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community and the industry. Water elec-
trolysis is a simple, efficient, and well-
established commercial technology to 
produce high-purity hydrogen, being an 
attractive alternative to traditional pro-
duction via steam methane reforming.[3] 
In a classical water electrolysis cell, the 
theoretically required energy to produce 
hydrogen is 237  kJ  −molH2

1  under standard 
conditions, thus leading to a cell voltage 
of 1.23 V.[4] However, in practice, a typical 
commercial water electrolysis cell often 
requires cell voltages as high as 1.80  V 
to 2.00  V.[5] This is mainly because both 
the cathodic hydrogen evolution reaction 
(HER) and anodic oxygen evolution reac-
tion (OER) involve multi-electron transfer 
steps, especially the OER, which results 
in sluggish anodic reaction kinetics.[6] 
One strategy toward a more cost-effective 
hydrogen production (with lower cell volt-
ages) is to replace the anodic OER by oxi-
dation of alcohols (e.g., methanol, ethanol, 

ethylene glycol, glycerol).[7] For example, a glycerol electrolysis 
cell would require a thermodynamic energy of 3.9  kJ  −molH2

1  
under standard conditions with the assumption of full oxida-
tion of glycerol into carbon dioxide.[4] This, hence, results in 
a theoretical cell voltage of 0.003  V in the electrolyzer, which 
is substantially lower than for water electrolysis. The above 
 thermodynamic data manifest that the usage of alcohols, espe-
cially glycerol, as anodic reactants in an electrolysis cell could be 
energetically more favorable than water electrolysis for produc-
tion of molecular hydrogen. Moreover, glycerol is a byproduct of 

Electrochemical valorization of biomass waste (e.g., glycerol) for production of 
value-added products (such as formic acid) in parallel with hydrogen produc-
tion holds great potential for developing renewable and clean energy sources. 
Here, a synergistic effort between theoretical calculations at the atomic level and 
experiments to predict and validate a promising oxide catalyst for the glycerol 
oxidation reaction (GOR) are reported, providing a good example of designing 
novel, cost-effective, and highly efficient electrocatalysts for producing value-
added products at the anode and high-purity hydrogen at the cathode. The 
predicted CoMoO4 catalyst is experimentally validated as a suitable catalyst for 
GOR and found to perform best among the investigated metal (Mn, Co, Ni) 
molybdate counterparts. The potential required to reach 10 mA cm−2 is 1.105 V at 
60 °C in an electrolyte of 1.0 m KOH with 0.1 m glycerol, which is 314 mV lower 
than for oxygen evolution. The GOR reaction pathway and mechanism based on 
this CoMoO4 catalyst are revealed by high-performance liquid chromatography 
and in situ Raman analysis. The coupled quantitative analysis indicates that the 
CoMoO4 catalyst is highly active toward CC cleavage, thus presenting a high 
selectivity (92%) and Faradaic efficiency (90%) for formate production.
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1. Introduction

The rapid depletion of fossil fuels and the rising concerns over 
global warming have largely driven the development of clean 
and renewable energies (e.g., solar, wind, hydrogen, tidal).[1] 
Among various renewable energies, hydrogen emerges as a 
promising alternative energy carrier to the currently used fossil 
fuels, offering advantages of high gravimetric energy  density 
and carbon-neutral characteristics.[2] These unique features 
have attracted considerable attention from both the scientific 
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biodiesel manufacturing, where production of one ton of bio-
diesel yields roughly 110 kg of crude glycerol.[8] With the rapid 
development of the biodiesel industry over the past few decades, 
glycerol has been largely oversupplied on the world market and 
has thus faced a drastic lowering in price.[9] Therefore, glycerol 
is also an economically viable feedstock for hydrogen produc-
tion. In addition, due to the three active hydroxyl groups, glyc-
erol can easily be oxidized to various value-added products, 
such as glyceraldehyde, dihydroxyacetone, hydroxypyruvic acid, 
glyceric acid, tartronic acid, glycolic acid, oxalic acid, and formic 
acid.[10] These products all have wide commercial applications 
in medicine, cosmetics, fuel cells, etc.[11] In this regard, glycerol 
electrolysis has the additional benefit of producing value-added 
products at the anode in parallel with cathodic hydrogen pro-
duction, which makes it energy-saving, value-added, and cost-
effective compared to water electrolysis in the production of 
high-purity hydrogen.[4] In the anodic glycerol oxidation reaction 
(GOR), to achieve the highest possible Faradaic efficiency (FE), 
which corresponds to the complete oxidation of the alcohol 
group into carbon dioxide, the development of a catalyst able 
to break CC bonds is required.[4] Considering that carbon 
dioxide is less usable and not environmentally-friendly, it is thus 
highly desirable to target another C1 product, here formic acid 
(or formate in alkali), which has a wide application on the world 
market as, for example, a preservative and antibacterial agent, a 
liquid hydrogen carrier, and in production of leather/rubber or 
in direct formic acid fuel cells.[12]

The electrocatalysts for GOR reported so far are mostly lim-
ited to noble metals and their alloys (e.g., Pt, Pd, Au, PtBi, PdBi, 
PdAg),[13] which offer advantages of catalytic GOR at very low 
overpotentials, but also suffer from shortcomings such as high 
cost and poor stability that make them less competitive for 
cost-effective production of hydrogen. Earth-abundant transi-
tion metal-based catalysts are promising alternatives to noble 
metals; however, there are only a few reports dealing with non-
precious metals for GOR. Nickel was reported at an early stage 
to be an efficient catalyst for catalytic GOR, and NiOOH was 
identified as the active surface phase required to oxidize glyc-
erol.[14] Subsequently, other Ni-based electrocatalysts (e.g., NiBi, 
FeNi, and FeCoNi, NiMoN) were reported for GOR in alkaline 
media.[15] Recently, Han et al. made a comparative investigation 
of a series of spinel cobaltites as electrocatalysts for GOR,[16] 
CuCo2O4 was experimentally found to be the best-performing 
catalyst with a high selectivity of 80.6% for formic acid produc-
tion. Although these previously reported works have greatly 
promoted the development of electrocatalysts for GOR, more 
attention should be given to developing novel and low-cost tran-
sition metal-based catalysts, especially oxide catalysts, which 
have extensive structures and good tolerability to oxidation reac-
tions. Furthermore, investigating the structure-performance 
relation and the working mechanism of these catalysts in GOR 
will greatly help rational design of cost-effective and highly effi-
cient catalysts to yield value-added oxidation products.

Although the search for a novel efficient oxide catalyst for 
GOR could be performed based on trial-and-error attempts, this 
would require substantial effort, time, and laboratory work. In 
this context, computationally aided discovery of oxide catalysts 
emerges as an option to ease the search. Rationalizing the per-
formance of a catalyst is often made by selecting catalysts based 

on properties like thermal stability, price, toxicity, and catalytic 
activity. The electronic structure of the catalyst determines part 
of these properties.[17] For example, the thermal stability of the 
oxide catalyst scales with the formation energy of defects in the 
anionic sublattice;[17a,e] this also correlates with the transition 
metal–oxygen (TM–O) bond character—a measure of the 
hybridization of TM d states and O 2p states.[18] In particular, 
the activity of a catalyst can be estimated using descriptors 
based on its electronic structure. This concept has been suc-
cessfully employed over the past few years, pioneered by the 
work of Hammer and Nørskov using the d-band center (BC) 
of catalysts to predict activities of different reactions.[19] Gri-
maud et al. have extended the concept and proposed the O 2p 
BC as a descriptor of the activity of perovskites toward OER,[20] 
which had also been shown to correlate with the metal–oxygen 
hybridization.[18a,21] This has opened an avenue of possibilities 
moving from high-throughput screening to explaining catalytic 
activities/effects based on O 2p BCs and TM d BCs.[17c,d,18b,22]

In this work, we employ electronic structure fingerprints, 
that is, O 2p BCs and TM d BCs to carry out a rational search 
for novel oxide catalysts delivering high activity toward GOR. 
The selection of a promising catalyst was performed based on 
properties like environmental friendliness, price, thermal sta-
bility, toxicity, and catalytic activity (estimated based on the elec-
tronic structure descriptors O 2p BC and TM d BC). CoMoO4 
stands out as the most suitable catalyst for GOR based on the 
employed criteria. Further, we experimentally validated it by 
studying a series of transition metal-based molybdates (MMoO4, 
M = Mn, Co, Ni) supported on nickel foam (NF) substrate as self-
supported anode for GOR. Among the investigated MMoO4/NF 
electrodes we identify CoMoO4/NF as the most active catalyst 
for GOR in an electrolyte of 1.0 m KOH with 0.1 m glycerol. The 
potential required to reach 10 mA cm−2 is 1.239 and 1.105 V at 
25 and 60 °C, respectively, which is 294 and 314 mV lower than 
for water oxidation. The CoMoO4/NF electrode is highly active 
toward CC breaking and thus has a high selectivity (92%) for 
formate production along with a high FE (90%) for GOR at the 
anode with concurrent hydrogen production at the cathode.

2. Results and Discussion

2.1. Screening of Promising Oxide Catalysts for GOR

In this subsection, we introduce the concepts and criteria used to 
seek promising oxide catalysts for GOR. The correlation between 
measured GOR catalytic activity of spinel cobaltite (crystal struc-
ture is shown in Figure S1, Supporting Information) and their O 
2p BC and (O 2p–TM d) BC (Figure S2, Supporting Information) 
reported by Han et al. is exploited here to predict the activity of 
oxide catalysts with similar local coordination of the transition 
metal ions.[16] The existing relations are extensively discussed 
in the supplementary information and the assumption that the 
optimal values for spinel cobaltite carry over to other oxides 
with similar local coordination is validated through the results 
reported here. In brief, we have shown, for the first time, that 
a volcano shape is obtained when the GOR intrinsic activity of 
various spinel cobaltite materials is plotted as a function of O 2p 
BCs and (O 2p–TM d) BCs (Figure S3, Supporting  Information). 
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Thus, catalysts with O 2p BC and (O 2p–TM d) BC located at 
the top of the volcano show the highest catalytic activity toward 
GOR. This concept is employed in a screening framework, 
which also accounts for thermal stability, bandgap, price, and 
toxicity as described in our earlier screening for bimetallic cata-
lysts for glycerol oxidation.[23] In this context, we assumed that 
the correlation between GOR and the descriptors of spinel cobal-
tite could be applied to other oxides with similar local structure, 
that is, formed by TMs in octahedral or octahedral-tetrahedral 
coordination. The Sabatier principle guide-line for catalytic 
activity lies in the formation of chemical bonds between reaction 
intermediates and catalytic surfaces. Moreover, the formation 
of bonds between intermediates and the cations of the catalytic 
surface could, in some cases, be understood as a local process 
rationalized via electronic structure fingerprints. If the bond 
formation mechanism of different oxides is similar, the relation 
with activity should also be similar, hence, being the base of our 
assumption. For instance, Hong et al. have identified the O 2p 
BC of perovskites as a statistically more relevant descriptor of the 
catalytic activity toward OER in comparison to structural descrip-
tors like the TM–O bond length.[24]

The screening protocol is divided into three main steps (see 
Figure 1a):

i. Downloading and processing the catalyst structures: First, 
21 697 transition metal oxide structures in the form of A-B-O 
were mined from the Materials Project database[25] using py-
matgen Python library.[26] Among these materials, we selected 
oxides with experimentally determined structures aiming for 
more facile synthesis/processing of the catalyst. Further, we 
checked for band gaps (from the Materials Project database) 
lower than 1.0 eV to ensure easier charge transport during the 
oxidative reaction. Compounds with unit cells containing more 
than 60 atoms were excluded to ensure a reasonable computa-
tional cost of the electronic structure calculations. Finally, we 
removed compounds comprising expensive elements (e.g., Pt, 

Pd, Au, Ru) and oxides containing toxic elements (e.g., Be, Pb, 
Hg). This reduces the candidates to ≈1360 potential catalysts to 
be processed in the next step. The properties of candidates are 
summarized in “summary” file (supplementary materials).

ii. O 2p BCs and structural stability: O 2p BCs of the selected 
compounds were determined at the generalized gradient ap-
proximation (GGA) level of theory using the Perdew–Burke–
Ernzerhof (PBE) functional—this ensures a relatively fast and 
efficient calculation of their projected density of states (PDOS) 
(details can be found in the SI). The O 2p BCs of the considered 
oxides vary from −7.0 to −0.3 eV, where oxides with O 2p BCs 
far from the Fermi level (toward blue color in Figure 1b) have 
stronger TM–O interaction while oxides with O 2p BCs close 
to the Fermi level (toward red color in Figure 1b) have weaker 
TM–O interaction. Catalysts with O 2p BC ranging from −3.65 
and −3.55 eV were selected since this is the energy range yield-
ing higher intrinsic GOR activity amongst the spinel cobaltite 
catalysts (highlighted in yellow in Figure 1b). Among the 1360 
cases, 32 cases were found with O 2p BC fulfilling these cri-
teria (see Table S1, Supporting Information). The remaining 
catalysts were further checked for thermodynamic quantities 
utilizing the Materials Project Database and structural analy-
sis: i) Formation energy—lower energy polymorphs were se-
lected to prevent phase transitions during the electro-oxidation 
cycle. ii) Energy above the hull (the tendency of a structure to 
decompose into more stable compound)—negative or mini-
mal energy above the hull (maximum of 0.01 eV atom−1) was 
selected to prevent phase separation. iii) Finally, the coordina-
tion of TM was checked and only materials with TMs tetrahe-
drally or octahedrally coordinated were retained. After apply-
ing these criteria, three potential catalysts were selected to be 
processed in the next step—CoMoO4, TiCoO3, and MgMn2O4.

iii. Positioning the O 2p BCs and TM d BCs: Hybrid func-
tional calculations using the HSE06 functional[27] were per-
formed on the three selected catalysts. Positive values of 
(O 2p–TM d) BC indicate a lower degree of covalence and 

Figure 1. a) Schematic illustration of the screening strategy. b) Histogram of the O 2p BCs. c) Crystal structure of the C2/m CoMoO4. Violet polyhedra 
represent CoO6 octahedra, light turquoise polyhedra represent MoO6 octahedra in α-CoMoO4 and MoO4 tetrahedra in β-CoMoO4.
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more  participation of the anionic sublattice in the catalytic 
cycle, which leads to the formation of lattice defects and pos-
sible amorphization of the catalytic surface. Calculations  
at the DFT hybrid level are essential here to properly locate  
the TM d BCs, since the exact exchange partially overcomes 
the self-interaction error inherent in GGAs.[28] The three 
selected cases end up with values of (O 2p–TM d) between  
−0.5 and 0.0 eV (Table S2, Supporting Information). These 
values are also in the region with the highest GOR activities 
for the spinel cobaltite cases (Figure S3, Supporting Informa-
tion). Moreover, this result ensures that TM d BCs are closer 
to the Fermi level than the O 2p BCs, which avoids structural 
instabilities during GOR cycles.[18a,22g,29]

One of the catalysts, CoMoO4, was selected based on the cri-
teria of the above screening approach as a promising, highly 
active oxide catalyst for GOR. The crystal has C2/m symmetry, 
where, in the case of α-CoMoO4 (see Figure  1c), Co and Mo 
cations are both octahedrally coordinated and connected by 
edge-sharing oxygen anions. Its computed O 2p BC is −3.55 eV 
and the (O 2p–TM d) BC is −0.18  eV. Although the screening 
strategy used here predicted α-CoMoO4 as a promising catalyst, 
both polymorphs (α and β) associated with the C2/m symmetry 
could coexist at room temperature,[30] where the occurrence 
of Mo cations both at octahedrally and tetrahedrally coordi-
nated sites is the main difference between α- and β-CoMoO4 
(see crystal structures in Figure  1c). Despite this structural 
difference, the O 2p BC (−3.55  eV) and the (O 2p–TM d) BC 
(−0.20 eV) of β-CoMoO4 are very similar to the calculated values 
for the α-CoMoO4. Hence, the activity of CoMoO4 as GOR cata-
lyst is expected to be independent of the possible polymorph. 
Thus, CoMoO4 was proposed as optimal GOR catalyst amongst 
the screened materials and, together with NiMoO4 and MnMoO4 
as controls, selected for further experimental investigation.

2.2. Preparation and Characterization of the CoMoO4 Catalyst

The selected CoMoO4 catalyst was grown in situ on the NF 
substrate through a two-step procedure, which is schemati-
cally depicted in Figure 2a. In the first step, CoMoO4•xH2O 
nanorods (see Figure S4, Supporting Information) were grown 
on the NF substrate via a facile hydrothermal reaction at 160 °C 
with CoCl2•6H2O and NaMoO4•H2O as Co and Mo precursors. 
In the second step, the as-obtained CoMoO4•xH2O/NF was 
further annealed in a tube furnace at 500 °C for 2 h to trans-
form into CoMoO4/NF via dehydration.[31] The morphology of 
the CoMoO4/NF catalyst was characterized by scanning elec-
tron microscopy (SEM) imaging. As shown in Figure  2b, the 
CoMoO4 nanorods are grown uniformly on the mesoporous NF 
substrate; the CoMoO4 nanorods are several micrometers in 
length, see Figure 2c. The energy-dispersive spectrum (EDS) of 
the CoMoO4 nanorods showed elements Co, Mo, and O and the 
corresponding mappings further indicated a uniform dispersion 
of these elements (Figure S5, Supporting Information). Trans-
mission electron microscopy (TEM) imaging of the CoMoO4 
demonstrated its nanorod morphology, with an average diam-
eter of around 100 nm, see Figure 2d. A selected area electron 
diffraction (SAED) pattern collected on an individual nanorod 

exhibited well-defined spots, indicating a single-crystalline char-
acteristic of the CoMoO4 nanorod (see inset in Figure  2d). A 
high-resolution TEM (HRTEM) image of an individual nanorod 
displayed well-defined lattice fringes with a d-spacing of 
0.39 nm, which corresponds to the (021) facet of CoMoO4, indi-
cating that the growth direction of the nanorod is perpendic-
ular to (021), see Figure 2e. In order to characterize the crystal 
structure of the CoMoO4 nanorods, powder X-ray diffraction 
(PXRD) was employed, which displayed well-defined diffraction 
peaks fitting well with monoclinic CoMoO4 (β-CoMoO4, JCPDS 
00-021-0868),[31,32] see Figure 2f. A minor impurity appeared at 
2θ = 14.2o, which can be ascribed to the (110) facet of α-CoMoO4 
(JCPDS 04-008-9475).[31] The sharp peaks with strong intensity 
in the PXRD pattern suggested that the as-synthesized CoMoO4 
sample was well crystallized, which is consistent with the SAED 
result (Figure 2d). The electronic structure of the CoMoO4/NF 
sample was characterized by X-ray photoelectron spectra (XPS). 
In Co 2p XPS spectra, see Figure  2g, four well-defined peaks 
are seen with two main peaks located at 781.2 eV and 797.2 eV, 
which are assigned as doublets 2p3/2 and 2p1/2 of Co2+ with 
binding energy separation of 16 eV;[33] the corresponding satel-
lite peaks are located at 786.9 and 803.4 eV, respectively. In the 
Mo 3d XPS spectra (Figure  2h), two shake-up doublets of Mo 
3d5/2 and 3d3/2 with a spin-orbit energy separation of 3.1 eV are 
observed at 231.9 eV and 235.0 eV, respectively, corresponding 
to the Mo6+ oxidation state in MoO4

2− phase, which is in good 
agreement with previous reports.[34] In the O 1s XPS spectra 
(Figure  2i), the main peak located at 529.9  eV is assigned to 
lattice oxygen (O2−)[35] and the minor peak at 532.2  eV to sur-
face-adsorbed water.[36] For comparison, two other isostructural 
metal molybdates, NiMoO4 and MnMoO4, also crystallizing in 
the C2/m group were synthesized following the same method, 
except for replacing the Co precursor by Ni and Mn salts at the 
first step. The as-obtained NiMoO4/NF and MnMoO4/NF cata-
lysts were characterized by SEM, TEM, PXRD, and XPS tech-
niques to confirm the morphology and structure (Figure S6, 
Supporting Information for NiMoO4 and Figure S7, Supporting 
Information for MnMoO4).

2.3. Electrochemical Glycerol Oxidation

Catalytic activities of the MMoO4/NF (M = Mn, Co, Ni) elec-
trodes for GOR were evaluated in a divided three-electrode 
setup with an electrolyte of 1.0 m KOH plus 0.1 m glycerol in the 
anode compartment and without glycerol in the cathode com-
partment; comparison was made with OER applying the same 
conditions, but without glycerol in the anode compartment. 
Here, a basic medium was selected due to the high reaction effi-
ciency of GOR in alkali compared to in acidic or neutral media. 
Linear sweep voltammetry (LSV) profiles using the MMoO4/
NF electrodes for GOR and OER are presented in Figure 3a, in 
which the current densities were normalized by the geometric 
surface area of the electrode (1 × 1 cm2). All MMoO4/NF elec-
trodes exhibited significantly negative shifts of onset potential 
for GOR (solid curves) compared with those for OER (dash-
dot curves). Notably, the CoMoO4/NF electrode performed best 
among the catalyst materials both in GOR and OER; to reach a 
current density of 10 mA cm−2, the required applied potentials of 
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1.239 V (versus RHE) for GOR and 1.533 V for OER (Figure 3a) 
are substantially lower than those for MnMoO4/NF (1.351  V 
for GOR and 1.618  V for OER) and NiMoO4/NF (1.308  V for 
GOR and 1.587  V for OER) under the same conditions. Con-
sidering that the morphologies of these electrodes are slightly 
different (Figure  2c, Figures S6 and S7, Supporting Informa-
tion), electrochemical surface areas (ECSA) of these electrodes 
were estimated for comparison by evaluating the double-layer 
capacitance in the non-Faradaic region, see Figure S8, Sup-
porting Information. The calculated ECSAs of the CoMoO4/
NF, NiMoO4/NF, and MnMoO4/NF electrodes are 1.542, 1.886, 
1.363 mF cm−2, respectively; see Figure  3b. To make a fair 
comparison among the electrodes regarding GOR and OER 
performance, current densities for LSV profiles were further 
normalized by the calculated ECSAs, see Figure 3c. The GOR 
and OER performance normalized by ECSA displayed the same 
trend as when normalized by geometric surface area, following 
the sequence: CoMoO4/NF > NiMoO4/NF > MnMoO4/NF, 

indicating that the CoMoO4/NF electrode is indeed more intrin-
sically active than the NiMoO4/NF and MnMoO4/NF electrodes 
regardless of morphological influence. In addition to the lowest 
overpotential for both GOR and OER, the CoMoO4/NF elec-
trode also has the largest potential difference between GOR and 
OER among its counterparts with 0.294 V or 0.293 V potential 
difference at 10 mA cm−2 (JGeo) or mA mF−1 (JECSA) (Figure 3d). 
The performance is thus among the most efficient cases for 
organic chemical-assisted water electrolysis, see Table S3, Sup-
porting Information, indicating a promising potential of the 
CoMoO4/NF electrode for industrial H2 production at low elec-
tronic energy consumption.

A volcano plot is obtained when displaying the measured 
intrinsic GOR activity of MnMoO4, CoMoO4, and NiMoO4 
versus the descriptors O 2p BCs (Figure 3e) and (O 2p–TM d) 
BCs (Figure  3f). To have insights about the obtained volcano 
shape, from the electronic structure viewpoint, the PDOS of 
these three catalysts are displayed in Figure 3g–i. Amongst the 

Figure 2. a) Schematic illustration of the preparation procedure of the MMoO4/NF electrode. b,c) SEM images of the CoMoO4/NF electrode. d) TEM 
image of the CoMoO4 nanorod; the inset is the corresponding SAED pattern. e) High-resolution TEM image showing lattice fringes of the CoMoO4 
nanorod. f) PXRD pattern of the CoMoO4 powder. g) Co 2p, h) Mo 3d, and i) O 1s XPS spectra of the CoMoO4/NF electrode.
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three cases, MnMoO4 has the lowest (O 2p–TM d) BC, −1.17 eV, 
and the lowest contribution of O 2p states close to the Fermi 
level. As discussed in the supporting information, catalysts 
showing a (O 2p–TM d) descriptor far from the Fermi level pre-
sent higher covalence (stronger TM–O bonds). Thus, interme-
diates interacting with the catalytic surface via O atoms might 
show strong bond strength that finally affects the catalysts’ 
activity by increasing the reaction onset potential.[22b] Moreover, 
stronger TM–O bonds would also lead to a lower number of 
TM centers (active sites) exposed at the catalytic surface.[18b] 
Thus, the high degree of covalency in the TM–O bonds of the 
MnMoO4 catalysts explains the displayed lower catalytic activity 
in comparison to CoMoO4. In contrast, NiMoO4 has the 
highest value of (O 2p–TM d) BC, 0.47  eV, amongst the three 

investigated catalysts, and also the greatest contribution of 
O 2p states close to the Fermi level. This enhances the prob-
ability of defect formation, therefore leading to structural reor-
ganizations or even amorphization of the catalytic surface.[17a,e] 
CoMoO4 displays a balanced value of (O 2p–TM d), −0.20  eV, 
which is not far from the Fermi level, but still with TM d BC 
lying at higher energy than that of the O 2p BC (see Figure 3h). 
This creates the ideal chemical environment once the cationic 
redox capacity (related to the TM d BC) is as high as possible, 
but yet maintaining the structural stability of the catalyst, there-
fore, explaining the better performance of CoMoO4 compared 
to MnMoO4 and NiMoO4.

Based on the aforementioned results, we will focus on the 
best-performing CoMoO4/NF electrode in the following. The 

Figure 3. a) IR-corrected LSV profiles of the MMoO4/NF (M = Mn, Ni, Co) electrodes in 1.0 m KOH for OER (dash-dot curves) and with 0.1 m glycerol 
for GOR (solid curves) at 25 °C; current densities are normalized by the geometric surface areas of the electrode. b) The linear relationship between 
current density and scan rate for the MMoO4/NF electrodes for evaluation of ECSA. c) ECSA normalized IR-corrected LSV profiles according to panel a. 
d) Comparison of potentials to reach 10 mA cm−2 (JGeo and JECSA) for GOR and OER for the MMoO4 electrodes. e,f) GOR activity trend of the MMoO4/
NF electrodes based on the (e) O 2p BC and (f) (O 2p–TM 3d) BC for MMoO4. g–i) Projected density of states (PDOS) of MMoO4 (M = Mn, Co, and 
Ni) calculated with the HSE06 DFT functional. Here, red fill stands for the summed d states of M centers, blue stands for the summed d states of the 
Mo centers and green lines are the summed O 2p states. Black lines at 0 eV indicate the Fermi level, while the green and red lines are the averaged 
O 2p BCs and TM d BCs, respectively.
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influence of temperature on GOR and OER performance at the 
CoMoO4/NF electrode was further investigated under different 
temperatures (25, 40, and 60 °C). All LSV curves are signifi-
cantly shifted to lower potentials with increasing temperature 
from 25 to 60 °C, see Figure 4a. When the temperature reaches 
60 °C, the applied potential is reduced to 1.047 V at 10 mA cm−2 
for GOR, which shows a 192  mV negative shift compared to 
at 25 °C, following nearly 5.4 mV potential change per degree. 
For OER, 172 mV (at 10 mA cm−2) negative shift was observed 
when increasing the temperature from 25 to 60 °C, indicating 
that GOR is slightly more sensitive to temperature than OER 
under the same conditions. As a consequence, a larger poten-
tial difference between GOR and OER was observed at 60 °C 
(314 mV at 10 mA cm−2) than at 25 °C (294 mV at 10 mA cm−2), 
see Figure 4b, suggesting that increasing the temperature is an 
efficient strategy to promote GOR over OER, which is also pos-
sible to implement in industrial production. Electrochemical 
impedance spectra (EIS) of the CoMoO4/NF electrode collected 
at different temperatures were further investigated to elucidate 
the influence of temperature, see Figure 4c. The solution resist-
ance (Rs) was 1.79, 1.50, and 1.10 Ω respectively at 25, 40, and 
60 °C. The charge transfer resistance (Rct) followed a similar 
trend, which was 1.35, 1.20, and 0.37 Ω at 25, 40, and 60 °C, 
respectively. The result indicated that increasing temperature 
could reduce both the solution and charge transfer resistances 
and thus finally promote the GOR performance.

The effect of glycerol concentration on GOR performance 
was further studied on the CoMoO4/NF electrode in 1.0 m 
KOH electrolyte with the presence of 0, 0.1, 0.5, 1.0, and 2.0 m 

glycerol. LSV profiles of GOR in different electrolytes are dis-
played in Figure 4d and the corresponding potentials to reach 
10 mA cm−2 are collected in Figure 4e. All LSV profiles shifted 
significantly in the presence of glycerol compared to without 
glycerol (OER), which is in analogy with the result shown in 
Figure 3a. Notably, a slight increase in the applied potential is 
required when increasing the concentration of glycerol, which 
may correlate with the ionic conductivity of the electrolyte with 
different concentrations of glycerol, see Figure  4f. In 1.0 m 
KOH without glycerol, the ionic conductivity of the electrolyte 
is 210 mS cm−1; when adding 0.1, 0.5, and 1.0 m glycerol in the 
electrolyte, the ionic conductivity gradually decreased to 173, 
151, and 123 mS cm−1, respectively. When the glycerol concen-
tration reached 2.0 m, the ionic conductivity of the electrolyte 
had decreased to only 85.4 mS cm−1.

2.4. Mechanistic Insights on Glycerol Oxidation

A series of controlled experiments for GOR utilizing the 
CoMoO4/NF electrode were performed under different poten-
tials, reaction times, and temperatures. The oxidation products 
in the anode compartment were collected after reaction and 
quickly neutralized to stabilize the products before analysis 
by high-performance liquid chromatography (HPLC). Sev-
eral potentials between the onset potentials of GOR and OER 
were selected for product analysis, see Figure 5a. Notably, for-
mate is detected as the main product at all selected potentials 
with the highest selectivity of 93% at 1.23  V, indicating that 

Figure 4. a) IR-corrected LSV profiles of the CoMoO4/NF electrode in 1.0 m KOH for OER (dash-dot curves) and with 0.1 m glycerol for GOR (solid 
curves) operated at different bath temperatures. b) Comparison of potentials to reach 10 mA cm−2 (JGeo) for GOR and OER on the CoMoO4/NF electrode 
at different temperatures based on panel a. c) Electrochemical impedance spectra of the CoMoO4/NF electrode during GOR at different temperatures; 
inset is the equivalent circuit. d) IR-corrected LSV profiles of the CoMoO4/NF electrode in 1.0 m KOH with different concentrations of glycerol operated 
at 25 °C. e) Comparison of potentials to reach 10 mA cm−2 (JGeo) for GOR on the CoMoO4/NF electrode with different concentrations of glycerol in 
1.0 m KOH based on panel d. f) Ionic conductivity of electrolytes at different concentrations of glycerol in 1.0 m KOH.
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the CoMoO4/NF catalyst has a high tendency for CC bond 
cleavage during GOR. Some three-carbon (e.g., glycerate, tartro-
nate) and two-carbon (e.g., glycolate, glyoxylate, oxalate) prod-
ucts were also detected. Due to the high pH of the electrolytes 
(1.0 m KOH), all the listed products were present as carboxy-
lates. At a relatively low potential of 1.08  V, GOR just started 
with a low current and thus along with a low concentration of 
products, see Figure S9, Supporting Information; however, a 
certain percentage of glycerate (9%) could be detected, but grad-
ually decreased at a potential higher than 1.13 V (2%). Instead, 
a relatively high selectivity for glycolate (19%) was observed at 
1.13 V that gradually decreased to 4% at 1.28 V, indicating a pos-
sible reaction pathway from glycerate to glycolate at 1.13 V and 
further oxidation of glycolate at higher potentials. At 1.23 V, that 
is the theoretical water oxidation potential, the concentration of 
produced formate goes up to 48.6  mm after 1.0 h electrolysis 
along with high selectivity 93%, further confirming that GOR is 
energetically more favorable than OER. Additionally, oxidation 
products were collected every half hour at a constant potential of 
1.28 V to investigate the relationship between the product con-
centration and reaction time, see Figure S10, Supporting Infor-
mation. Formate is always the dominating product with a high 
selectivity above 91% in 2.0 h, see Figure  5b. The production 

rate of formate followed a linear increase of 0.96  mm min−1. 
Moreover, oxidation products at different temperatures were 
also collected under a constant potential of 1.23 V for 1.0 h and 
analyzed by HPLC. Formate was formed at a high selectivity 
above 92% in the temperature range 25 to 60 °C, see Figure 5c; 
the temperature dependence followed a linear increase of 
2.7 mm °C−1 (Figure S11, Supporting Information).

In order to deeply investigate the GOR pathway at the 
CoMoO4/NF electrode, all possible intermediates and products 
from GOR (i.e., glyceraldehyde, glycerate, glycolate, oxalate, 
tartronate, mesoxalate, formate, DHA, glyoxylate, formalde-
hyde) were individually examined by LSV curves at room tem-
perature, see Figure S12, Supporting Information. To further 
confirm the oxidation pathway, products after electrolysis of 
the above-mentioned intermediates and products (at a con-
stant potential of 1.28 V for 1.0 h) were collected and analyzed. 
HPLC spectra shown in Figure S13, Supporting Information 
are in good agreement with the LSV results (Figure S12, Sup-
porting Information). We roughly divide the products into four 
categories:

i. Mesoxalate, glyoxylate, and formaldehyde oxidize at lower 
onset potentials than glycerol, indicating that they will be 

Figure 5. a–c) Product selectivity of the CoMoO4/NF electrodes based on HPLC results: a) Samples collected after 1.0 h at 25 °C at different potentials; 
b) samples collected at different reaction times at a constant potential of 1.28 V versus RHE at 25 °C; c) samples collected at different temperatures at 
a constant potential of 0.30 V versus Hg/HgO for 1.0 h. The electrolytes are 1.0 m KOH with 0.1 m glycerol for all the experiments. d) Proposed GOR 
pathway in alkaline media based on the CoMoO4/NF electrode.
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quickly oxidized once produced. Mesoxalate is completely 
converted to oxalate after electrolysis, see Figure S13a, Sup-
porting Information. Glyoxylate is easily oxidized to oxalate 
or split to formate via CC breaking, see Figure S13b, Sup-
porting Information. Formaldehyde can be oxidized to for-
mate, see Figure S13c, Supporting Information.

ii. Glyceraldehyde and DHA oxidize at a similar onset poten-
tial as glycerol. Neither glyceraldehyde nor DHA is stable in 
alkaline media; they would undergo reversible interconver-
sion and quickly convert to various products (e.g., glyoxylate 
and lactate) in the base even without electrolysis,[10b,37] see 
Figure  S13d,e, Supporting Information. This phenomenon 
explains reasonably why we did not detect these two inter-
mediates among the GOR products. We also found that the 
production of glycerate, glycolate, oxalate, and formate from 
glyceraldehyde is accelerated under electrolysis, see Fig-
ure S13d, Supporting Information.

iii. Glycerate, tartronate, and glycolate all require slightly higher 
oxidation potentials compared to glycerol, but still display 
a relatively high oxidation current at 1.28  V. Glycerate can 
be further oxidized to tartronate, glycolate, and oxalate, see 
Figure S13f, Supporting Information. Tartronate is mainly 
oxidized to oxalate, see Figure S13g, Supporting Information; 
this process would possibly involve mesoxalate as an inter-
mediate because mesoxalate is highly active and can be fully 
oxidized to oxalate under electrolysis (Figure S13a, Support-
ing Information). Glycolate can be further oxidized to oxalate 
and formate, see Figure S13h, Supporting Information.

iv. In contrast, oxidation of oxalate or formate is sluggish and 
requires substantially higher potential than glycerol, indicat-
ing that the GOR process would eventually stop at formate or 
oxalate without CO2 formation or water oxidation at poten-
tials below 1.28 V, see Figure S12, Supporting Information. 
HPLC spectra further confirmed that oxalate and formate be-
fore and after electrolysis at 1.28 V are not changed, indicat-
ing that it is hard to oxidize them further, see Figure S13i,j, 
Supporting Information.

Based on the above analysis, we propose a possible GOR reac-
tion pathway at the CoMoO4/NF electrode which is schemati-
cally depicted in Figure 5d. GOR in strong basic media follows 
a major pathway (red arrow) through oxidation of a primary 
hydroxyl group to produce glyceraldehyde as intermediate; glyc-
eraldehyde can be quickly oxidized to glycerate via transfer of 
two electrons.[37] Subsequently, the produced glycerate can split 
into glycolate and formaldehyde,[38] where the glycolate can fur-
ther oxidize to oxalate or formate, and the formaldehyde oxi-
dizes to formate. Another possible conversion of glycerate is to 
oxidize to tartronate and then go through mesoxalate to finally 
convert to oxalate. GOR at the CoMoO4/NF electrode through 
DHA (oxidation of the secondary hydroxyl group) is considered 
as a minor pathway (black arrow). DHA and glyceraldehyde can 
chemically interconvert in strong basic solutions and could fur-
ther oxidize to glyoxylate with or without electrochemical assis-
tance. Glyoxylate is highly active and will quickly convert to 
oxalate or formate under electrolysis. HPLC detected formate as 
the dominant product with high selectivity, indicating that the 
CoMoO4/NF catalyst is highly active and selective for cleaving 
CC bonds.

2.5. Investigation of the Electrode Surface during GOR via 
In Situ Raman

In situ electrochemistry coupled with Raman spectroscopy was 
applied to investigate the change of the CoMoO4/NF electrode 
surface during GOR;[39] a schematic diagram of the customized 
Raman setup is shown in Figure 6a. Raman spectra of the pris-
tine CoMoO4/NF electrode in air displayed well-defined sharp 
peaks in the range 200 to 1800 cm−1, see Figure S14, Supporting 
Information, suggesting it is highly crystallized and consistent 
with the previous SAED and PXRD results (Figure  2d,f). 
Raman bands located at 282, 333, 366 cm−1 are assigned to the 
CoOMo bond; the peaks at 815 and 876 cm−1 can be ascribed 
as OMoO bond; the peak at 936 cm−1 is associated with the 
stretching mode of the terminal Mo = O bond.[36,40] In the elec-
trolyte, the CoMoO4/NF electrode surface displayed vibration 
bands in the range 400 to 650 cm−1, which are correlated with 
the CoO bond,[36,41] see Figure S15, Supporting Information. 
In 1.0 m KOH without glycerol (left graph in Figure 6b), at lower 
potential ranging from 0.93 to 1.23 V, no significant change was 
observed for the CoO band. Above 1.23  V, two well-defined 
peaks emerged at 458 and 535 cm−1, which are attributed to the 
Eg and A1g modes of CoO in CoOOH species.[42] The appear-
ance of these two peaks matches well the Co oxidation wave in 
the LSV curve, see Figure S16, Supporting Information. When 
the potential increases from 1.28 to 1.63 V, these two peaks are 
blue-shifted by 10 cm−1 along with the increase of the intensity 
and ratio between the Eg and A1g modes, see Figure 6c, mani-
festing the increased content of CoOOH species at the elec-
trode surface during OER.[43] During GOR in the electrolyte 
with 0.1 m glycerol (right graph in Figure 6b), these two CoO 
bands have similar changes as those in OER; however, there are 
some minor differences between GOR and OER: i) the Eg and 
A1g modes of the CoO bond are located at slightly lower fre-
quencies (Eg: 450  cm−1, A1g: 530  cm−1) in GOR than those in 
OER (Eg: 458  cm−1, A1g: 535  cm−1). ii) The intensities of these 
two peaks are somewhat weaker than those in OER. iii) The 
intensity ratio between Eg and A1g above 1.33 V increases more 
rapidly than in OER, see Figure 6c. The above observations all 
suggest the interaction of glycerol with the CoO bond during 
GOR.[44] In addition to the change in the CoO band during 
polarization, some information from the electrolyte is also 
obtained in the high-frequency region, see Figure 6d. The peak 
at 1638 cm−1 is characteristic of the HOH bending mode of 
water.[45] The peak at 1465 cm−1 is a signal from the glycerol reac-
tant (see Figure S17, Supporting Information), which becomes 
smaller with increasing potential during GOR, indicating the 
consumption of glycerol with polarization. Above 1.28 V, a new 
peak associated with the produced formate (Figure S17, Sup-
porting Information) appeared at 1348 cm−1 during GOR along 
with intensity increasing with applied potential (Figure 6d).

To further confirm the chemical structure of the CoMoO4/
NF electrode after reaction, post-mortem characterizations 
were performed. The HRTEM image taken from an individual 
CoMoO4 nanorod after GOR displayed an amorphous oxidized 
layer outside the core of the nanorod, which is attributed to the 
evolved CoOOH species during oxidation.[46] Corresponding 
EDS mapping images further confirmed that the elements 
Co and O were present on the surface of the nanorods, see 
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Figure S18, Supporting Information. The post-mortem Co XPS 
spectra exhibited a negative shift compared with the pristine 
spectrum, indicating partial oxidation to Co3+ after GOR.[36] The 
valence state of Mo6+ in Mo 3d XPS did not change during oxi-
dation since it was already in the highest oxidation state. The O 
1s XPS spectrum was blue-shifted with a broadened feature due 
to involving more metal-OH species (531.3 eV) after GOR.[33]

2.6. Quantitative Analysis of GOR with Coupled HER

To further investigate the promising CoMoO4/NF electrode 
for industrial hydrogen production and concurrent value-
added oxidation products, quantitative analyses of the prod-
ucts at both the anode and cathode were performed. A sealed 
three-electrode set-up was used with a membrane (Nafion 
117) separating the anode and cathode products. The anode 
compartment was equipped with the CoMoO4/NF working 
electrode and a Hg/HgO reference electrode immersed in 
the electrolyte of 1.0 m KOH with 0.1 m glycerol; Ar gas was 
bubbled during the reaction to suppress chemical oxidation of 
products at the anode; 100 µL of product solution at the anode 
compartment was collected every 30 coulomb (C) passed and 
quickly neutralized before analysis by HPLC. The cathode com-
partment was equipped with a Pt foil electrode fed with 1.0 m 
KOH electrolyte, the produced gases were collected by gas dis-
placement and the gas volume was read each time a charge of 
30 C had been passed. A schematic diagram of the setup for 

quantitative analysis of GOR and HER is shown in Figure 7a. 
Chronopotentiometry was used to control the above system, 
a constant current of 100  mA was applied during 3000 s, the 
corresponding potential was kept at around 1.26 V versus RHE 
and the final potential increased less than 6% compared to the 
initial potential, see Figure S19a, Supporting Information; the 
corresponding charge-time curve is displayed in Figure S19b, 
Supporting Information. HPLC spectra of the anode products 
exhibited a regular consumption of glycerol and production of 
formate with increasing passed charges, see Figure S19c, Sup-
porting Information. The concentration of formate reached 
95.9  mm after 300 C passed (50  min), see Figure  7b, the pro-
duction of formate followed a linear relationship with passed 
charge, presenting a production rate of 0.32  mm C−1. Almost 
half of the glycerol was consumed after passing 300 C, yielding 
a conversion rate of 0.15  mm C−1, see Figure  7b. The average 
carbon balance from the above nine experiments is 94%, 
see Table S4, Supporting Information, with the missing 6% 
carbon possibly due to adsorption of glycerol/products on the 
electrode surface or undetected products (e.g., carbonate) in 
HPLC.[47] The average FE of GOR based on HPLC analysis 
is 90%, the lost 10% FE may be due to: (i) a part of charges 
contribute to the oxidation of the electrode surface; (ii) some 
charges contribute to carbon products (e.g., carbonate) that are 
not detected by HPLC. As for HER at the cathode chamber, the 
produced H2 amount is very close to the theoretical amount, 
the average FE for HER is as high as 96% during 300 C passed, 
see Figure  7c. Based on the above quantitative analysis on 

Figure 6. a) Schematic diagram of the customized in situ Raman set up for investigating the surface change of the CoMoO4/NF electrode during 
OER and GOR. b) In situ Raman spectra for the CoMoO4/NF electrode surface for OER (left) and GOR (right) at a lower frequency range. c) The 
ratio between Eg and A1g in OER and GOR. d) In situ Raman spectra for the CoMoO4/NF electrode surface for OER (left) and GOR (right) at a higher 
frequency range. “Gly” and “FA” are abbreviations of “glycerol” and “formate.” e) TEM image of the CoMoO4 nanorod after GOR. f) Co 2p and g) Mo 
3d, and h) O 1s XPS spectra of the CoMoO4/NF electrode before and after GOR.
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both electrodes, reaction details for both compartments are 
schematically depicted in Figure  7a. At the anode compart-
ment, glycerol was catalyzed by the CoMoO4/NF electrode and 
oxidized to formate with high selectivity (92%) and high effi-
ciency (FE = 90%) at alkaline conditions following the reaction: 
CH2OHCHOHCH2OH + 11OH− → 3CHOO− + 8H2O + 8e−. 
Meanwhile, at the cathode, water was gradually reduced after 
accepting electrons from the electrode surface to produce H2 
gas with high purity and high efficiency (FE = 96%) following 
the reaction: 2H2O + 2e−  → 2OH−  + H2. The produced OH− 
from the cathode will pass through the membrane to feed the 
anode reaction, the whole reaction formula for the glycerol 
electrolysis is then CH2OHCHOHCH2OH + 3OH−  → 
3CHOO−  + 4H2. The high FE at both anode for GOR and 
cathode for HER confirmed the potential of the CoMoO4/NF 
electrode working as a non-precious and highly efficient cata-
lyst for hydrogen and formate production from economically 
viable feedstock—glycerol.

3. Conclusion

In summary, the computationally aided experimental validation 
of CoMoO4 as a highly active catalyst toward GOR is reported. 
O 2p BC and (O 2p–TM d) BC are proposed as descriptors of 
the catalytic activity of spinel cobaltites toward GOR for the first 
time. We then further employed the obtained relations into a 
screening framework that has predicted CoMoO4 as a promising 
efficient catalyst for GOR. Successively, a series of transition 
metal-based molybdates (MMoO4, M = Mn, Co, Ni) supported 

on NF substrate as self-supported anodes were experimentally 
synthesized and tested for GOR. The CoMoO4/NF electrode 
is identified as the most efficient catalyst, as predicted by DFT 
calculations, for glycerol oxidation in the electrolyte of 1.0 m 
KOH with 0.1 m glycerol, which required a low applied poten-
tial of 1.239 V and 1.105 V to reach 10 mA cm−2 at 25 and 60 °C 
respectively, which is lower by 294 and 314  mV, respectively, 
compared with water oxidation. The CoMoO4/NF electrode is 
highly active in CC breaking and thus has a high selectivity 
(92%) for producing formate, along with a high FE of 90% at 
the anode for glycerol oxidation. In situ Raman spectra were 
employed to identify the real active species of CoO in interac-
tion with glycerol during GOR. This work employs a synergistic 
effort of theoretical calculations and experiments to predict 
and validate promising alternative oxide catalysts for GOR and 
exemplifies a rational approach to designing cost-effective and 
highly efficient electrocatalysts to produce value-added products 
at both the cathode and the anode.
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