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ABSTRACT: An approach to significantly enhance the performance of the cost-
effective nickel phosphide catalyst for electrochemical water oxidation has been
developed via interfacing with Mg oxide-hydroxide. We have synthesized Ni,P
nanoparticles anchored on Mg,O(OH),-like phase supported on carbon paper. During
the oxygen evolution reaction, the well-defined Ni,P nanoparticles serve as precursors
for the immediate formation of active and stable nanostructured nickel hydroxide
catalyst. As the anode for the oxygen evolution reaction in an alkaline electrolyte, the
electrode shows a modest Tafel slope of 48 mV dec™ and a large turnover frequency of
0.05 s™" at an overpotential of 0.4 V. Microstructure and composition studies of the
catalyst suggest that interfacial strain between Mg- and Ni-containing phases is
responsible for high catalytic activity. A significant increase in catalytic activity upon the
combination of magnesium compound and transition-metal phosphide suggests an
interesting strategy for the controlled and reproducible preparation of active Earth-

abundant oxygen-evolving catalysts.
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ydrogen serves as a fundamentally important renewable
energy vector for emerging zero-emission fuel cell
technology.' In the context of sustainable H, production,
water electrolysis (WE) provides an attractive and direct route
to generate H,, fulfilling both efficiency and gas purity
requirements.” Unfortunately, the widespread implementation
of WE remains challenging because of the slow kinetics of the
oxygen evolution reaction (OER) taking place at the anode.” In
terms of activity and durability, the best catalysts for the OER
are Pt-group metals (PGMs), including RuO, and IrO,.*
However, PGMs are critical and expensive elements, which
limit the expansion of WE technology to large-scale deploy-
ment. Recent advances in the search of new Earth-abundant
catalysts have indicated that water oxidation can be mediated by
transition-metal-containing compounds, such as perovskites,
oxides, hydroxides, and oxo-hydroxides,” thereby providing
feasible alternatives to PGM-based catalysts. Despite significant
progress in this area, however, the number of PGM-free
materials that can efliciently catalyze water oxidation for
extended periods of time is still limited.®
In our recent work,’ we found that a mixed Fe—Ni
phosphide (Fe,,NiysP,) supported on carbon paper (CP)
catalyzes the OER in alkaline media, showing reasonably high
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activity. More importantly, we demonstrated” that metal
phosphides serve as precursors for the in situ generation of
the active catalyst during water oxidation. The catalyst can be
designed by reliable and simple computational methods on the
basis of d-band theory.® In our earlier work,” we predicted and
then experimentally realized highly active and stable catalysts
for water reduction by utilizing chemical doping of Ni
phosphides with the p-metal Al. The enhanced catalytic
performance was driven by a broadening of the Ni 3d-orbital
contribution and an increase in covalent bonding character.
Encouraged by the potential of the chemical doping
approach, we decided to explore the possibility of developing
an active catalyst for water oxidation by combining Ni,P with
the alkaline-earth s-metal Mg. Instead of forming the ternary
Mg—Ni phosphide catalyst, we obtained Ni,P nanoparticles
anchored on a Mg,O(OH),-like phase supported on CP. The
produced catalyst for water oxidation is highly active and stable.
The catalyst is supported on CP and has a low mass density of
~1.3 mg cm?, thereby fulfilling the requirements for a cost-
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Figure 1. (a) XRD patterns of CP, control Ni,P, and as-grown Mg-modified Ni,P (AG), linear sweep voltammetry (LSV)-tested Mg-modified Ni,P,
and durability-tested Mg-modified Ni,P sample. Black, red, green, purple, and blue asterisks correspond to the positions of the most intense Bragg
reflections expected for hexagonal C (ICDD No. 00-041-1487), hexagonal Ni,P (ICDD No. 04-008-0034), cubic NiO (ICDD No. 04-007-8202),
monoclinic -NiO(OH) (ICDD No. 00-059-0464), and hexagonal Mg,O(OH), (ICDD No. 04-014-8450), respectively. (b) SEM images of the as-
grown Mg-modified Ni,P on CP, acquired at different magnifications, together with EDX mapping of Ni, P, Mg, and O.

effective electrode for water oxidation. Interestingly, our
synthesis provides unexpected Ni,P nanoparticles well-anch-
ored on Mg,O(OH),like phase. Several literature regorts
suggest that lattice strain can be realized in such systems,'’ and
the resultant interfacial compression strain between the phases
most likely accounts for high catalytic activity.

Our original motivation was based on the chemical similarity
of Mg and transition-metal phosphides. For example, MgP,
comprises Mg?* cations sandwiched between (P,)*~ layers;'"
both FeP, and MnP, have similar layered crystal structures.'”
The existence of the reported ternary compound Mg, sNiy, ;P
as well as the bulk compound Mg,Ni,,P, that we synthesized
(Figure S1 in the Supporting Information), provided additional
indications that doping of Mg into Ni,P is possible.” In order
to understand potential changes in the electronic structure of
Ni,P, we performed density functional theory (DFT)
calculations.* According to the calculations, Mg doping, if
successful, should have a significant impact on the electronic
band structure and density of states (Figure S2 in the
Supporting Information).

Guided by our hypothesis, we took advantage of our earlier
methodology”” to prepare Mg-containing nickel phosphide
catalysts supported on CP. The protocol for synthesis of the
mixed/doped phosphides involves four steps: (1) hydro-
philization of the intrinsically hydrophobic CP using an O,
plasma treatment, (2) sputtering of the metals, (3) thermal
annealing to alloy the metals, and (4) gas transport
phosphorization. Under optimized conditions, the protocol
yielded a 2.4 X 10 cm? piece of electrode material, denoted as
as-grown (AG) sample. For comparison, we also prepared
pristine Ni,P as control. According to powder X-ray diffraction
(XRD), Mg-containing Ni,P crystallizes in the same structure
type as pristine Ni,P and not as Mg,Ni;,P,. In contrast, a
conventional solid-state reaction of the elements in a sealed
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carbonized silica tube at 850 °C forms Mg,Ni;,P, predom-
inantly. Similar solid-state reactions carried out at 500 °C were
unsuccessful and resulted in unreacted or partially reacted
products. Powder XRD patterns recorded from the CP-
supported pristine and Mg-modified Ni,P samples are shown
in Figure la. The refined"” unit-cell parameters of Ni,P were a
= 5.860(5) A, ¢ = 3.362(4) A, and V = 100.02(16) A3; the
refined unit-cell parameters of the Mg-modified sample were a
= 5.839(1) A, ¢ = 3.354(1) A, and V = 99.05(5) A3 The
observed modification of the unit-cell parameters may be
caused by either Mg doping or by introducing strains/defects in
the Ni,P. The produced catalysts form small crystals, with sizes
ranging from dozens to hundreds of nanometers over the CP
fibers (Figure 1b). The energy dispersive X-ray spectrometry
(EDX) maps shown in Figure 1b reveal that the elements are
homogeneously distributed over the carbon fibers.

We investigated the activities of both the Mg-containing and
the control Ni,P electrodes toward the OER in an aqueous 1 M
KOH solution, in order to validate the expected positive effect
of Mg addition (Figure 2). We found that both electrodes
exhibit high activity in water oxidation, outperforming
commercial NiO, MgO, and even RuO, and IrO, samples.
Notably, the Mg-modified Ni,P catalyst shows a significantly
higher activity, when compared with pure Ni,P for a similar
mass loading (Figure 2a). Specifically, the AG catalyst reaches
anodic current densities of 10, 20, and 100 mA cm™2 at
overpotentials of 0.28, 0.30, and 0.35 V, respectively, whereas
the control electrode exhibits lower activity, reaching anodic
current densities of 10, 20, and 100 mA cm™> at higher
overpotentials of 0.31, 0.33, and 0.42 V, respectively. The
measured Tafel slope (Ts) values are also different (48 and 71
mV dec™' for the Mg-modified and pristine Ni,P catalysts,
respectively), confirming the superior performance of the
catalyst obtained upon addition of Mg (Figure 2b). We also
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Figure 2. Water oxidation performance of CP-supported Mg-modified Ni,P and control Ni,P, NiO, MgO, RuO,, and IrO, electrocatalysts (mass
loading = 1.3 mg cm™) in an aqueous 1 M KOH electrolyte. (a) Anodic polarization curves recorded at a scan rate of S mV s™". The inset shows an
enlargement of the potential window (1.2—1.8 Vi), which is provided for clarity. (b) Tafel plots measured for the AG and control electrocatalysts.
(c) O, turnover frequencies per mass loading of the Mg-modified Ni,P electrocatalyst plotted as a function of overpotential. (d)
Chronopotentiometric curve indicating the high durability of the AG electrocatalyst during 200 h of galvanostatic electrolysis under a constant

-2

current density of 10 mA cm™.

estimated the O, turnover frequencies (TOFs) per mass
loading of Mg-modified Ni,P (Figure 2c), assuming that all of
the metal ions are catalytically active. As an anode for the OER
in alkaline electrolyte, the electrode shows a large turnover
frequency of 0.05 s™" at an overpotential of 0.4 V. Significantly,
the catalyst exhibits a higher efficiency toward water oxidation
at low overpotentials, increasing with anodic potential as a
result of the higher current densities. Overall, the electro-
catalytic data confirm the outstanding performance of the Mg-
containing catalyst in water oxidation.

We then studied the stability of the AG catalyst under OER
conditions. The results of galvanostatic water oxidation at
10 mA cm™> for more than 8 days indicate a high
electrochemical and chemical stability of the designed catalyst
in harsh basic medium (high alkali resistance; see Figure 2d).
An interesting effect is observed at the initial stage of durability
testing: there is a 50 mV favorable drop in overpotential during
the first hours of testing. This effect is likely to be associated
with the immediate metal phosphide oxidation under OER
conditions, leading to the generation of a stable oxide/
hydroxide Mg/Ni catalyst in situ.'®

XRD analysis of the tested Mg-modified Ni,P catalyst
revealed that the Ni,P structure was preserved after short line
scan voltammetry (LSV) testing, whereas -NiO(OH), NiO,
and Mg,0(OH), were observed after long durability tests
(Figure 1a). The observed in situ generation of a hydroxide/
oxide OER catalyst from a phosphide precursor has
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morphological and chemical implications. SEM studies reveal
that the smaller particles disappear after the LSV testing,
compared to the appearance of the AG sample (see Figure S3
in the Supporting Information). After extended galvanostatic
water oxidation tests for 8 days, the catalyst contains a larger
fraction of small particles, when compared to the AG catalyst
(Figure S3).

In order to understand the exact microstructure and
composition changes during water oxidation, scanning trans-
mission electron microscopy (STEM) was employed to
investigate the AG Mg-modified Ni,P sample. Figure 3a
shows a representative high-angle annular-dark-field
(HAADF) image of the particles in the AG sample. The
corresponding elemental maps reveal that the well-isolated
Ni,P nanoparticles are supported by the hexagonal (MgNi)-
P,0,(OH), phase, which is isostructural to Mg,O(OH),, as
identified by the electron diffraction shown in Figure 3e.
Thorough analysis proved that only tiny amounts of Mg, if any,
are doped into the Ni,P matrix. After the LSV testing, one
prominent change observed in our experiments is that the Ni,P
particles anchored on Mg,O(OH),-like phase immediately
form a core—shell structure (Figure 3b). The corresponding
elemental maps reveal that when the surface of the AG
electrode is in contact with electrolyte solution upon the initial
LSV testing, P is evidently leached out from both the Ni,P
nanoparticles and the (Mg,Ni)PxOy(OH)Z support, resulting in
the formation of shell layers consisting of Ni and O, which
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Figure 3. HAADF—STEM image of the (a) AG and (b) LSV-tested Mg-modified Ni,P catalyst, together with the simultaneously collected EDX
maps of Ni, P, Mg, O, and their mixture. (c) The elemental line profiles extracted from the LSV-tested catalyst; the position of the region of interest
is indicated in panel (b). (d) Compositional analysis of the (MgNi)P,O, support and the Ni,P particles before and after the catalytic test. (e)
Electron diffraction pattern of the (MgNi)P,O,(OH), support, which can be completely indexed using the unit-cell parameters for hexagonal

Mgzo(OH)z-

become monoclinic f-NiO(OH) and cubic NiO. The elemental
line profile shown in Figure 3c clearly evidences the respective
composition change and the formation of the core—shell
structure. Figure 3d summarizes concentration variation of
different elements before and after the LSV testing, both for the
Ni,P particles and the (Mg,Ni)PxO},(OH)Z support.

Questions still remained concerning the active phase at the
catalyst surface,'” and to address these, we performed X-ray
photoelectron spectroscopy (XPS) study of the AG Mg-
modified electrode and the resultant electrode after stability
testing for >8 days. The XPS data for the electrodes (Figure 4)
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Figure 4. XPS data for synthesized Mg-modified Ni,P electrodes: (a)
as-grown and (b) after stability testing for 8 days. Spectra in Mg 1s, Ni
2p35, and P 2p regions are shown as raw intensities for each element,
except where a multiplication factor is indicated. Symbols denote raw
data, dashed lines represent background, colored lines denote

highlighted fit components, and thick black lines represent the overall
fit.
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are consistent with the interpretation of the catalyst as
nanostructured Ni,P supported on a Mg,O(OH),-like phase.
The surface of the as-prepared electrode (Figure 4a) is
dominated by P compounds (elemental ratios, using Mg as a
reference: Ni:Mg < 0.2, P:Mg = 6), while the Mg signal is
attenuated by more than a factor of 2, suggesting that the
nanostructured AG layer is covering the Mg,O(OH),like
support. In contrast, after stability testing (Figure 4b), the
surface contains an approximately constant amount of Ni and a
dramatically reduced amount of P (Ni:Mg = 0.2, P:Mg = 0.1),
suggesting a small number of Ni-based nanoparticles supported
on MgO as the final morphology. The as-prepared electrode
includes both Ni oxide and hydroxide/phosphate, as indicated
by the Ni 2p;/, components at binding energy (BE) values of
ca. 853 and 857 eV, respectively,'® while only Ni hydroxide/
phosphate remains after the stability testing. The P 2p peak is
broad for both electrodes, indicating at least two different P
chemical states (Figure 4), one of which has a binding energy of
BE = 133.8 €V, which is typical for phosphates.**%'* The
second component with BE = 135.8 + 0.2 eV corresponds to
compounds with the highest oxidation state of P, such as
P,0;."” The nominal Ni:P ratio after the stability testing is 2:1,
suggesting that the original nanoparticles had an overall Ni,P
stoichiometry, but had been converted to a combination of Ni
hydroxide/phosphate and (Mg,Ni)PxOy(OH)Z, which is
consistent with electron microscopy.

Based on our detailed experimental study, we hypothesized
that sputtered metallic 200 nm Mg layer reacts with the
moisture and oxygen from the air forming a Mg,O(OH),-like
layer underneath of the sputtered metallic 200 nm Ni layer.
The subsequent alloying experiment does not result in the
formation of the Mg,Ni, alloy, because of the oxidized nature of
Mg. Finally, gas transport phosphorization reaction leads to the
formation of the Ni,P nanoparticles anchored to the partially

DOI: 10.1021/acscatal.7b01954
ACS Catal. 2017, 7, 5450—5455


http://dx.doi.org/10.1021/acscatal.7b01954

ACS Catalysis

phosphorized mixed Mg,O(OH),-like phase with (MgNi)-
PxO},(OH)Z composition. Since the Mg almost does not
incorporate into the Ni,P structure, one can propose that the
NiO(OH)/Ni,P@NiO/Mg,0(OH), interface structure
(Figure 3b) should be mainly responsible for the highly
efficient OER over the initial as-grown electrode. Interestingly,
our XRD results demonstrate that the lattice parameters of the
Ni,P nanoparticles anchored on the Mg,O(OH),-like phase is
smaller than the pristine Ni,P phase. Seemingly, the p-
NiO(OH)/Ni,P@NiO particles (Figure 3b) are suffering a
compressive strain from the Mg,0O(OH),-like support, and the
resultant lattice strain enhances catalytic activity. ° The surface
areas determined by BET for NiO(OH)/Ni,P@NiO/Mg,O-
(OH), and control Ni,P Mg-free catalysts were similar (72 and
67 m* g~', respectively). This excludes the increase in the
surface area as the reason for superior activity of Mg-containing
catalyst.

In summary, we have realized a novel PGM-free catalyst with
superior activity and good stability in water oxidation, when
compared with state-of-the-art Earth-abundant OER catalysts
(Figure 5).° The enhanced properties of the catalyst result
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Figure S. Comparison between the Tafel slopes and potentials
required for driving current densities of 10 mA cm™ for the AG
catalyst with state-of-the-art OER catalysts based on Earth-abundant
elements.

from a combination of Ni,P nanoparticles and Mg,O(OH),-
like support grown on carbon paper. During OER, the Ni,P
nanoparticles immediately oxidize through the core—shell
structuring, eventually forming active and stable -NiO(OH)/
Ni,P@NiO catalyst supported on Mg,O(OH),-like phase. We
hypothesize that the high performance of the catalyst results
from the development of a substantial degree of lattice strain in
the core—shell nanoparticles and the realization of the
supported catalyst with high surface area. Future studies will
be directed toward the in situ investigation of the trans-
formation and the mode of action of the catalyst. Most
significantly, the successful utilization of the proposed Mg
addition approach opens new avenues for the preparation of

active, stable, and cost-effective catalysts for water oxidation.
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