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ABSTRACT: In the landscape of green hydrogen production, alkaline water
electrolysis is a well-established, yet not-so-cost-effective, technique due to the high
overpotential requirement for the oxygen evolution reaction (OER). A low-voltage
approach is proposed to overcome not only the OER challenge by favorably oxidizing
abundant feedstock molecules with an earth-abundant catalyst but also to reduce the
energy input required for hydrogen production. This alternative process not only
generates carbon-negative green H2 but also yields concurrent value-added products
(VAPs), thereby maximizing economic advantages and transforming waste into valuable
resources. The essence of this study lies in a novel electrocatalyst material. In the
present study, unique and two-dimensional (2D) ultrathin nanosheet phosphates featuring first-row transition metals are synthesized
by a one-step solvothermal method, and evaluated for the electrocatalytic glycerol oxidation reaction (GLYOR) in an alkaline
medium and simultaneous H2 production. Co3(PO4)2 (CoP), Cu3(PO4)2 (CuP), and Ni3(PO4)2 (NiP) exhibit 2D sheet
morphologies, while FePO4 (FeP) displays an entirely different snowflake-like morphology. The 2D nanosheet morphology provides
a large surface area and a high density of active sites. As a GLYOR catalyst, CoP ultrathin (∼5 nm) nanosheets exhibit remarkably
low onset potential at 1.12 V (vs RHE), outperforming that of NiP, FeP, and CuP around 1.25 V (vs RHE). CoP displays 82%
selective formate production, indicating a superior capacity for C−C cleavage and concurrent oxidation; this property could be
utilized to valorize larger molecules. CoP also exhibits highly sustainable electrochemical stability for a continuous 200 h GLYOR
operation, yielding 6.5 L of H2 production with a 4 cm2 electrode and 98 ± 0.5% Faradaic efficiency. The present study advances our
understanding of efficient GLYOR catalysts and underscores the potential of sustainable and economically viable green hydrogen
production methodologies.
KEYWORDS: 2D material, electrolysis, earth-abundant material, sustainable development goals, Green H2

1. INTRODUCTION
The imperative quest for clean and renewable energy sources,
driven by the increasing challenges of environmental damage
and energy crises, has spurred intense research on viable
alternatives. Solar, wind, and green hydrogen energy have
emerged as pivotal contenders, garnering widespread attention
for their potential to mitigate the adverse impacts of
conventional energy production methods.1−3 Among these,
molecular hydrogen stands out as an attractive and carbon-
neutral clean energy carrier, offering promise for a sustainable
future.4,5 Presently, the predominant method for hydrogen
production, steam methane reforming, is marred by its
unsustainability, as it relies heavily on fossil fuels and has a
large amount of CO2 emission.

6 Electrocatalytic water splitting
is a compelling solution due to its capability of generating high-
purity hydrogen, except for its cost. Nonetheless, this method

is envisioned as a key player in the future hydrogen economy,
providing an environmentally favorable alternative.7−9 How-
ever, the current challenges in electrocatalytic water splitting
are the high overpotentials required for the anodic oxygen
evolution reaction (OER), leading to suboptimal energy
conversion efficiency. Despite the theoretical voltage require-
ment of 1.23 V for OER, commercial electrolyzers typically
operate at voltages around 2.0 V and higher.10 Moreover, the
coproduction of O2 at the anode introduces the risk of
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hazardous mixing with H2 at the cathode, even in the presence
of high-cost/sophisticated membranes due to crossover.
Furthermore, the formation of reactive oxygen species in the
presence of H2, O2, and catalysts poses a threat to the longevity
of the electrolyzer, as it may degrade the membrane and reduce
its operational lifespan.11,12 These challenges underscore the
need for innovative solutions that address the efficiency, safety,
and longevity of electrocatalytic water splitting. Advancements
in this field are crucial for realizing the full potential of
hydrogen as a clean energy carrier and facilitating the transition
toward a sustainable energy landscape.
The increasing global demand for sustainable energy

resources has spurred intensive research into the development
of efficient and environmentally benign catalysts for energy
conversion processes. In this context, the selective electro-
catalytic oxidation of glycerol is of particular significance due
to its abundant availability as a byproduct in biodiesel
production.13 Glycerol, a trihydroxy sugar alcohol, presents a
unique opportunity as a renewable feedstock for the synthesis
of value-added products and as a potential energy carrier. It has
been shown that various types of commercial products can be
obtained by electrochemical conversion of glycerol oxidation,
like glyceric acid, glycolic acid, lactic acid, and formic acid;
indeed the industrial market value of formic acid (HCOOH) is
the highest among these chemicals.14 Methyl formate
hydrolysis, which is one of the classic commercial processes
for manufacturing formic acid, is often a difficult multistep
process that operates at moderately high temperature (90−140
°C) and pressure (between 2 and 7 bar of methyl formate with
steam) conditions.15 Critically, the theoretical oxidation
potential required to completely oxidize one molecule of
glycerol into three molecules of formic acid is 0.69 V (vs
RHE), which is much lower than the 1.23 V required for the
OER under standard conditions.16

To date, the catalysts used for the glycerol oxidation reaction
(GLYOR) have been primarily limited to noble metal-based
catalysts, like Au,17 AuPt,18 Pt,19 Pd,20 PtSb,21 and PtRuSn,22

and non-noble metal-based catalysts, like NiOOH,23−25

amorphous CoOx,
26 NiCo2O4/NF,

27 Co-doped Ni−Fe,28
CuCo2O4,

29 and Ni0.33Co0.67(OH)2@HOS/NF.
30 However,

the reaction pathways of GLYOR are intricate, resulting in the
production of various C1−C3 intermediates due to the
difficulties in efficient C−C bond cleavage. This complexity
necessitates the development of nonprecious earth-abundant
electrocatalysts for a highly efficient, low onset/overpotential,
and selective GLYOR to possibly a single product. Therefore,
it is crucial to explore alternatives to noble metals, considering
their cost and availability constraints. The development of
nonprecious metal catalysts could enhance the economic and
environmental sustainability of the GLYOR process, address-
ing the challenges associated with the current noble metal-
dominated catalyst landscape. Transition metal-based catalysts
have emerged as promising candidates for catalyzing the
GLYOR, offering a diverse range of active sites and redox
capabilities. Among them, the synthesis of ultrathin two-
dimensional (2D) nanosheets has garnered substantial
attention for their intrinsic properties, including the high
surface area, tunable composition, and enhanced catalytic
activity.31,32

In this study, we present the synthesis of two-dimensional
(2D) ultrathin nanosheet phosphates, specifically with Co, Cu,
and Ni, and a three-dimensional (3D) snowflake-like structure
with Fe. CoP serves as a high-performance electrocatalyst for

the GLYOR in an alkaline electrolyte medium. The design
rationale involves the use of a transition metal phosphate with
a 2D nanosheet structure, with the aim of providing a large
surface area and a high density of surface-exposed active sites.
Among the phosphates, CoP demonstrates a low onset
potential and superior intrinsic stability in an alkaline
electrolyte. As a GLYOR catalyst, ultrathin CoP nanosheets
with a thickness of ∼5 nm exhibit a remarkably lower onset at
1.12 V vs RHE than other phosphates. This value is
significantly lower, and, to the best of our knowledge, this is
the first phosphate-based study for glycerol oxidation.
Furthermore, the optimal ultrathin CoP catalyst demonstrates
highly durable electrochemical stability during 200 h of
continuous GLYOR under alkaline conditions.

2. EXPERIMENTS AND CHARACTERIZATION

2.1. Materials and Chemical Reagents
Cobalt, copper, iron, and nickel phosphate catalysts were synthesized
using a direct single-step solvothermal method. Cobalt chloride
(CoCl2·6H2O), iron chloride (FeCl3), nickel chloride (NiCl2·6H2O),
copper chloride (CuCl2·2H2O), and monosodium phosphate
(NaH2PO4) were used, as received (Merck). Glycerol (C3H8O3),
potassium hydroxide (KOH), hydrochloric acid (HCl), deuterium
oxide (D2O), potassium hydrogen phthalate (KHP), formic acid
(HCOOH), glycolic acid (C2H4O3), glyceric acid (C3H6O4), lactic
acid (C3H6O3), acetic acid (CH3COOH), acetone (C3H6O), ethanol
(C2H5OH), and isopropyl alcohol (IPA) were purchased from TCI
Chemicals. Commercial 20% Pt/C was purchased from the Merck
Industry. All precursors and other chemicals were used as received. Ni
foam (thickness: 0.5 mm; porosity: ∼98%) was purchased from
Global Nanotech, Mumbai, and used after cleaning.
2.2. Material Characterization
The powder X-ray diffraction (XRD) patterns of the materials were
evaluated to obtain the structure and phase purity using a Rigaku
Miniflex-600 diffractometer with Cu Kα radiation (λ = 1.5418 Å).
The morphology and compositional information of the phosphates
were obtained using field-emission scanning electron microscopy
(FESEM; Nova Nano SEM 450). High-resolution transmission
electron microscopy (HRTEM), high-angle annular dark-field-
scanning transmission electron microscopy (HAADF-STEM), and
chemical mapping images were recorded using a JEOL JEM F-200
instrument operating at 200 kV. The TEM and HRTEM samples
were prepared by depositing a very small amount of well-dispersed
material in IPA on a carbon-coated 200 mesh copper grid and drying
for 1 h. Atomic force microscopy (AFM) experiments were carried
out using a CSI Nano-Observer instrument. The oxidation states of
the constituent elements were determined using an X-ray photo-
electron spectroscopy (XPS) (Thermo Scientific Kα) spectrometer
operated with a monochromatic X-ray source (Al Kα anode: 1486.6
eV). Adventitious carbon appearing at 284.6 eV was used for any
static charge correction. 1H and 13C NMR spectra were recorded on
an AV-NEO 400 spectrometer, and a Bruker BioSpin AG system (400
MHz) was used to analyze and quantify the liquid products. The
evolved gas was analyzed by gas chromatography (GC Agilent
7890A), equipped with a thermal conductivity detector (at 200 °C).
Raman vibrational features were identified using a TechnoS IndiRAM
CTR 500C Micro Raman Spectrometer with an excitation laser
wavelength of 532 nm.
2.3. Electrochemical Measurements
2.3.1. Fabrication of the Working Electrode. The electrodes

were prepared using a drop-casting technique, which involved
cleaning of Ni foam (NF) with 1 M HCl ultrasonically for 30 min,
followed by sequential rinsing in deionized water and ethanol, with
each step lasting 10 min in a sonication bath. NF was then dried in a
vacuum oven at 70 °C for 10 h. In a typical procedure, 3 mg of the M-
PO4 nanocatalyst was dispersed in a mixture of IPA and Milli-Q water

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.4c00024
ACS Mater. Au 2024, 4, 500−511

501

pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(3:1), drop-cast onto an NF substrate (1 × 1 cm2), and vacuum-dried
for 12 h. For stability testing in the electrolyzer, a CoP electrode was
prepared using a spray-coating method with a catalyst loading of 3 ±
0.1 mg/cm2.
Electrochemical experiments for the GLYOR, OER, and hydrogen

evolution reaction (HER) were conducted using a Gamry reference
3000 potentiostat in the three- and two-electrode systems. The
fabricated NF electrode served as the working electrode, while a
graphite rod (5 mm diameter) and Pt/C on NF were used as counter
electrodes for the HER in three-electrode and two-electrode systems,
respectively. A saturated calomel electrode (SCE) was used as the
reference electrode. All potentials are reported versus the reversible
hydrogen electrode (RHE) according to the following equation

= + +E E V0.05916pH 0.241RHE SCE (1)

Polarization curves were obtained with 85% iR compensation, and
all linear sweep voltammetry (LSV) curves were recorded at a sweep
rate of 5 mV/s. The apparent current density was calculated based on
the geometric area of the electrodes. The double-layer capacitance
(Cdl) was determined from cyclic voltammetry (CV) curves recorded
within a potential range, where no Faradaic current was observed.
Various scan rates (10, 20, 40, 60, and 80 mV/s) were utilized, and
plotting the cathodic charging currents against these rates allowed the
determination of the Cdl slope. The ECSA was determined using the
following equation.33

= C CECSA /dl NF (2)

Figure 1. Synthesis and microscopy characterization of M-PO4 (M = Co, Cu, Ni, and Fe) catalysts. (a) Schematic illustration of the M-PO4
synthesis procedure. (b) XRD patterns of the as-prepared M-PO4 samples. FESEM images of (c) CoP, (d) CuP, (e) FeP, and (f) NiP; insets in all
these panels show FESEM images recorded at higher magnification. (g) TEM image of CoP, (h, i) HRTEM image of CoP, and SAED pattern
(inset) obtained from (i) and (j) AFM images of single sheets of CoP to display the nanolevel (∼3−4 nm) thickness. (k) HAADF−STEM−EDS
elemental maps of the CoP nanosheets for Co, P, and O, and their uniform distribution observed all over the nanosheet.
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The Cdl value, representing the double-layer capacitance of the NF
substrate in 1.0 M KOH,34 is denoted CNF. According to the formula,
there is a direct correlation between the ECSA and Cdl. In simpler
terms, when Cdl increases, ECSA also increases.35

The liquid and gaseous products were analyzed and quantified
using 1H and 13C NMR spectroscopy, and gas chromatography (GC).
Chronopotentiometry tests in a three-electrode system at 10 mA/cm2

were conducted for 15 h (0.1 M glycerol and 1 M KOH).
Chronopotentiometry tests in a two-electrode system were carried
out at 20 mA/cm2 for 200 h to identify the glycerol oxidation
products and to determine the respective Faradaic efficiencies for
hydrogen production. For this purpose, 450 μL of the electrolyte was
mixed with 130 μL of D2O and 20 μL of KHP (as an internal
standard). KHP was employed as an internal standard for the
quantification of all products observed by1H NMR. The concen-
tration of liquid products formed after the electrocatalytic reaction
was calculated using the following formula

= ×
n
n

I
I

N

N
x

y

x

y

y

x (3)

Here, nx represents the molar concentration of KHP, Ix represents the
integral area in the 1H NMR spectra for KHP, and Nx is the number
of nuclei (4 equiv protons for KHP appearing at 7.25 ppm). Similarly,
ny is calculated from the above formula for the liquid product, Iy is the
integral area of the product formed, and Ny is the number of nuclei
associated with the peak. The concentration of the products obtained
from the 1H NMR spectroscopy was used to calculate the conversion,
selectivity, and carbon balance.

= ×
n n

n
conversion (%) 100

glycerol,initial glycerol,final

glycerol,initial (4)

=
×

×
n

n
carbon balance (%)

3
100sum of products

glycerol,initial (5)

=
×

×
n

n
selectivity (%)

carbon balance
100product

sum of products (6)

where n is the number of moles.
2.3.2. Electrolyzer Setup. A flow electrolyzer with a geometrical

area of 4 cm2 was used in a two-electrode system, and a sustainion
membrane was used to exchange the anion and separate the anode
and cathode compartments for the GLYOR and HER. The flow plates
were made of graphite. A constant current of 20 mA/cm2 was used
with a 3 mL/min flow rate of the solution (0.1 M glycerol + 1 M
KOH) for longer stability with a peristatic pump.

= ×
n

n
Faradaic efficiency (%) 100

experimental

theoretical (7)

where nexperimental is the number of moles of H2 collected
experimentally. The theoretical amount of H2 was calculated by the
following equation

=
×

n
Q

n Ftheoretical (8)

where Q is the transferred charge, n is the number of electrons
transferred to form one H2 molecule, and F is the Faraday’s constant
(96,485 C/mol). The electricity consumption per m3 of H2 produced
(W, kW per m3 of H2) is calculated as follows

= × × ×
×

W n F V
V

1000
3600 m (9)

where n represents the number of electrons transferred to produce
each H2 molecule, V denotes the applied voltage, and Vm is the molar
volume of gas under standard temperature and pressure conditions
(22.4 L/mol).

3. RESULTS AND DISCUSSION
In this study, metal (M = Co, Cu, Fe, and Ni) chloride
precursors and monosodium phosphate were utilized for the
synthesis of the corresponding metal phosphates using a single-
step solvothermal process, as shown in Figure 1a. The
synthesis process involved dissolving a 10 mM metal chloride
and 20 mM phosphate precursor NaH2PO4 in a solvent
mixture of isopropyl alcohol and ultrapure deionized water in a
2:1 ratio. This mixture resulted in a homogeneous solution,
which was subsequently transferred into a 50 mL Teflon-lined
stainless steel autoclave. The autoclave was then subjected to
solvothermal treatment and maintained at 140 °C for 14 h in a
hot air oven. Upon completion of the reaction, the autoclave
was removed from the oven and allowed to cool naturally to
the ambient temperature. Following the reaction, the products
were filtered, subjected to multiple washes with deionized
water, and finally washed with ethanol. The collected samples
were then dried for 12 h in a vacuum oven, and then it was
used to prepare the electrode for GLYOR. The color of the as-
synthesized catalysts is shown in Figure 1a, and the catalysts
are designated as CoP (violet), CuP (cyan), FeP (brown), and
NiP (lime). The phase purity and crystallographic structures of
the CoP, CuP, FeP, and NiP catalysts were determined using
XRD. It should be noted that the environmentally benign
hydrothermal synthesis of phosphate nanosheets is easy to
scale up.
The narrow XRD patterns presented in Figure 1b

demonstrate that the as-prepared metal phosphates exhibit a
crystalline structure. CoP shows the formation of Co3(PO4)2·
8H2O (JCPDS No.33-0432) with two major diffraction peaks
at 10.57 and 12.09°, corresponding to the (001) and (020)
crystallographic facets, respectively.36 However, CuP (JCPDS
No. 01-070-0494) displays major diffraction peaks at 12.71,
29.64, and 33.44°, which can be indexed to the (001), (012),
and (121) facets, respectively.37 FeP (JCPDS No. 85-2386)
shows two major diffraction peaks at 26.62 and 27.8°, which
can be indexed to (103) and (112) facets, respectively. NiP
shows a major diffraction peak at 18.14° indexed to the (200)
facet.38 The layered 2D structure is evident from the XRD
pattern, especially with high intensity for (00z) or (x00) with
narrow features for all phosphates, except FeP. While NiP
displays the (200) facet at 18.14°, CoP shows the (001) facet
at 10.57°. The nanosheet morphology diminished in intensity
for CuP, and a low-intensity (001) feature was observed. In
contrast, FePO4 does not display specific features for 2D
morphology, which is supported by FESEM images (Figure
1e).
Morphological and microstructural analyses were conducted

by using FESEM and HRTEM, respectively. A cursory look at
the FESEM images reveals the influence of the cations on the
morphology of the metal phosphates. Figure 1c,f shows
bundles of sheet-like ultrathin 2D nanosheet structures for
CoP and NiP, respectively; ultrathin nanosheets provide an
almost transparent (for electron) appearance. The CoP
appears to have a cactus−ovoid morphology with thin layers
of CoP protruding from the center of the cacti. The square
nanosheet and random morphology of CuP, depicted in Figure
1d, exhibit mixed morphological features. Nevertheless, a
distinct morphological transformation is evident for FeP, as
shown in Figure 1e, where a 3D snowflake morphology is
observed. Figure 1g presents a TEM image providing detailed
insight into the rectangular nanosheet structure of the CoP.
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Figure 1h,i shows the HRTEM images of the CoP. In Figure
1i, distinct lattice fringes are observed, revealing an interplanar
spacing of 0.139 nm, which is attributed to the (001) facet of
CoP, and matches the XRD data.39 The selected area electron
diffraction (SAED) pattern (inset) is shown in Figure 1i. To
obtain more compositional information and understand the
distribution of the constituent elements, additional inves-
tigations were conducted. Figure 1j shows the thickness of a
single nanosheet of CoP, which is measured to be 3−4 nm;
observation of such a thin nanosheet indicates the stacking of
very few unit cells. Considering the unit-cell parameters of CoP
(a = b = 12.63 Å, and c = 5.017 Å), 3−4-unit cells of CoP
could be stacked into a single sheet. The hexagonal structure is
evident from the nanosheet shown in TEM images (Figure
1g,h) and suggests a (001) facet. HAADF-STEM and
elemental mapping in Figure 1k demonstrated the presence
of cobalt (Co), phosphorus (P), and oxygen (O) as
constituent elements in CoP. Moreover, a uniform distribution

of all elements throughout the nanosheets was observed.
Analogous patterns of the HRTEM images and elemental
mappings were observed for other phosphates, as shown in the
Supporting Information (Figures S1−S3 for CuP, FeP, and
NiP, respectively).
3.1. Electronic Structure of Metal Phosphates

The surface chemical characteristics of all metal phosphates
were investigated by XPS. The survey spectrum (Figure S4)
reveals the presence of four elements (Co, Cu, Fe, and Ni) on
the surfaces of CoP, CuP, FeP, and NiP, respectively, apart
from P and O. High-resolution XPS spectra of (a) Co 2p, (b)
Cu 2p, (c) Fe 2p, and (d) Ni 2p core levels for CoP, CuP, FeP,
and NiP, respectively, and (e) P 2p are displayed in Figure 2.
Deconvolution was carried out using Casa XPS software, and a
Shirley background removal procedure was applied to all
spectra. The Co 2p core-level spectra (Figure 2a) exhibit a
spin−orbit doublet along with prominent satellite features.

Figure 2. High-resolution XPS of (a) Co 2p, (b) Cu 2p, (c) Fe 2p, (d) Ni 2p, and (e) P 2p of the as-prepared metal phosphates.

Figure 3. (a) X-ray valence band spectra of metal phosphates; the inset shows an enlarged view of VB onset. (b) Raman spectra of all metal
phosphates.
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However, deconvolution indicates the presence of Co3+ (2p3/2
at 779.6 eV) and Co2+ (2p3/2 at 780.6 eV) oxidation states
along with a subpeak at 782.3 eV and satellite features at a high
binding energy (BE).40 Similarly, a minor amount of Cu1+
(2p3/2 at 932.2 ± 0.2 eV) and the majority of Cu2+ (2p3/2 at
935.2 ± 0.2 eV) were observed with CuP (Figure 2b). The
low-intensity feature observed at 932.2 eV is attributed to a
possible reduction of Cu2+ to Cu1+ due to X-ray exposure.41

The Fe 2p3/2 and 2p1/2 spin−orbit doublet exhibits multiple
splitting and a very weak satellite, as depicted in Figure 2c for
FeP. For FeP, Fe3+ (as in Fe3O4), Fe3+ (as in Fe-PO4), and
Fe3(PO4)2 were observed at BEs of 711.2 ± 0.2, 712.4 ± 0.1
eV, and 714.2 ± 0.1 eV, respectively.42 A minor peak observed
at 709.6 ± 0.2 eV is attributed to the reduction of Fe3+ to Fe2+
due to X-ray exposure. In contrast, the XPS spectrum of Ni
shows characteristic peaks for Ni2+ and Ni3+ at BEs of 853.5 ±
0.2 eV and 855.0 ± 0.2 eV, respectively, in Figure 2d, along
with a broad satellite feature around 861 eV.43

Figure 2e shows the P 2p core-level spectra for all catalysts.
The spectra show a broad peak, which upon deconvolution,
reveals the 2p3/2 and 2p1/2 spin−orbit doublet centered at
133.0 and 133.9 eV, respectively, for all M-PO4, except NiP.
The O 1s for all phosphates recorded are shown in Figure S5;
deconvolution shows three peaks at 530.5 ± 0.2, 531.5 ± 0.2,
and 532.8 ± 0.2 eV. The first two features are attributed to O
atoms predominantly associated with octahedral and tetrahe-
dral coordination. The third feature at 532.8 eV is attributed to
atmospheric contamination components, like water, CO2.

44

The X-ray valence band (XVB) spectra of all of the M-PO4
catalysts are shown in Figure 3a. In the XVB spectra, the
highest occupied VB appears between 1 and 5 eV for all
catalysts. However, the presence of an intense main VB is

attributed to the contributions of the M (Co, Cu, Fe, and Ni)
3d and O 2p orbitals. Interestingly, the CoP shows a distinct
onset of VB at the lowest BE, compared to all other
phosphates. Compared to the VB onset of NiP, the same for
CoP is shifted by 0.7 eV to the lower BE. In general, the VB
feature appearing at low energy corresponds to higher activity,
while high BE features indicate reduced activity or greater
stability of the material. Co metal oxidation to various oxide
states by in situ XPS reveals the presence of Co3+ 3d features at
lower BE in the VB, followed by the Co2+ 3d feature.45 This
asserts the predominant contribution of Co 3d orbitals to the
electronic structure, while CuP and FeP exhibit a combination
of metal 3d orbitals along with the O 2p orbitals. The NiP
exhibits intermediate characteristics between the two sets.
Further, the VB onset of NiP, FeP, and CuP are at the same
BE, and the VB maximum appears at the lowest BE for NiP,
followed by CuP and FeP. This indicates a trend in activity
from high to low (CoP-NiP-CuP ∼ FeP), which is in
conformity with the LSV results shown later.
3.2. Raman Spectral Studies

Raman spectra were recorded for M-PO4, mainly to under-
stand the structural aspects, and the Raman results are shown
in Figure 3b. Distinct peaks corresponding to the vibrational
modes of the free oxo-anion (PO4)3− were observed in metal
phosphates, encompassing a singlet (A1) at approximately 971
cm−1, a doublet (E) at around 465 cm−1, and two triply
degenerate (F2) modes, namely υ3 at 1027 and υ4 at 567 cm−1.
The symmetric and asymmetric stretching modes of the P−O
bonds were associated with υ1 and υ3, while υ2 and υ4 primarily
involved O−P−O symmetric and asymmetric bending modes,
with a minor contribution from P vibration.46 In CoP, the

Figure 4. (a) Glycerol oxidation reaction (GLYOR) linear sweep voltammetry (LSV) curves (based on geometric current densities, mA/cm2) for
the series (Co, Cu, Fe, and Ni phosphate) on Ni foam at 5 mV/s in 0.1 M glycerol + 1 M KOH (solid line) with and without glycerol in 1 M KOH
(dotted line). (b) 85% iR-corrected LSV curves. (c) Bar graph comparing the current densities for all phosphates. (d) Tafel plots of CoP, CuP, FeP,
and NiP in 1 M KOH with and without 0.1 glycerol. (e) Capacitive current densities of different catalysts plotted against the scan rate of 10−80
mV/s and corresponding double-layer capacitance (Cdl) values estimated through linear fitting of the plots. (f) Nyquist plots of different catalysts
recorded at a given potential of 0.35 V (vs SCE) with a frequency range of 0.1−100 kHz.
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most prominent symmetric stretching peak was identified at
989 cm−1, with corresponding antisymmetric and bending
modes appearing weak at approximately 1100 and 420 cm−1,
respectively.47 CuP exhibited only faint characteristic peaks
related to the vibrations of (PO4)3−. FeP displayed a broad and
intense symmetric stretching peak at 1025 cm−1, indicating a
nondistorted (PO4)3− tetrahedral structure. Notably, FeP
showed typical bulk characteristics in morphology and
Raman spectra, whereas other phosphates demonstrated either
shifts or low-intensity Raman features, suggesting their 2D
nature.48 On the other hand, NiP exhibited both features of
antisymmetric modes between 1050 and 1100 cm−1, with a
red-shifted symmetric stretching peak at around 900 cm−1. The
split in the asymmetric stretching mode was attributed to the
correlation effect induced by the coupling of Ni−O units in the
structure.46

3.3. GLYOR Performance in an Alkaline Medium

Following a comprehensive analysis of the physical and
chemical characteristics of the metal phosphates, electro-
chemical investigations of the GLYOR were conducted with
electrocatalysts, as mentioned in Section 2. Given that the
primary competing anodic reaction is the OER from water
oxidation, an ideal GLYOR electrocatalyst should exhibit high
activity toward glycerol oxidation and no (or limited) activity
toward the OER. For comparison, water oxidation on these
metal phosphate catalysts was also investigated under the same
conditions in the absence of glycerol. The LSV polarization
curves in Figure 4a depict the OER performance of metal
phosphates, with and without 0.1 M glycerol. In the absence of
glycerol, the metal phosphates demonstrated a notably high
onset potential between the applied potential range of 1.55 to
1.68 V (vs RHE) required to achieve a current density of 10
mA/cm2. In the presence of glycerol, the onset of GLYOR
significantly decreased for all metal phosphates, indicating
kinetically favorable glycerol oxidation over the OER.

Specifically, CoP exhibited the lowest onset potential at 1.12
V vs RHE, followed by NiP, FeP, and CuP at 1.24, 1.24, and
1.27 V vs RHE, respectively. The iR-corrected polarization
curves in Figure 4b reaffirm the trend observed for the catalytic
activity of the electrocatalysts toward GLYOR. It is crucial to
note that the catalytic performance of metal phosphates is
intrinsic to the catalysts themselves, as bare Ni foam exhibits
poor catalytic activity for GLYOR. Figure 4c presents a
comparison of the voltage required by all metal phosphate
catalysts to achieve current densities of 10, 50, 100, and 200
mA/cm2. The disparity in the potential for GLYOR is shown
in Figure 4c. In Figure S6, at current densities of 10, 20, and 50
mA/cm2, CoP exhibits potential differences of 340, 350, and
350 mV between the GLYOR and OER, respectively.
Additionally, an assessment of the electrocatalytic kinetics for
both GLYOR and OER was conducted by Tafel plot analysis
derived from the LSV data, as shown in Figure 4d. This result
highlights a considerably reduced Tafel slope value of 113.2
mV/dec, specifically for GLYOR with CoP nanosheets among
the metal phosphates. These findings underscore the superior
electrocatalytic GLYOR performance of CoPs compared to
metal phosphates. It may be noted that the Tafel slopes for
GLYOR and OER are comparable, except for CuP, but at
different potentials.
The Cdl measurements (Figure 4e) show that the Cdl for

CoP is 0.299 mF/cm2. However, the capacitance values
observed for NiP (0.293 mF/cm2), CuP (0.255 mF/cm2), and
FeP (0.195 mF/cm2) are almost similar to those of CoP. The
Cdl values are calculated from the CV graphs at different scan
rates, as shown in Figure S7. The measured Cdl values and the
corresponding ECSA values of CoP (7.475 cm2), NiP (7.325
cm2), CuP (6.375 cm2), and FeP (4.875 cm2) indicate that all
of the electrocatalysts have almost the same number of active
sites.49,50 However, the intrinsic activity of the CoP is
significantly higher as compared to other metal phosphate
catalysts, which resonates in the XPS-VB spectra (Figure 3a);

Figure 5. (a) Time-dependent chronopotentiometry (CP) reaction carried out at a constant current density of 10 mA/cm2 for glycerol conversion
using a CoP electrocatalyst. (b) Quantification of glycerol conversion and reaction products by 1HNMR spectroscopy with CoP. (c) Glycerol
conversion and product selectivity observed over a period of 15 h at a constant CP.
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CoP exhibits the lowest VB energy among phosphates, which
leads to enhanced GLYOR activity.
To further investigate the interfacial reaction behavior of the

catalyst, electrochemical impedance spectroscopy (EIS) was
carried out. The EIS Nyquist plots presented in Figure 4f show
a notable reduction in the charge transfer resistance (Rct) of
CoP compared to the other catalysts. Specifically, the Rct of
CoP (3 Ω) is significantly smaller than those of NiP (6.06 Ω),
CuP (8.59 Ω), and FeP (24.62 Ω), indicating accelerated
charge transfer kinetics between the CoP electrode and
electrolyte. Despite the almost similar number of active sites
in all electrocatalysts, CoP exhibited accelerated charge transfer
behavior, which was mainly due to the high intrinsic activity of
the active sites present, which enhanced GLYOR activity.
To assess the long-term performance of GLYOR and its

anodic products, constant chronopotentiometry (CP) was
conducted at 10 mA/cm2 for 15 h. The stability of CoP was
observed for the initial 12 h of CP, after which formate
oxidation commenced (to carbonate) due to a decrease in the
glycerol concentration and an increase in the OER.
Consequently, achieving and maintaining a current density of
10 mA/cm2 required an increase in the potential (Figure 5a).
A significant potential increase during glycerol oxidation after
about 12 h suggests the onset of formate oxidation to
carbonate. Furthermore, the reaction mechanism was inves-
tigated by quantifying the 3 h interval samples using 1H NMR
analysis, as depicted in Figure 5b. A detailed carbon balance
study was also conducted after each 3 h duration of the
GLYOR process, and the results are listed in Table S1 in the
Supporting Information. A decrease in glycerol content and a
concurrent increase in formate concentration, as a function of
reaction time along with near 100% carbon balance in 9 h
suggest a 100% efficient conversion of glycerol to formate in 15
h (Figure 5b). The major intermediates detected in GLYOR
included glycerate, glycolate, and methanol, while acetate and
lactate were minor intermediates, as shown by 1H NMR
spectroscopy (Figure S8). As shown in Figure 5c, at 9 h, the

formate selectivity reaches 82%, and glycerol conversion is at
∼62%. Over time, formate undergoes further oxidation to
carbonate due to the decreasing reactant availability, leading to
a conversion exceeding 80% and formate selectivity reaching
78% at 12 h. By the end of 15 h, 100% glycerol conversion was
achieved, although the carbon balance is less than 100% due to
the significant formation of carbonate through continued
oxidation of formate, which is evident from the small carbonate
peak observed in the 13C NMR data (Figure S9). A similar
kinetic study was conducted for CuP, FeP, and NiP, with
quantification, and the glycerol conversion and product
selectivity results are provided in Supporting Information
(Figures S10−12 and Table S1). With NiP, under comparable
conditions at a current density of 10 mA/cm2, a noteworthy
93% glycerol conversion and 64% formate selectivity were
observed after 12 h. However, the carbon balance diminished
beyond this duration due to the continued oxidation of
formate (Figure S12). Conversely, CuP and FeP exhibited
lower conversion rates with approximately 50% selectivity for
formate observed at a constant current density of 10 mA/cm2

after 15 h. Notably, CuP and FeP necessitated an increase in
the potential to achieve a desired current density of 10 mA/
cm2, leading to the oxidation of formate to CO2 (Figure S13).
3.4. Proposed Mechanism Pathway for Glycerol Oxidation

The typical glycerol oxidation mechanism of a metal oxide or
noble metal in an alkaline medium reported in the literature is
as follows. First, a glycerol molecule is adsorbed on the catalyst
surface, initiating dehydrogenation. This process leads to the
formation of glycolaldehyde (GALD) or dihydroxyacetone
(DHA), with subsequent reversible interconversion facilitated
by base catalysis. Through a dehydration step, DHA can be
transformed into pyruvaldehyde or 2-hydroxypropenal. These
intermediates may undergo conversion into lactate via the
Cannizzaro rearrangement, and subsequently, acetate and
formate are produced through C−C cleavage (Figure 6).51,52

Figure 6. Proposed mechanistic pathway for the electrocatalytic oxidation of glycerol to formate on CoP in an alkaline medium, with emphasis on
the suggested dominant pathways indicated by thick red arrows and dotted arrows showing unobserved intermediates. Solid and dashed black
arrows indicate minor and alternate pathways for product formation.
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In the current work, it is evident from Figure 5 that high
formate selectivity with significant selectivity for glycolate and
glycerate indicates that oxidation occurs at either end of the
terminal carbon. Although no glyceraldehyde was observed in
the present work, it is very likely to undergo fast oxidation to
glycerate and subsequently to glycolate and formate. Minor
amounts of lactate and acetate formed in the current reaction
(Figure 5c) also indicate that a parallel mechanism, to a small
extent, occurs through DHA and pyruvaldehyde. The major
conclusion that could be derived is the efficient oxidative C−C
cleavage of glycerol and all intermediates, such as glycerate and
glycolate, followed by preferential/selective oxidation to
formate, on the CoP catalyst under the current experimental
conditions. It is also evident from Figure 5c that, irrespective of
the nature of intermediates, all of them undergo oxidation to
formate. This concept may be extended to larger molecules
with suitable catalysts under relevant conditions and more
effort in this direction is desired.
3.5. Sustainable Performance Study for the CoP Catalyst

In the realm of water electrolysis, a critical hurdle lies in the
imperative reduction of the operational potential to curtail the
input electricity consumption. The substantial overpotential

inherent to the OER in water splitting renders it exceptionally
challenging to achieve a noteworthy reduction in power
consumption beyond a certain threshold. Nevertheless, this
obstacle was effectively overcome by the synergistic coupling of
GLYOR and HER in a two-electrode electrolyzer config-
uration, as shown in Figure 7a.
The electrolyzer architecture featured a Pt/C cathode and a

CoP anode spatially segregated by an anion-exchange
membrane, with specific details provided in Section 2. Figure
7b shows the LSV plot for GLYOR in an alkaline electrolyzer,
which reveals the concurrent electrochemical generation of
hydrogen and formate at room temperature. At higher
temperatures, between 60 and 75 °C, a large enhancement
in electrolyzer activity performance is expected; therefore, it is
worth performing this experiment. With the electrolyzer setup
at room temperature, a current density of 10 mA/cm2 (50 mA/
cm2) was achieved at a notably low cell potential of 1.33 V
(1.58 V), as shown in Figure 7b. Under these operational
conditions, the system exhibited a simultaneous HER and
glycerol oxidation performance. In contrast, a conventional
water electrolysis experiment, employing a two-electrode setup
with the same CoP||Pt/C cell but devoid of glycerol

Figure 7. (a) Schematic of a two-electrode alkaline electrolyzer engaged in the GLYOR to formate at the anode and the HER at the cathode. (b)
LSV plot observed for GLYOR in the electrolyzer, utilizing CoP/NF as the anode and Pt/C as the cathode (solid line, glycerol + KOH; dashed
line, KOH). The same measurement was made on the NF also to rule out the GLYOR contribution. (c) Sustainability investigation of GLYOR at
20 mA/cm2 was conducted using a two-electrode electrolyzer employing CoP||Pt/C. (d) Comparison of the electrolytic efficiency of GLYOR at 10
mA/cm2 for CoP with alternate electrocatalysts reported in the literature.
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supplementation required a higher cell potential of 1.60 V
(1.89 V) to attain an identical current density of 10 (50) mA/
cm2. Due to the significantly more advantageous thermody-
namics of GLYOR on the CoP surface, the constructed
electrolyzer necessitates just ∼4.2 kWh/m3 of H2 at a current
density of 100 mA/cm2. This is in stark contrast to the ∼5.5
kWh/m3 of H2 required by conventional alkaline electrolyzers.
The remarkable low cell voltage exhibited by the CoP||Pt/C
system in the context of biomass component-assisted water
splitting distinguishes it as an attractive feature relative to the
majority of reported systems, as outlined in Table S2.
Importantly, it is noteworthy that hydrogen constituted the
exclusive gaseous product observed, with no oxygen- or
carbon-containing byproducts, such as CO and CO2. In
addition, the sustainable performance of biomass component-
based electrolysis was demonstrated via a chronoamperometry
experiment for 200 h conducted at a current density of 20 mA/
cm2, and the results are shown in Figure 7c. It shows that the
voltage remains constant at ∼1.63 V throughout the 10 h
operation for glycerol oxidation, and further the ∼200 mV
potential has been increased for secondary molecule oxidation,
which is constant throughout the reaction and shows the
stability of the catalyst. During the ongoing reaction within a
25 h time frame, the GLYOR sample was subjected to analysis
via 1H NMR. The results confirmed an increase in formate
concentration, as depicted in Figure S14, along with glycerol
conversion. Subsequently, after 75 h, the formate concen-
tration decreased, which was attributed to its further oxidation
to carbonates. To enhance the prolonged efficacy of the
catalyst, the electrolyte was introduced into the solution after
75 h. Under a constant current density (CP) of 20 mA/cm2,
the hydrogen production rate remained constant at an average
of 32.5 mL/h throughout the continuous operation of the
overall reaction. The Faradaic efficiency of the HER was
determined to be approximately 98%. The calculation of the
FE for the HER involved a thorough analysis comparing the
theoretical and experimental H2 production, and detailed
calculations are provided in Section 2. The catalytic perform-
ance of CoP is either comparable to or better than that of other
electrocatalysts documented in the literature for overall
electrolysis with GLYOR under the same conditions (Figure
7d). However, the current study shows sustainability for longer
hours, along with a very high selectivity for formate
production. This is depicted in Figure 7d, and many other
catalysts are listed in Table S2. FESEM characterization
(Figure S15) carried out after 200 h GLYOR (Figure 7c)
exhibits intact nanosheet morphology, except for some
agglomeration. The XRD pattern remains the same, as that
observed in Figure 1b. These results indicate that the CoP
catalyst remains stable and does not undergo any changes due
to the prolonged reaction.

4. CONCLUSIONS
In conclusion, this study elucidates a distinctive morphology-
dependent selectivity for formate and glycerol conversion on
metal phosphates, showing simultaneous and highly efficient
electrocatalytic hydrogen generation. Cobalt phosphate (CoP)
has been identified as a novel and proficient catalyst,
demonstrating both efficiency and stability in the selective
production of formate through glycerol oxidation under
alkaline conditions at ambient temperature. Particularly,
ultrathin 2D-CoP nanosheets exhibit very high selectivity,
achieving 82% formate yield compared to other phosphates.

The electrochemical oxidative cleavage of the C−C bond is
more favorable for CoP than for NiP, FeP, and CuP catalysts.
The coupling of the anodic GLYOR and cathodic HER within
the CoP||Pt/C two-electrode electrolyzer yields a current
density of 10 mA/cm2 with a minimal cell voltage of 1.33 V.
Continuous operation of the GLYOR for over 8 days (24 × 7)
indicates the enduring stability of the CoP catalyst under the
present experimental conditions. Utilizing the earth-abundant
transition metal phosphate for the electrocatalytic oxidation of
glycerol paves the way for innovative designs and exploration
of economical ways of addressing the GLYOR. These catalysts
offer efficient and selective electrochemical glycerol oxidation,
yielding formate and other value-added chemicals along with
the production of environmentally friendly hydrogen resour-
ces.
The engineered CoP catalyst exhibits remarkable efficiency

in catalyzing the conversion of glycerol to formate, thereby
demonstrating promising prospects for its application in the
conversion of diverse biomass feedstocks, including glucose,
starch, and cellulose. The selective C−C cleavage strategy
presented in this study is worth exploring with any of the larger
molecules listed above and may be evaluated for depolyme-
rization of low-molecular-weight polymers. Furthermore,
carrying out electrocatalytic conversions at significantly higher
temperatures (50 and 75 °C) is expected to substantially
improve the performance. Another important aspect is the
production of hydrogen under such conditions, which
prudently employs waste/abundant carbon-containing mole-
cules to produce value-added products; hence, the generated
hydrogen becomes carbon-negative green hydrogen. This type
of route may prove to be helpful in achieving net-zero targets
sooner. Nonetheless, more work is required in this direction.
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