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CoP is considered as an efficient electrocatalyst for the hydrogen evolution reaction (HER) in acidic
electrolytes but its performance in alkaline solutions is generally poor because of its slow reaction
kinetics, which further limits its application in overall water splitting. Herein, we demonstrate a strategy
to greatly accelerate its HER and OER kinetics in alkaline solutions through Mn incorporation. Ternary
Mn,Co; 4P microcubes with a tunable Mn/Co ratio strongly anchored on rGO were synthesized using
Prussian blue analogues as precursors. The synergy between the high activity of Mn,Co;_,P microcubes
and the good conductivity of rGO leads to the superior performance of the hybrid toward water splitting

R 4 15t October 2018 in 1 M KOH. The optimized Mng¢Cog 4P-rGO electrocatalyst shows high activity and stability towards
eceived 1st October . . o )
Accepted 19th November 2018 both the HER and OER with low overpotentials of 54 and 250 mV at 10 mA cm™“, respectively.

Furthermore, the water electrolyzer using Mng¢Cog 4P-rGO as both the cathode and anode only
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requires a cell voltage as low as 1.55 V to reach a current density of 10 mA cm™
rGO a competitive and cost-effective electrocatalyst for water splitting.

, making Mng ¢Cog 4P-
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Hydrogen, as a clean energy carrier, has the potential to replace
fossil fuels and fulfill the large future energy demand." Water
splitting powered by renewable electricity is one of the most
attractive methods for high purity hydrogen production.
However, efficient water splitting requires highly efficient and
robust electrocatalysts that can sufficiently overcome the
sluggish kinetics of the two half reactions, namely the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER).> Currently, noble metal (such as Pt, Ir and
Ru)-based compounds are identified as the most active elec-
trocatalysts, while their high cost and scarcity prevent them
from being applied on a large scale.>® Consequently, major
efforts have been devoted toward developing non-precious
metal electrocatalysts with high activity (e.g., perovskite
oxides and transition metal oxides/hydroxides for the OER and
nitrides, chalcogenides, carbides, and phosphides for the
HER), especially those that can catalyze both the HER and
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OER.>** Among them, transition-metal phosphides (TMPs)
have been extensively explored due to their low cost and high
activity."*'%?7-1 TMPs were first known as HER catalysts and
have lately shown their efficacy for the OER, though real active
materials are the surface (hydro)oxides in situ formed in the
OER process.*

CoP, as a representative TMP material, has shown high
electrocatalytic activity towards the HER in acidic electrolytes.**
However, its HER activity in alkaline solutions is poor, because
of its weak ability to promote water dissociation. Incorporation
with a second metal could potentially improve the alkaline HER
performance due to the synergy between them. For example,
transition metal (such as Fe, Zn, and Al)-doped CoP has shown
enhanced performance.*** We noted that the Mn tetramer
complex has shown reasonable catalytic activity towards water
oxidation in photosystem II,*® suggesting relatively facile water
dissociation kinetics. We therefore proposed that Mn incorpo-
ration into CoP could greatly enhance the HER activity in
alkaline solutions. On the other hand, the Co might also
promote the OER on the Mn oxide. This is possible as already
confirmed in the case of CaMn,0,, where Ca incorporation
improves catalytic rates.*® In fact, MnCoP particles have already
been synthesized and used for OER electrocatalysis.** However,
they suffer from a significant performance decay with ~25%
activity loss within 15 h, possibly because of the surface oxida-
tion and active mass leaching. Mn-doped CoP has also been
explored but the amount of Mn dopant is generally quite low.*
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Further optimization is therefore necessary to stabilize the
catalyst and thus to achieve stable performance.

Decorating electrocatalysts with conductive graphene
supports could be an efficient approach to improve the catalytic
performance. Graphene can improve the interaction between
electrocatalysts and electrode supports, which facilitates charge
transport.*>*> In addition, delicate nanostructuring and
compositional tuning can further boost the activity. In this
context, Prussian blue analogues (PBAs) with uniform sizes,
various compositions, and diverse morphologies and architec-
tures can serve as ideal precursors to prepare electrocatalysts.*
The converted materials generally inherit the morphology and
structure (tunable composition) of the PBAs and thus offer an
excellent platform to study the impacts of the composition and
structure on the catalytic activity. Although a number of metal
oxides, sulfides, and selenides have been synthesized using
PBAs as templates,** ¢ the preparation of Mn,Co, P, however,
has rarely been reported.

Herein we report the synthesis of Mn,Co,_,P microcubes
anchored on reduced graphene oxide (rGO) from a MnCo PBA
precursor and further their application in water splitting elec-
trocatalysis. We show that Mn incorporation greatly enhances
the reaction kinetics of CoP towards both the OER and HER in
alkaline solutions. The PBA precursor allows us to easily tune
the Mn/Co ratio in the product, and the optimized Mn, ¢Co, 4P-
rGO hybrid catalyst exhibits superior catalytic activity with

® o
OGN

w(yf

»\vf" [
w AN

View Article Online

Paper

overpotentials of 250 and 54 mV for the OER and HER in 1 M
KOH along with outstanding stability, respectively. More
importantly, the Mn, ¢Co, 4,P-tGO can also drive the overall
water splitting electrocatalysis with a low cell voltage of 1.55 V at
10 mA em~? and remarkable durability, outperforming the
Pt/C||RuO, couple at high current densities.

The preparation process of the Mn,Co;_,P-rGO hybrid is
illustrated in Fig. 1a (also see Methods in the ESI} for details).
MnCo PBA microcubes (Fig. 1b) were first in situ grown on
graphene oxide (GO) nanosheets. The resulting product was
then collected from the solution and consequently freeze dried
to form MnCo PBA-GO. Then MnCo PBA-GO was converted
into Mn,Co; ,P-rGO by a gas-phase reaction with PH; (gener-
ated by sodium hypophosphite) at 400 °C. The composition of
the Mn,Co;_,P-rGO can be readily tuned by adjusting the ratio
of Mn/Co in the PBA precursor, and the optimal composition
was found to be Mn, Co, 4P-rGO. The morphologies of the
MnCo PBA-GO and Mn,, sCo, ,P-rGO were revealed by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). The MnCo PBA microcubes with an average size of
about 800 nm were homogeneously anchored on GO sheets
(Fig. 1c-e and S17). After thermal phosphorization, the MnCo
PBA was converted into Mng ¢Co, 4P with a well-retained cubic
structure (Fig. 1f-h and S1t). Meanwhile, GO was reduced to
rGO because of the reducibility of PH; gas. For comparison,
SEM images of CoP-rGO, Mn, ,Co, sP-rGO, and Mn, 4C0¢ ¢P-

MnCo PBA
nanocube

Mn,Co, P
nanocube

Fig. 1 Morphological characterization of the MnCo PBA-GO and Mng ¢Cog 4P-rGO: (a) schematic illustration of the synthesis process of the
Mng 6C0p 4P-rGO hybrid. (b) SEM image of MnCo PBA microcubes. (c) SEM and (d and e) TEM images of MnCo PBA-GO. (f) SEM (g and h) TEM
images and (i) HAADF image and the corresponding elemental maps of Mng¢Cog 4P-rGO. The inset of (h) shows the HRTEM image of

Mn0_6C00_4P—rGO.
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rGO are also shown (Fig. S21). The results show that the
morphology and particle size of Mn,Co; ,P-rGO are similar
despite their different Mn/Co ratios. It is noteworthy that the
Mn, ¢Co, 4P microcubes are still evenly anchored on rGO sheets
after thermal conversion, suggesting the strong binding
between Mn, ¢Co, 4P and rGO. Such geometric confinement of
nanoparticles within rGO layers is expected to reinforce their
interfacial contact and to prevent the Mn, ¢Co, 4P from struc-
tural collapse and aggregation during electrocatalysis, which
ensures high stability.*** In comparison, the Mn,¢Co, P
microcubes without rGO are obviously more aggregated
(Fig. S31). The high-resolution TEM (HRTEM) image of
Mn, ¢Co, 4P is shown in the inset of Fig. 1h. The lattice fringe
spacing of the particle was measured to be 0.28 nm, corre-
sponding to the (110) plane of CoP. The energy-dispersive X-ray
(EDX) spectrum reveals the coexistence of Mn, Co, and P and C
(Fig. S4t). The corresponding TEM-EDX elemental mapping
images of Mn, ¢Co, 4P-rGO are shown in Fig. 1i. The Mn, Co
and P are homogeneously distributed in a microcube, whereas
the C outer shell layer is clearly identified, confirming that the
Mn, ¢C0, 4P is indeed anchored on rGO sheets. The atomic ratio
of Mn, Co, and P of the sample is 0.6 : 0.4 : 1 as determined by
inductively coupled plasma optical emission (ICP-OES) analysis
(Table S17).

We then carried out X-ray diffraction (XRD) measurements to
identify the detailed structure of the as-prepared samples. The
XRD results confirm the phase of the MnCo PBA (JCPDS #51-
1898) precursor, and the converted product Mn, 4Co, 4P adopts
the structure of CoP (JCPDS #29-0497) (Fig. 2a). We further
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performed the X-ray photoelectron spectroscopy (XPS)
measurements to probe the surface composition and chemical
valence states of the Mn,¢Co, 4,P-rGO. The Mn 2p;,, region
shows a singlet peak at 641.0 eV that can be ascribed to oxidized
Mn species (Fig. 2b), indicating that the surface was oxidized
because of the high oxophilicity of Mn.****” The Co 2pj3/, region
(Fig. 2c) shows two main peaks at 778.7 and 781.4 eV that are
attributed to Co species in phosphides and the oxidized species,
respectively.***° As for the P 2p region (Fig. 2d), the peaks at
130.2 and 131.1 eV can be assigned to the P 2p doublet,
consistent with those observed in metal phosphides.'®*~* The
peak near 133.8 eV is attributed to the oxidized phosphorus in
phosphates, indicating that the surface of Mn,sCog 4P is
oxidized, which is commonly seen in metal phosphides under
air exposure.****** The XPS results confirm the successful
conversion of MnCo PBA to Mng ¢Co, 4P. Furthermore, the XPS
survey spectrum also suggests the presence of N (Fig. S57),
indicating that N might be doped into rGO during the thermal
conversion process.

We first assessed the catalytic OER activity of the Mn,-
Co;_,P-rGO (x = 0.6, 0.4, 0.2), COP-rGO, RuO,, and rGO in 1 M
KOH using a standard three-electrode system (see Methods for
detailst). The polarization curves of these catalysts were ob-
tained from linear sweep voltammograms (LSV) at a scan rate of
1 mV s *. As shown in Fig. 3a, the phosphide catalysts show
significantly higher activity than the rGO support, suggesting
that the main OER contribution comes from the materials
themselves. The pristine CoP-rGO already shows a low over-
potential of 330 mV at a current density of 10 mA cm™?; the
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Fig.2 Structural characterization of the Mng ¢Cog 4P—-rGO hybrid: (a) XRD patterns of MNCo PBA-GO and Mng ¢Cog 4P-rGO. (b) Mn 2ps3,», (c) Co
2ps3,2, and (d) P 2p high resolution XPS spectra of the Mng ¢Cog 4P-rGO.
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Fig. 3 Electrocatalytic OER performance of Mn,Co;_,P-rGO (x = 0.6, 0.4, 0.2, 0) loaded on carbon paper in 1 M KOH: (a) IR-corrected
polarization curves of the Mn,Co;_,P-rGO, rGO, and RuO,. (b) The corresponding Tafel plots. (c) Overpotentials required at J = 10 mA cm™2. (d)
Plots showing the extraction of the double-layer capacitances that allow the estimation of the electrochemically active surface area (ECSA).

performance can be further boosted upon Mn incorporation,
which confirms the efficacy of our strategy. Upon the intro-
duction of a small amount of Mn (x = 0.2), though the over-
potential of Mn,,Co,sP-rGO only decreases by 2 mV at
10 mA cm 2, the performance at high currents is largely
improved, suggesting promoted reaction kinetics. Further
enhancement is observed when more Mn is incorporated into
CoP. For example, the overpotentials at 10 mA cm > further
decrease to 290 and 250 mV on Mng,CoycP-rGO and
Mn, C0o4P-rGO, respectively. Note that the latter even
outperforms the state-of-the-art catalyst, namely RuO, (270 mV).
These overpotentials compare favorably or at least comparable
to those of recently reported high-performance earth-abundant
OER catalysts (Table S2+).**>*% Further increasing the Mn ratio
(x > 0.6) might result in even better activity; unfortunately we
failed to synthesize the corresponding MnCo PBA precursor
with a high Mn ratio, possibly because the high Mn ratio may
cause structural instability. The OER performance of
Mn, ¢Co, 4P microcubes is also measured to investigate the
synergistic effect between the Mn, ¢Co, 4P and rGO (Fig. S67).
The results showed that the Mn, 4Co, 4P-rGO hybrid is much
more active than Mn, ¢Co, 4P microcubes, suggesting that the
synergy between Mn, ¢Co, 4P and rGO could greatly boost the
OER activity. The direct integration of Mn,¢Coq 4P on rGO
nanosheets ensures efficient charge transport in the hybrid,
which can be confirmed by electrochemical impedance spec-
troscopy (EIS) studies (Fig. S77). To further evaluate the catalytic
kinetics of these catalysts, the corresponding Tafel plots
were investigated. As shown in Fig. 3b, the Tafel slope of the

180 | Nanoscale Adv., 2019, 1, 177-183

CoP-rGO catalyst is 110 mV dec™ . This value decreases to 88,
84, and 65 mV dec™! on Mn,,Co, sP-rGO, Mn, 4C0, ¢P-rGO,
and Mn, ¢Co, 4P-rGO, indicating that the OER kinetics is
promoted upon Mn incorporation. To better understand the
intrinsic activity, we calculated the turnover frequency (TOF) of
the catalyst (Fig. S8t), and the results show that the
Mn, ¢C0, 4P-TGO possesses the highest TOF value. The superior
OER activity can be attributed to the synergy between Mn and
Co and the strong binding with rGO that improves the
conductivity and helps to stabilize the structure. We further
carried out a simple cyclic voltammetry (CV) measurement® to
determine the electrochemically active surface area (ECSA) of
the samples (Fig. 3d, S9 and S101) and found that the
Mn, ¢C0, 4P-tGO possesses the highest double layer capaci-
tance (33.3 mF cm ™ %) among the investigated samples, which is
nearly 1.9 and 2.7 times those of the Mn, C0, 4P (17.4 mF cm ™ ?)
and CoP-rGO (12.3 mF cm ?), respectively, revealing more
exposed active sites of Mn, ¢Cog 4P-1GO.>*

Aside from the high OER activity, the operating stability is
another indicator to evaluate a practical catalyst. The stability of
the Mn, ¢Coy 4P-rGO catalyst was tested by the controlled
potential electrolysis (CPE) and continuous cyclic voltammetry
(CV) measurements (Fig. S111). As shown in Fig. S11a,T a slight
activity loss is observed after 5000 CV cycles for the
Mn, ¢Co, 4P-rGO catalyst. To further investigate the stability of
the catalyst for the OER, we conducted the stability test by
applying a static overpotential of 310 mV (1.54 V vs. RHE)
continuously for 24 h. As shown in Fig. S11b,f the current
response only decreases by about 5% after 24 h operation,

This journal is © The Royal Society of Chemistry 2019
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suggesting the robustness of the Mn, ¢Co, 4,P-rGO catalyst. In
an effort to understand the surface compositional change of the
Mn, ¢Co, 4P-1GO, we conducted the XPS analysis on the post-
OER sample (Fig. S12f). In contrast to the pristine
Mn, ¢Co, 4P-rGO, the intensity of Co (778.7 eV) and P (130.2 eV)
peaks that correspond to the species in phosphides decreases
and the peak corresponding to the oxidized Mn shifts to
a higher binding energy (from 641.0 to 642.6 eV). This result
suggests that the surface of Mn, ¢Co, 4,P-rGO is further oxidized
upon OER to generate (hydro)oxides. This phenomenon is
commonly seen for metal phosphides after OER catalysis.***"*
TEM observations further reveal an amorphous layer that is
formed on the surface of particles, which is likely the (hydro)
oxides that are generated during the OER process (Fig. S137).%**
Together with the XPS data, it is clear that the surface of the
catalyst has been oxidized into hydroxides or phosphates, which
should be the real OER active sites.

We then evaluated the HER activity of the Mn,Co; _,P-rGO
loaded on carbon paper in 1 M KOH (see Methods for detailsT).
For comparison, the HER activity of 20 wt% Pt/C (about 2.5 mg
em™ mass loading) and rGO on carbon paper was also tested.
As expected, the Pt/C catalyst exhibits the best performance with
a near zero onset overpotential and achieves a current density of
10 mA cm~ > at an overpotential of 31 mV (Fig. 4a). Similar to
what we observed in OER catalysis, the Mn, sCo, 4P-rGO again
shows enhanced catalytic activity towards the HER compared to
CoP-rGO. The current density of 10 mA cm 2 is achieved at an
overpotential as low as 54 mV, whereas larger overpotentials are
required for Mn, 4C0y ¢P-rGO (81 mV), Mn, ,Co, gP-rGO (101
mvV), and CoP-rGO (143 mV) catalysts (Fig. 4b). These potentials
compare favorably to those of reported TMPs, chalcogenides,
nitrides and other earth-abundant HER catalysts in alkaline
electrolytes (Table S$371).°*** The excellent activity of the
Mn, ¢Co, 4P-1GO is also confirmed by its relatively small Tafel
slope of 63 mV dec™ ', which is much smaller than those of
Mn, 4C0o6P-TGO (92 mV dec™'), Mn,,CoogP-rGO (106 mV
dec ™), and CoP-rGO (149 mV dec ') catalysts (Fig. 4b), which
again confirms the efficacy of using Mn to promote the water
splitting kinetics of CoP. Besides, the HER performance of
Mn, ¢C0o 4sP-TGO microcubes is also superior to that of
Mn, ¢Co, 4P microcubes due to the synergistic effect between
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Mn, ¢Coo 4P and rGO (Fig. S6t1). The Mn,Co, P-rGO also
shows the highest TOF of 0.0698 s~ ', which is much larger than
those of Mn,4CoycP-rGO, Mn,,Co,sP-rGO, and CoP-rGO
catalysts (Fig. S8t). Moreover, the Mn, ¢Co,4P-rGO can also
efficiently catalyze the HER in acidic and neutral electrolytes
(Fig. S147). The overpotentials at 10 mA cm > are 43 and 70 mV in
0.5 M H,SO, and 1 M PBS, respectively. The Mng ¢Cog 4P-TGO
electrode also exhibits good stability towards the HER (Fig. S117).
Only a slight performance decay was observed for the
Mn, 6Co, 4P-rGO catalyst after 5000 CV cycles, suggesting its
good stability under basic conditions. Indeed, the current density
achieved at a given overpotential of 140 mV barely decreases after
24 h. The XPS analysis of the post-HER Mn, ¢Co, 4P-rGO elec-
trode reveals that the main composition remains unchanged.
However, both the Mn 2p and Co 2p peaks slightly shift to higher
binding energies (Fig. S127), which could be due to the partial
surface oxidation in strong basic solutions.”*>¢

Water splitting catalyzed by the same catalyst could simplify
the water splitting system and reduce the operating cost.
Encouraged by the excellent catalytic activity and robust
stability toward both the OER (although the real active species is
the surface hydroxides as demonstrated earlier) and HER, we
then assembled a two-electrode water electrolyzer using the
Mn, ¢C0,.4P-rGO as both the cathode and anode for overall
water splitting in 1 M KOH. The Pt/C||RuO, loaded on carbon
paper was also tested for comparison. As shown in Fig. 5a,
overall water-splitting using Mng¢Co, 4P-rGO electrodes
requires a low cell voltage of 1.55 V to drive 10 mA cm™ 2. This
voltage is slightly lower than that of Pt/C||RuO, (1.54 V) and is
among the lowest reported values (Table S4t). Note that the
Mn, ¢C0, 4P-tGO electrodes can drive high current densities
(e.g., 100 mA cm?) at cell voltages that are much lower than
those of Pt/C||RuO,, which is vital for industrial H, production.
Moreover, the MngCoq4P-rGO exhibits great mechanical
robustness and durability as demonstrated by the multi-step
chronopotentiometric and chronopotentiometric measure-
ments over 48 h (Fig. 5c and d). The voltage required to achieve
50 mA cm 2 barely changes after 48 h catalysis. The faradaic
efficiency of MnCoP-rGO was calculated to be ~97% by
comparing the experimental H,/O, production amounts with
the theoretical values (Fig. 5b).
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Fig. 4 Electrocatalytic HER performance of Mn,Co; ,P-rGO (x = 0.6, 0.4, 0.2, 0) loaded on carbon paper in 1 M KOH: (a) IR-corrected
polarization curves of the Mn,Co;_,P-rGO, rGO, and 20 wt% Pt/C. (b) The corresponding Tafel plots.
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Fig. 5 MngeCog4P-rGO for overall water splitting electrocatalysis in 1 M KOH. (a) IR-corrected polarization curves. (b) H, and O, production
catalyzed by Mng ¢C0g 4P-rGO in 1 M KOH at room temperature. The dash lines present the theoretic value H, and O, amounts expected for

a 100% Faradaic efficiency. (c) The multi-step chronopotentiometric curve. (d) Long-term stability test carried out at 50 mA cm

In summary, we suggest that Mn incorporation can greatly
promote the water splitting kinetics of CoP. By further anchoring
the optimized Mn, ¢Co, 4P on rGO, high electrocatalytic activity
towards both the OER and HER in 1 M KOH is achieved. Specif-
ically, the Mn, ¢Co, 4P-rGO only requires overpotentials as low as
54 and 250 mV to drive HER and OER current densities of
10 mA cm™ 2, respectively. Moreover, the material can drive overall
water splitting at a low cell voltage of 1.55 V (at 10 mA cm™?) with
a nearly 100% faradaic efficiency and outstanding stability. Our
work not only establishes the Mn,, cCo, 4P as a high-performance
water splitting catalyst but also provides a general strategy to
synthesize phosphide/graphene composites with delicate nano-
structures and tunable compositions and further to significantly
boost their performance in electrocatalysis.
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