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Simultaneously improving the electrochemical methanol oxidation reaction (MOR) and hydrogen evolution
reaction (HER) using the electrolysis technique is a significant yet challenging task. To tackle this, we report
a colloidal synthesis of Cr-dopant induced crystal orientation and shape modulation in Ni,P nanocrystals
(NCs) as an advanced bifunctional electrocatalyst for electrosynthesis of value-added formate from the
MOR at the anode and hydrogen at the cathode. We demonstrate that a two-electrode overall methanol
splitting (OMeS) system using Cr-doped Ni>P nanorods (NRs) as a bifunctional catalyst can achieve

a lowest voltage of 1.16 V to reach a current density of 10 mA cm™2

, compared to the cell voltage of
1.65 V for overall water splitting. Combined experimental and theoretical investigations revealed that the
Cr-dopant induces shape modulation and crystal orientation in Ni>P, which favors the thermodynamics
of the dehydrogenation process in the MOR and hydrogen adsorption in the HER, leading to enhanced

electrocatalytic activities. Interestingly, a proof-of-concept solar-driven system fabricated using
Received 20th February 2024 . . . ) ) ) . . .
Accepted 28th March 2024 a commercial Si photovoltaic cell integrated with an OMeS cell employing bifunctional Cr-doped Ni,P
NRs generated a stable photocurrent density of ~12.3 mA cm™2 for 60 min., demonstrating its promise

DOI: 10.1035/d4ta01147¢ for energy-efficient and selective electrosynthesis, enabling the production of valuable chemicals and
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Introduction

Hydrogen (H,), a clean energy source, has attracted growing
interest with a view to reduce the atmospheric pollution and
greenhouse gas emissions." Water electrolysis has recently
emerged as a prominent technology for H, production.*?
However, the sluggish four electron transfer process of the
anodic oxygen evolution reaction (OER, 4OH™ — O, + 2H,0 +
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clean hydrogen in a sustainable manner.

4e”) causes a large energy barrier, limiting the development of
water electrolysis techniques.*® An electrocatalytic system that
combines the electrooxidation of small organic molecules into
highly valuable products at an anode with H, production at
a cathode holds great promise for reducing energy barriers and
improving atom economy.®** Methanol, a renewable energy
source derived from biomass, organic waste, or CO,, has been
recognized as an excellent energy carrier and the most
commonly used commodity chemical.* The fact that methanol
is a liquid at room temperature and pressure makes it easier to
store, move, and distribute through existing infrastructure.
Moreover, methanol is an economically attractive precursor for
fine chemical synthesis owing to its low cost (~$342 per ton).**
As a type of excellent renewable energy vector, methanol can be
used for synthesizing highly value-added chemical products
such as formate and formaldehyde, which serve as important
precursors for biological fuel production and industrial appli-
cations.'*'” Among them, formate is one of the most important
intermediate products of methanol due to its numerous uses in
chemical and pharmaceutical industries.'®* The current
industrial-scale method for producing formic acid involves the
combination of methanol and carbon monoxide at high
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pressure and temperature, followed by the hydrolysis of the
resulting methyl formate." However, this process is known to
consume a significant amount of energy and is associated with
a high cost of production. As a result of this high cost, formate is
currently priced at approximately four times the cost of meth-
anol per metric ton.”*** Furthermore, methanol contains
approximately 12 wt% H,, making it a promising H, storage
medium. Therefore, replacing the sluggish OER with an anodic
selective methanol oxidation reaction (MOR) for producing
highly value-added formate concurrently with H, production at
a cathode using electrolysis is an ideal choice.

The state-of-the-art electrocatalysts for the MOR and HER are
platinum group metals (PGMs), which limit their large-scale
applications owing to their low abundance and high cost.
Therefore, earth-rich, and low-cost Ni-based electrocatalysts,
such as bimetallic alloys, hydroxides, oxides, sulfides etc., have
received tremendous attention.”*>* In particular, Ni-based
materials are promising electrocatalysts for the MOR as they
can avoid susceptibility to poisoning of PGM catalysts and over-
oxidation that results in producing worthless CO, during
conventional methanol oxidation processes.” In this regard,
a novel composite electrocatalyst promoted by Ni,P-NiP,-Pt/
carbon nanotubes (CNTs) is demonstrated to exhibit
enhanced catalytic activity towards the MOR and HER with
overpotential values of 0.593 mV (vs. reversible hydrogen elec-
trode, RHE) and 108 mV required to reach a current density of
80 mA cm 2, respectively.?® In addition to this, it is also
demonstrated that selective oxidation of methanol to formate
with simultaneous H, production can be achieved with a cell
voltage of less than 1.5 V in a two-electrode electrocatalysis
system at a current density of 10 mA em ™ using Co,P@NiCo-
LDH and NiCo-based metallic alloys on Cu foil.*»*” Despite
some advancements in HER and MOR electrocatalysis, a very
few studies have been focused on the selective oxidation of
methanol to coproduce value-added chemicals and high-purity
H, using Ni-based bifunctional electrocatalysts.

Herein, we report colloidal synthesis of Cr-doped Ni,P
(referred to as ‘Ni, ,Cr,P) nanorods (NRs) using a one-pot heat
up approach as an advanced bifunctional electrocatalyst for
methanol oxidation to value-added formate at the anode, while
simultaneously producing renewable H, at the cathode. It has
been demonstrated that the elemental doping in Ni,P leads to
local structural distortions, which further change the electronic
environment of the Ni atoms affecting the electronic structure
and properties of Ni,P. For instance, Wang et al.>®* demonstrated
the improved electrochemical performance of nitrogen-doped
Ni,P towards the HER, attributed to the optimized electronic
structure and increased density of active sites. It was also re-
ported that the cobalt doping in Ni,P nanosheets significantly
enhances the performance and durability of Ni,P-based elec-
trocatalysts for both the OER and the HER owing to the
formation of a protective CoO, layer on the catalyst surface.” In
another example, Wen et al.** demonstrated that molybdenum-
doped Ni,P nanosheets possess enhanced charge transfer
kinetics as well as improved OER and MOR activity compared to
undoped Ni,P, which was attributed to the increased conduc-
tivity and optimized electronic structure induced by the Mo
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dopant. In addition, iron and rhodium co-doped Ni,P nano-
sheets have shown excellent overall water splitting performance
as compared to their single-doped counterparts emphasizing
the synergistic effects between iron and rhodium dopants, re-
ported by Wang et al.*' This leads us to assume that doping Cr
atoms into the Ni,P lattice induces local structural distortions
around Ni sites due to chemical bonding and differences in
atomic size. These distortions alter the electronic environment
of Ni atoms, impacting their electronic structure and proper-
ties.** Thus, doping strategies directly influence Ni,P's elec-
tronic properties, thereby modulating HER and MOR
intermediate energetics and providing additional active sites for
the HER and MOR.*® As a result, our developed Ni; ,Cr, gP NRs
exhibit remarkable electrocatalytic performance for the MOR
and HER compared to Ni,P nanocrystals (NCs). Interestingly,
a two-electrode overall methanol splitting (OMeS) system
employing Ni; ,CrogP NRs as both an anodic catalyst for the
MOR and a cathodic catalyst for the HER requires a cell voltage
of 1.16 V vs. RHE to reach 10 mA cm 2, which is much lower
than that of overall water splitting (1.65 V vs. RHE). Notably,
when Cr-rich doped Ni,P NRs are employed in solar-driven
electrolysis by integrating an OMeS cell with a commercial Si
photovoltaic (PV) device, it generates a stable photocurrent
density of ~12.3 mA cm ™2 for 60 min.

Results and discussion
Synthesis and characterization of colloidal Ni,_,Cr,P NCs

Colloidal Ni, ,Cr,P NCs were synthesized by a simple one-step
heat-up approach, using nickel acetylacetonate (Ni(acac),) and
chromium hexacarbonyl (Cr(CO)s) as metal precursors, tri-
octylphosphine (TOP) as a phosphorus source, and 1-octade-
cane (ODE) and oleylamine (OAm) as solvents. Fig. 1a illustrates
the schematic representation of the synthesis process. The as-
obtained Ni,P NCs show the formation of highly crystalline
and spherical NCs with an average size of 10 = 2 nm and
distinetly visible lattice fringes with a d-spacing of 0.214 £
0.02 nm, which is attributed to the (111) plane of the hexagonal
Ni,P crystal structure (Fig. 1b and c). It is well known that
incorporating foreign elements into the host lattice has
a significant impact on the final product.** Therefore, it is
highly necessary to optimise the Ni and Cr contents when
synthesizing Ni,_,Cr,P NCs. In this regard, we began synthe-
sizing Ni,.,Cr,P NCs by varying Ni and Cr precursor concen-
trations with a desired ratio of x = 0 to 1. Fig. 1d and e and S1a-
ct show the TEM and HR-TEM images of Ni, ,Cr,P NCs.
Interestingly, with increase in Cr content, their shape changed
from spherical (x = 0.2, Fig. S1at) to mixed spherical NCs and
NRs (x = 0.4 and 0.8, Fig. S1b and ct) to NRs (x = 0.8, Fig. 1d and
e). Intriguingly, Ni; ,Cr,gP composition resulted in NRs with
a diameter of 8 + 1 nm and a length of ~25 nm (Fig. 1d),
indicating that Cr doping induces shape modulation from
spherical NCs to NRs. The HR-TEM micrograph of Ni, ,Cr, gP
NRs, as shown in Fig. 1e, demonstrated single crystals with clear
lattice fringes and a d-spacing of 0.168 + 0.02 nm, which
corresponds to the (300) plane of hexagonal Ni,P and indicates
the growth direction of [001]. The high-angle annular dark-field
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Fig.1 (a) Schematic illustration of the synthesis process, (b and c) high resolution TEM and HR-TEM images of Ni,P, (d and e) high resolution TEM
and HR-TEM images of Ni; ,Crg gP, and (f) their corresponding PXRD patterns.

scanning TEM (HAADF-STEM) elemental mappings confirm
the uniform distribution of Ni, Cr, and P along the 1D NRs
(Fig. S21).

Interestingly, we observed that the Ni, ,Cr,P NCs can be
synthesized with a rational crystal structure only up to 40% Cr
incorporation. The doping of Cr up to a high amount of 40%
could be possible owing to the similar atomic radii of Cr and Ni.
This closeness of atomic radii allows Cr atoms to substitute
some of the Ni atoms without causing any disturbance to the
crystal structure. However, more than 40% Cr incorporation led
to the formation of mixed phases of chromium phosphide (CrP,
and Cr;P) and chromium phosphate (Cr,Cr4(P,0),) as shown
in Fig. S3.7 This could be due to the solid solubility limit of Cr in
the Ni,P system, and the slightly oxophilic nature of chromium
could lead to the formation of different phases.

The formation of Ni, ,Cr,P NRs induced by Cr-doping is
considered to be the result of several factors, including the use
of a metal carbonyl (Cr(CO)s) precursor for Cr-doping and the
distinct binding abilities of surfactants (OAm and TOP). The CO
ligand from metal carbonyl precursors is suggested to play
a dual role as a reducing agent and a structure-directing agent
for NC synthesis.**® The decomposition of metal carbonyl
introduces foreign elements into the host lattice, while also
producing CO ligands as in situ-generated structure-directing
agents.’”*® To illustrate the growth mechanism and critical
factors during the NR formation process, a series of experi-
ments under various experimental conditions, including
different Cr(CO)s precursor concentrations and different reac-
tion times, were investigated. The growth mechanism of NR
formation is proposed to involve preferential binding of octyl
groups formed by metal-TOP complex decomposition to (210)
surfaces, while CO ligands formed by metal carbonyl precursor
decomposition bind to (300) surfaces. This leads to preferential

This journal is © The Royal Society of Chemistry 2024

growth in the [001] direction by more effectively blocking (210)
surfaces with sufficient capping agents.*®* We observed that
a lower concentration of metal carbonyl precursor during
reaction led to the formation of random shaped NCs (mixed
spherical and NRs) (Fig. S2a and bt), while a higher concen-
tration led to the formation of NRs (Fig. S2¢t). On the basis of
the above discussion and our observations, it is believed that
the metal carbonyl may act as a precursor for Cr doping as well
as a structure directing agent that led to the growth of Ni, ,Cr,P
NRs. The PXRD patterns (Fig. S2dt) further revealed the crys-
talline nature of all compositions of Ni, ,Cr,P (x = 0 to 0.8), but
crystallinity decreases with increasing Cr content, consistent
with a previous report.*® All XRD peaks match with those of the
standard Ni,P (JSCPDS no. 741385), and no impurity phases are
detected (Fig. 1f and S2d+t). Notably, the (003) diffraction peak
becomes sharper for Ni; ,Cr, sP NRs when compared to Ni,P,
Ni; 4Crg 6P, Ni; ¢Cr¢ 4P, and Ni,; gCr, ,P as the crystallite length
increases towards the [001] direction, which is consistent with
TEM and HR-TEM results (Fig. 1d and e).

Furthermore, a series of experiments using different reaction
times to synthesize Ni, ,Cr, gP revealed the formation of mixed
NPs and NRs at initial growth times, which eventually grew into
NRs along the 1D direction with a prolonged reaction time (Fig.
S2e-ht). The PXRD patterns (Fig. S2it) further unveil more
about the phase transformation and crystal plane orientation
over a time. The poorly crystalline Ni;,P5 was found be the
dominant phase at initial reaction times of 1 and 2 h. Notably
when the reaction time was increased to 3 h, a mixed phase of
highly crystalline Ni;,P5 and poorly crystalline Ni,P was
observed. When the reaction time was increased to 4 h, the
highly crystalline Ni,P phase with preferred orientation along
the (300) plane evolved, correlating well with the TEM results
(Fig. S2ht). These observations reveal that a longer reaction
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time provides a sufficient amount of phosphorous and optimize
the Ni/P composition to form a pure Ni,P phase, which is
consistent with our previous results.** Especially, when the Cr
precursor was changed from Cr(CO)s to Cr(NO);, the product
did not retain the 1D feature and instead produced distorted
spheres (Fig. S41). These findings confirm that the formation of
1D Ni, ,CrogP NRs is highly dependent on the metal carbonyl
precursor used and follows the directed attachment growth
mechanism.

To further investigate the chemical compositions and
surface states, the X-ray electron spectroscopy (XPS) technique
was performed on Ni,P NCs and Ni; ,CrygP NRs. The high-
resolution survey spectrum reveals the presence of Ni, Cr and
P in Ni; gCry,P NRs as shown in Fig. S5.7 The stronger oxygen
(O) signal could be attributed to the higher electronegativity of
O than phosphorus (P), meaning that O has a greater affinity for
electrons. This higher electronegativity leads to stronger
binding energies and more intense signals as compared to
phosphorus. Thus, the stronger O signal corresponds to the
difference in electronegativity, which results in a larger number
of valence electrons in the oxygen atoms.*>**

The Ni 2p core-level spectra in Fig. 2a show four peaks
corresponding to Ni in metal phosphide (852.4 eV), oxidized Ni
species (869.6 eV) and two satellite peaks (855 and 873 eV).*
The Cr 2p core-level spectra in Fig. 2b show distinct peaks at
577.9 and 587.3 eV corresponding to Cr(m) and the binding
energy peaks at 580.5 and 590.4 eV correspond to Cr(vi) states,
respectively.”® It has been proved that the binding energy peak
at 577.9 eV is attributed to the high-valence Cr species (Cr**),
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which plays an crucial role in enhancing the catalytic activi-
ties.*® Fig. 2c shows the high-resolution core-level XPS spectra
of P 2p deconvoluted into two main binding energy peaks at
129.5 and 132.7 eV, which are associated with P in metal
phosphide and oxidized P species, respectively.*” Moreover,
the negative shift of ~0.9 eV in the binding energy peak
associated with P-O may be attributed to changes in the elec-
tron density produced by interaction of chromium with the
oxygen atoms and the electron density around phosphorus
atoms in the P-O atoms may decrease due to the electronic
effects induced by chromium doping.*® In contrast, chromium
doping may donate electrons to the phosphorus atoms and
increase the electron density around the phosphorus atoms,
leading to a negligible positive shift of ~0.1 eV in the binding
energy peak associated with metal phosphide.** Notably, the
binding energy peaks of Ni (852.4 eV) and P (130 eV) in metal
phosphide are close to their metallic Ni (852.6 eV) and that of
elemental P (130 eV), indicating the existence of positively
charged Ni species and negatively charged P species. In addi-
tion, a noticeable peak shift was observed in P 2p spectra
following Cr doping, indicating an improved electronic struc-
ture. Based on these observations, we hypothesized that the
strong electronic interaction between Ni and P, along with the
presence of high-valence Cr** species, could lead to promising
electrocatalytic activities.”>** The above XPS results confirm
the presence of all elements such as Ni, Cr and P, implying
successful doping to form Ni,_,Cr,P, which is consistent with
the PXRD and TEM analyses (Fig. 1).
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Fig. 2 High-resolution core-level XPS spectra of (a) Ni 2p, (b) Cr 2p and (c) P 2p in Ni; 2Crg gP NRs.
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Investigation of MOR and HER activities

The electrocatalytic MOR and HER performances were
measured using a typical three-electrode configuration with Ag/
AgCl as a reference electrode and a graphite rod as the counter
electrode (¢ = 6 mm). The electrocatalytic MOR activities of
Ni, ,Cr,P NCs (x = 0, 0.2, 0.4, 0.6 and 0.8) were evaluated in
1 M KOH/3 M MeOH electrolyte. The linear sweep voltammetry
(LSV) curves in Fig. 3a show the catalytic activity of various
electrocatalysts, including Ni,P, Ni;gCro,P, Ni;¢Crg4P,
Ni,; 4Cro¢P and Ni, ,CrygP, all of which exhibit significant
activity. Interestingly, the Ni; ,CrqgP electrocatalyst showed
excellent catalytic activity surpassing the other electrocatalysts,
requiring overpotential values of 1.14, 1.29 and 1.43 V to ach-
ieve anodic current densities of 10, 50 and 100 mA cm 2,
respectively. The electrocatalytic activity of Ni; ,Cr, gP electro-
catalysts was further evaluated in 1 M KOH electrolyte with
different MeOH concentrations (Fig. S6T). A sharp increase in
the anodic current can be clearly visible when the MeOH
concentration was increased from 0.5 M to 3 M, indicating the
favorable MOR electrocatalytic activity of Ni; ,Cr,gP electro-
catalysts. Moreover, the corresponding Tafel slope of
Ni, ,Cr, P is evaluated to be 52 mV dec ™, whereas Ni; 4Cr, ¢P,
Ni; 6Crg.4P, Ni; gCr ,P and Ni,P show the Tafel slopes of 72, 76,
90 and 103 mV dec™ ", respectively (Fig. 3b), demonstrating
significant MOR kinetics on the electrocatalysts. Their long-
term durability plays a crucial role in determining the
viability of electrocatalysts for commercialization. The
Ni; ,CrogP electrocatalyst displayed a negligible potential
fluctuation during a 20 h test, indicating its excellent MOR
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stability (Fig. 3c). The extent to which voltage fluctuations
observed in our catalysts are considered negligible depends on
the susceptibility of the measurements. In general, voltage
fluctuations on the order of a few millivolts may be considered
acceptable with a precise measurement set-up. Several pieces of
evidence, for example Zhang et al.,”* demonstrated a similar
voltage fluctuation of Ti/Ir, gNd, ,O, electrocatalysts in alkaline
as well as acidic electrolytes. Furthermore, Shanmugam et al.>*
confirmed the robust HER stability of NiCoSeP nanostructured
electrocatalysts with a negligible potential change. The long
term stability test of Rug 09C0,.9,0,4 nanoparticles reported by
Nam et al.** reveals a voltage fluctuation of ~1 V in the initial
50 h of the stability test for chlorine evolution reaction. The
HER electrocatalytic activities of the electrocatalysts were
evaluated in 1 M KOH electrolyte (Fig. 3d). Remarkably, the
Ni; ,CrogP electrocatalyst outperformed all other electro-
catalysts, exhibiting the lowest overpotential values of 72 mV,
206 mV and 282 mV to achieve a current density of 10, 50 and
100 mA cm ™2, Furthermore, the Tafel slopes of all the electro-
catalyst were evaluated, in which Ni, ,Cr,gP showed a Tafel
slope of 42 mV dec', whereas Ni; ,CrogP, Ni;gCro4P,
Ni, gCr,,P and Ni,P displayed the Tafel slopes of 68 mV dec™*,
81 mV dec™', 98 mV dec ' and 112 mV dec ', respectively
(Fig. 3e), indicating that the electrocatalysts possess significant
reaction kinetics for the HER. These results further suggest that
the HER mechanism on the electrocatalyst follows the Volmer-
Heyrovsky pathway.>®> Moreover, the promising HER perfor-
mance of Ni; ,CrygP was further confirmed by its long-term
durability test, demonstrating its stability for over 20 h (Fig. 3f).
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Fig. 3 (a) MOR polarization curves and (b) corresponding Tafel plots of Niy ,Crq gP, Niy 4Cro P, NiygCrg 4P, Niy gCrg P and NisP. (c) Long-term
MOR durability test of Niy ,Crg gP for 20 h. (d) HER polarization curves and (e) corresponding Tafel plots of Ni; 2Crg gP, Nij 4CrogP, Niy 6Cro 4P,
Niy gCro 2P and NiyP. (f) Long-term HER durability test of Ni; ,Crq gP for 20 h.
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Electrochemical characterization of Ni,_,Cr,P NCs

To gain deeper understanding of why the Ni; ,Cr, gP electrocatalyst
outperforms other electrocatalysts, the electrochemically active
surface area (ECSA) and charge transfer kinetics were investigated.
To verify the catalytically active sites, ECSAs were evaluated by
cyclic voltammetry (CV) measurements (Fig. S7a-et). The anodic
and cathodic current density differences were plotted against the
scan rate (Fig. S7ff) to determine the electrochemical double-layer
capacitance (Cqy) of the Ni;,CrogP electrocatalyst as 0.361 mF
cm 2, which is comparatively higher than that of Ni; 4Cr, ¢P (0.298
mF em™2), Nij¢Cro4P (0.235 mF ecm™?), Niy¢Cro,P (0.167 mF
em %) and Ni,P (0.121 mF cm ). Additionally, the ECSA of
Ni, ,Cro gP electrocatalysts was evaluated to be 9.025 cm”, higher
than that of the other electrocatalysts (Fig. S7g7), indicating that
the Ni, ,Cr, gP electrocatalyst offers a larger number of catalytically
active sites than the other electrocatalysts. Besides, the Nyquist
plots of the electrochemical impedance spectra (EIS) in Fig. S8
revealed that the Ni, ,Cr, gP electrocatalyst has the smallest semi-
circle with a charge-transfer resistance (R.) of ~22 Q, which is 25
times smaller than that of undoped Ni,P (~550 Q). These results
imply that the Ni, ,Cr, P electrocatalyst exhibits the fastest charge-
transfer kinetics, further enhancing the MOR and HER catalytic
activities. Moreover, the significantly higher specific active surface
area of 92.47 m”> g~ for the Ni; ,Cro gP electrocatalyst, estimated
using Brunauer-Emmett-Teller (BET) measurements, agrees well
with the above results (Fig. S9at).

To further investigate the intrinsic activities of electrocatalysts
towards the MOR, the mass activity (MA) and specific activity (SA)
of all electrocatalysts were estimated using mass loading and
ECSA normalized curves, respectively (Fig. S9b and ct). The
Ni, ,Cro P electrocatalyst exhibited a higher MA of 15 mA mg ™"
compared to Nij 4CroeP (13.8 mA mg ), Ni; ¢Cro4P (11.3 mA
mg "), Niy ¢Cro,P (10.5 mA mg ') and Ni,P (8.9 mA mg™'). In
addition, the Ni; ,Cr, gP electrocatalyst showed the highest SA of
9.2 mA cm 2, surpassing Nij 4Cro 6P (7.5 mA cm™?), Ni; ¢Cro 4P
(6.9 mA cm™?), Niy 4Cro,P (6.0 mA cm ™ ?) and Ni,P (5.0 mA cm ™ ?)
(Fig. S9dt), indicating the superior catalytic activity of Ni; ,Cr, gP
electrocatalysts towards the MOR. The intrinsic activities of
electrocatalysts towards the HER were further investigated in
a similar way as shown in Fig. S10a—-c.t The Ni, ,Cr, gP electro-
catalyst showed a higher MA of 40 mA mg ' compared to
Ni; 4Cro 6P (30 mA mg 1), Niy ¢Cro4P (20 mA mg '), Ni; 4Cry,P
(18 mA mg') and Ni,P (12 mA mg ‘). Furthermore, the
Ni,; ,Cr, gP electrocatalyst displayed a SA of 0.5 mA cm >, higher
than that of Nij 4CroeP (0.4 mA cm ?), Ni; ¢Cro4P (0.35 mA
cm ), Nij gCro,P (0.3 mA cm ™ ?) and Ni,P (0.2 mA cm ?) elec-
trocatalysts as shown in Fig. S10c, indicating the superior
catalytic activity of the Ni; ,Cr,gP electrocatalyst towards the
HER. These collective measurements demonstrate that the
Ni; ,CrogP electrocatalyst exhibits promising electrocatalytic
activity with good stability for both the MOR and the HER.

Theoretical calculations and identifying active sites for the
MOR and HER

DFT calculations were also performed to better understand the
origin of the excellent electrocatalytic activity of the MOR and
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HER after Cr doping in Ni,P. Since only fewer studies have been
carried out on the MOR activity of Ni,P-based electrocatalysts, it
becomes essential to better understand the underlying funda-
mental reasons for the high selectivity of the MOR to value-
added formate rather than CO, on both undoped and Cr-
doped Ni,P electrocatalysts through DFT calculations. To ach-
ieve this, different structural models were constructed and
investigated, including undoped Ni,P (111), Cr-doped Ni,P
(111) (one Cr atom per unit cell), Cr-rich Ni,P (111) (3 atoms of
Cr per unit cell), undoped Ni,P (300), Cr-doped Ni,P (300) (one
Cr atom per unit cell) and Cr-rich Ni,P (300) (4 Cr atoms per unit
cell) shown in Fig. S11.} The Gibbs free energy diagrams (AG)
for the methanol oxidation process on Ni,P (111) and Cr-doped
Ni,P (300) surfaces are shown in Fig. 4a. The details of the
calculation process are provided in the ESL.f The dehydroge-
nation of *CH;OH to *OCHj; was identified as the potential rate
determining step (RDS) for Ni,P (111) and Cr-doped Ni,P (111),
while the dehydrogenation of *OCH; to *OCH,, was found to be
the RDS for Ni,P (300) and Cr-doped Ni,P (300) (Fig. 4a). The
reaction barrier associated with the first RDS was computed to
be 1.11 eV on the undoped Ni,P (111) surface, which decreased
to 0.70 eV and 0.57 eV on the Cr-doped Ni,P (111) and Cr-rich
Ni,P (111) surfaces, respectively. Similarly, the reaction barrier
associated with the RDS was estimated to be 0.79 eV on the Ni,P
(300) surface, which decreased to 0.71 eV on the Cr-doped Ni,P
(300) surface and remained at ~0.79 €V on the Cr-rich doped
Ni,P (300) surface as shown in Fig. S12a.T This suggests that the
MOR is expected to proceed much faster on the Cr-doped Ni,P
(300) surface. The transition from (111) to (300) crystal orien-
tation and the introduction of Cr as a dopant both have favor-
able effects on enhancing the MOR. Furthermore, we also find
out that *HOOCH has the lowest Gibbs free energy reaction
compared to other reaction intermediates, indicating the high
selectivity of methanol conversion to value-added formate.
Typically, the HER is characterized by a sequence of three
states involving an initial H+ and e—pair, an intermediate state
with adsorbed H (H*), and the final product of 1/2H,. The
activity of the HER process is primarily determined by the free
energy value of adsorbed H (AGy+), which is considered to be
a critical descriptor for HER activity.*® DFT calculations were
performed to compute the AGy+ values on undoped Ni,P (111)
and (300) surfaces, as well as Cr-doped Ni,P and Cr-rich Ni,P
(111) and (300) surfaces. The AGy+ values are calculated as
follows: —0.57 eV and —0.54 eV for undoped Ni,P (111) and
(300) surfaces, respectively, while —0.68 eV and —0.59 eV for Cr-
doped Ni,P (111) and Crrich doped Ni,P (111) surfaces,
respectively, as shown in Fig. S12b.7 Interestingly, these values
are estimated to be —0.51 eV and —0.37 eV for Cr-doped Ni,P
(300) and Cr-rich Ni,P (300) surfaces, respectively, as shown in
Fig. 4b. The close-to-thermoneutral value of —0.37 eV for the Cr-
rich doped Ni,P (300) surface compared to undoped Ni,P (111)
and (300) surfaces reveals that Cr doping increases hydrogen
adsorption and desorption, which is consistent with HER
activity (Fig. 3d). All these findings together imply that Cr-
induced crystal orientation to the (300) plane favors both the
thermodynamics of the dehydrogenation process in the MOR
and hydrogen adsorption in the HER, leading to enhanced

This journal is © The Royal Society of Chemistry 2024
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electrocatalytic MOR and HER activities. In addition, from the
observation of the PDOS of Ni atoms in Ni,P (111) and Ni,P Cr-
doped (300) surfaces, as shown in Fig. S13,T the d-band centers
are —1.35 (up) and —1.33 (down) and —1.12 (up) and —1.08
(down) eV, respectively. Based on d-band center theory, the
higher d-band center means stronger adsorption energy
between the surface and intermediates.>

This trend of the d-band center relative to the Fermi level
agrees well with the adsorption energies of intermediates for
the MOR (e.g., *HOCH3, *OCHj3, *OCH,, etc.), in which stronger
adsorption on the Cr-doped (300) surface is achieved than that
on the Ni,P (111) surface. We, therefore, believe that the addi-
tion of the Cr dopant into Ni,P corresponds to the changes of
surface catalytic activity.

Evaluation of Ni, ,Cr, gP as a bifunctional electrocatalyst for
OMeS and OWS

Inspired by the high MOR and HER electrocatalytic activities of
the Ni; ,Cr,gP electrocatalyst, we further evaluated its applica-
bility as a bifunctional electrocatalyst (as a cathode and anode) for
OMesS in a two-electrode system using 1.0 M KOH/3 M MeOH as
the electrolyte. The LSV curves in Fig. 5a demonstrate the elec-
trocatalytic activity of the Ni, ,Cr, gP electrocatalyst towards OMeS
and OWS in 1.0 M KOH/3 M MeOH and 1 M KOH, respectively. It
is evident that the cell voltage significantly decreased when
methanol oxidation is coupled with H, production.

Specifically, the Ni, ,Cr, gP electrocatalyst requires a low cell
voltage of 1.16 V to achieve a current density of 10 mA cm ™2 for
OMeS in 1.0 M KOH/3 M MeOH, which is lower than the cell
voltage of 1.65 V required to achieve a current density of 10 mA
cm ? in 1 M KOH as represented in Fig. 5a. Furthermore, this

This journal is © The Royal Society of Chemistry 2024

OMesS system is durable for 20 hours at a current density of 10
mA cm ™2 as shown in Fig. 5b. Importantly, H, bubbles can be
clearly observed on the Ni; ,Cr,gP cathode surface, while no
bubbles are observed on the Ni, ,Cr, P anode surface, indi-
cating that the MOR is more preferable than the OER on the
anode surface in the two-electrode system as shown in Fig. 5c.

To further identify the oxidation products, OMeS was per-
formed in 1.0 M KOH/3 M MeOH at a current density of 10 mA
cm > and a liquid sample was collected. The 17 NMR spectrum
(Fig. S1471) confirmed the formation of value-added formate in
OMeS. Furthermore, the amount of H, generated experimentally
at a cell voltage of ~1.2 V is close to the theoretical calculation
value (Fig. S157) and the faradaic efficiency (FE) for the HER is
calculated to be as high as ~74%. The chronopotentiometry
measurement performed to test the long-term stability of the
Ni, ,Cr, gP electrocatalyst in OMeS revealed no significant change
in cell voltage (Fig. 5b). Post-electrolysis TEM images (Fig. S167)
and EDS elemental mapping (Fig. S17f) show no significant
changes in the morphology and elemental distribution. The post-
electrolysis XPS results also indicated slightly shifted binding
energies of Ni 2p, Cr 2p and P 2p, suggesting alterations in the
local chemical environment and chemical states of the Ni; ,Cr, gP
electrocatalyst during/after the electrochemical reactions.
However, the core-level P 2p spectra show an increased peak
intensity of the P-O peak, which could be attributed to the further
oxidation of P species under alkaline conditions (Fig. S187).
These thorough post-electrolysis investigations prove the
morphological and structural robustness of the Ni; ,Cr, gP elec-
trocatalyst, which is beneficial for rapid charge transfer during
electrochemical processes, further improving its electrochemical
activity and durability.”” This stability test reveals the significant
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(a) Comparison of polarization curves for OMeS (MOR||HER) in 1.
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0 M KOH/3 M MeOH and OWS (OER||HER) in 1 M KOH using Ni; ,Crq gP

electrocatalysts as both an anode and a cathode. (b) Long-term durability test of OMeS for 20 h. (c) Schematic representation of a solar-driven
electrolysis cell. (d) Solar-to-hydrogen (STH) efficiency plot for the OMeS system (e) Unbiased water splitting photocurrent measured for 60 min

in the OMeS system.

promise of the Ni; ,Cr, gP electrocatalyst for the MOR and HER,
allowing us to generate value-added formate while producing H,.
To demonstrate the possible utilization of the Ni, ,CrygP
electrocatalyst in sustainable H, production, a photovoltaic (PV)-
OMeS system was built by integrating a commercial silicon PV
device with an OMeS electrolyzer employing Ni; ,CrygP as
a bifunctional electrocatalyst (Fig. 5d and S177). Under natural
sunlight, continuous H, evolution was observed at the cathode
surface, whereas no bubble formation was seen at the anode
surface, confirming methanol oxidation at the anode surface
(Fig. S191). The PV-OMeS system further demonstrated a photo-
current density of ~12.3 mA cm > when integrated with
a commercial silicon PV device as shown in Fig. 5d. Interestingly,
the as-demonstrated PV-OMeS system sustained at ~12.3 mA
cm 2 photocurrent density for 60 min. under constant light
illumination (Fig. 5e), illustrating the potential of the Ni, ,Cr, gP
electrocatalyst for efficient and sustainable H, production.

Conclusions

In summary, we demonstrated the colloidal synthesis of Cr-
dopant induced morphology transition in Ni,P nanocrystals
using a simple one-pot heat up approach. These electrocatalysts
displayed excellent bifunctional electrocatalytic activity for both
the MOR and the HER under alkaline conditions. Notably, the
Ni; ,Cr, gP electrocatalyst exhibited a low working overpotential
of 1.14 V to achieve a current density of 10 mA cm > for the MOR
in 1 M KOH/3 M MeOH electrolyte, and a very low overpotential

15134 | J. Mater. Chem. A, 2024, 12, 15127-15136

of 74 mV for the HER in 1 M KOH, respectively. Moreover,
Ni, ,Cry sP was used as both the anode and the cathode in a two-
electrode OMeS cell, requiring a cell voltage of 1.16 V to reach
a current density of 10 mA cm ™2, thus enabling energy-efficient
H, production by replacing the inactive OER with the MOR. DFT
calculations revealed that the Cr-doped Ni,P (300) surface
exhibited faster reaction kinetics for the MOR, with *HOOCH
exhibiting the lowest free energy among other reaction inter-
mediates, indicating selective methanol conversion to value-
added formate. Moreover, Cr-rich doped Ni,P (300) enhanced
the hydrogen adsorption and desorption for the HER, with
a thermoneutral value of —0.37 eV. Encouraged by these
promising results, we demonstrated a solar-driven approach
using commercial Si PV integrated with an OMeS cell, achieving
a stable photocurrent density of 12.3 mA cm 2 This work
represents a significant step forward in designing efficient
electrocatalysts for co-electrolysis systems, enabling selective
oxidation reactions to produce value-added chemical products
while facilitating sustainable H, production.
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