicating that the valence state of Co is +2
valence.”* The existence of the Co-P bond could increase the
electron transfer rate in the electrochemical reaction process,
thus promoting the electrochemical activity of the catalyst.>**?
The high-resolution XPS spectrum of Mn element is shown in
Fig. 3c, which also can be divided into four peaks: Mn 2p3,
(641.2 eV), Mn*" (645.4 eV), Mn*" (649.6 eV) and Mn 2p,),
(653.3 eV), proving the existence of CoMn bimetals in the
CoMn-P@NG structure and the coexistence as miscible
phases.>® There is a strong peak of C—C (284.7 eV) and
three weak peaks of C-N (285.7 eV), C-O (286.4 eV), and
C=O0 (288.4 eV) in the C 1s spectra (Fig. 3d).>®> The presence
of C-N bonds proves the doping of N heteroatoms. It can be
seen from Fig. 3e that the spectrum of N 1s is divided into four
nitrogen-containing forms, pyridinic nitrogen, pyrrolic nitro-
gen, and oxidized nitrogen, and the corresponding peaks are
398.4, 400.6 and 402.3 eV, respectively. In addition, there is a
satellite peak of N at 406.4 eV.”**” In the high-resolution
spectrum of P element (Fig. 3f), the four divided peaks are
located at 130.8, 133.2, 135.7 and 139.3 eV, respectively.”® The
first two peaks correspond to the metal phosphide formed in the
CoMn-P@NG heterostructure, while the last two peaks correspond
to the metal phosphate remaining in the CoMn-P@NG hetero-
structure.”**

The linear scanning voltammetry (LSV) curves of CoMn-
P@NG, CoMn@NG and Pt/C catalysts were tested at 5 mV s *
in 1 M KOH (pH = 14), 0.5 M H,SO, (pH = 0) and 1 M PBS
(pH = 7) the results are shown in Fig. 4a, b and Fig. S5a (ESIT).
According to the results in Fig. 4a, when the current density
reaches 20 mA cm * in 1 M KOH, the overpotential of the
CoMn-P@NG catalyst is 190 mV, while the overpotentials of the
Pt/C and CoMn@NG catalysts are about 30 and 298 mV,
respectively. Besides, under the acidic condition of 0.5 M
H,S0,, the electrocatalytic performance of CoMn-P@NG is still
excellent at 20 mA cm ™2, and the overpotential is only 159 mV.
The overpotentials of the Pt/C and CoMn@NG catalysts were
approximately 30 and 254 mV (Fig. 4b), respectively. As can be
seen in Fig. S5a (ESIT), the overpotential of the CoMn-P@NG
catalyst is 279 mV, while the overpotentials of the Pt/C and
CoMn@NG catalysts are about 79 and 370 mV, respectively.
Under the conditions of pH = 0, pH = 14 and pH = 7, the
overpotential of CoMn-P@NG is much smaller than that of
CoMn@NG; the reason could be ascribed to the P atoms
entering the bimetallic structure of the catalyst after doping.
P is less electronegative than C and N, so it is easier to attract
the positive charge of the core metal atoms, further leading to
the downshift of the d-band center of the core bimetal, and
thus the activation energy required for the reaction is
reduced.>® Therefore, more active sites are generated in the
CoMn-P@NG catalyst, and the electro-catalytic performance
is greatly improved.>® Besides, as shown in Table S1 (ESIY),
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Fig.4 (a and b) LSV curves of CoMn-P@NG, CoMn@NG and Pt/C
catalysts after normalizing the currents to the geometric area in different
electrolytes. (c and d) Tafel plots of CoMn-P@NG, CoMn@NG and Pt/C
catalysts were calculated from the LSV curves from (a and b). (e and f) HER
stability measurements of CoMn-P@NG in different pH conditions at a
current density of 10 mA cm™~2 for 12 h. Inserted LSV curves tested initially
and after 5000 ADT CV cycles.
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CoMn-P@NG demonstrates an overpotential of 164 mV and
140 mV at 10 mA cm™? in alkaline and acidic solution,
respectively, suggesting high potential application as a
non-precious electrocatalyst for the hydrogen evolution
reaction.

The Tafel slope is an important parameter to evaluate the
HER kinetics of catalysts.*® The first step of the HER is the
Volmer step, and the second is the Tafel step (slope value is
30-40 mV) or Heyrovsky step (slope value is 40-120 mV).*” The
Tafel curves of Pt/C, CoMn@NG and CoMn-P@NG catalysts
after internal resistance compensation are shown in Fig. 4c and
d and Fig. S5b (ESIf). The Tafel slops of CoMn-P@NG under
1 M KOH (pH = 14), 0.5 M H,S0, (pH = 0) and 1 M PBS (pH = 7)
conditions are 111, 65 and 112 mV dec ™, respectively, which
belonged to the Volmer-Heyrovsky reaction.?® The Tafel slope
of CoMn-P@NG indicates that the second step reaction is the
Heyrovsky reaction, so the desorption process is the speed-
limiting process of the HER.?® The results show that the CoMn-
P@NG catalytic kinetic energy is very high and the catalytic
reaction rate increases faster with the increase of overpotential.
In addition, the CV curve of CoMn-P@NG was measured under
the scanning rate of 20-160 mV s~ ', and its Cq values in 1 M
KOH and 0.5 M H,SO, were 17.4 and 19.3 mF cm 2, respectively
(Fig. S3, ESIY), suggesting that the catalyst has outstanding
catalytic activity.

This journal is © The Royal Society of Chemistry 2021
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Furthermore, electron transfer kinetics and catalytic kinetics
are effective factors affecting the HER. Electrochemical impe-
dance spectroscopy (EIS) measurements for both CoMn@NG
and CoMn-P@NG were carried out from 10~2 to 10° Hz at the
same voltage (the potential is —1.16 Vin 1 M KOH and —0.35 V
in 0.5 M H,SO,, respectively). As shown in Fig. S4 and S5c (ESIt)
compared with the CoMn@NG, CoMn-P@NG has a smaller
semi-circle in the low-frequency region under pH = 0, pH = 14
and pH = 7 conditions, indicating that CoMn-P@NG has a
lower charge transfer resistance and a faster charge transfer
ability.*® This result demonstrates that phosphorus doping can
accelerate the electron transfer ability and enhance the electro-
catalytic activity.

Whether the catalyst has high stability is one of the key
factors for its industrial applications. In order to explore the
stability of the CoMn-P@NG catalyst, long-term stability tests
were carried out under the current density of 10 mA cm > in
solutions of 1 M KOH, 0.5 M H,SO, and 1 M PBS, as shown in
Fig. 4e and f and Fig. S5d (ESIt). The results show that the
current density and potential have an ignorable change during
the 12 h stability test. Besides, another stability assessment
method, ie., accelerated degradation tests (ADT), was also
adopted to evaluate the stability of CoMn-P@NG, and after
5000 cycles, the overpotential of the CoMn-P@NG catalyst
exhibits negligible change in 1 M KOH, 0.5 M H,SO, and 1 M
PBS from the inserted LSV curves in Fig. 4e and f and Fig. S5d
(ESIT), showing the excellent stability of the CoMn-P@NG
catalyst.

In summary, a CoMn phosphide encapsulated in a nitrogen-
doped graphene core-shell heterostructure was successfully
synthesized. Interestingly, the P was only doped into the CoMn
bimetal core. The unique heterostructure exhibited excellent
electrocatalytic properties over a wide pH range. When the
current density reaches 20 mA cm > in the conditions of
pH = 0, 14 and 7, the overpotential of the CoMn-P@NG
catalyst is 159, 190 and 279 mV, respectively. In addition, the
CoMn-P@NG catalyst maintains robust stability over a broad
pH range environment.
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