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esostructure on the
electrooxidation of glycerol on Pt mesoporous
catalysts†

Athira Anil,a Jai White,b Egon Campos dos Santos,c Irina Terekhina,d Mats Johnsson,d

Lars G. M. Pettersson,e Ann Cornellb and German Salazar-Alvarez *a

Glycerol is a renewable chemical that has become widely available and inexpensive owing to the increased

production of biodiesel. Noble metal materials are effective catalysts for the production of hydrogen and

value-added products through the electrooxidation of glycerol. In this study, we developed three platinum

systems with distinct pore mesostructures, e.g., hierarchical pores (HP), cubic pores (CP) and linear pores

(LP), all with high electrochemically active surface area (ECSA). The ECSA-normalized GEOR catalytic

activity of the systems follows HPC > LPC > CPC > commercial Pt/C. Regarding the oxidation products, we

observe glyceric acid as the main three-carbon product (C3), with oxalic acids as the main two-carbon

oxidation product. DFT-based theoretical calculations support the glyceraldehyde route going through

tartronic acid towards oxalic acid and also help in understanding why the dihydroxyacetone (DHA) route is

active despite the absence of DHA amongst the observed oxidation products.
Introduction

The ongoing demand, cost, and low sustainability of traditional
fossil fuels have paved the way for the rapid development of
biofuels, an alternative renewable energy resource with low
greenhouse gas emissions.1–3 Hence, biodiesel, one of the bio-
fuel candidates, has been undergoing rapid study and
commercialization in recent years.4–6 This has led to the large-
scale accumulation of glycerol, a byproduct of the trans-
esterication reaction for biodiesel synthesis.7 Recent reports
have shown that over 2.4 million tons of glycerol is produced
every year in the EU, which exceeds the required amount for the
entire world.8 Thus, glycerol is an inexpensive,9 non-toxic,10 and
renewable three-carbon (C3) waste that must be eliminated or
converted. Glycerol can be an ideal source for generating several
C1–C3 value-added products, such as dihydroxy acetone (DHA),
glyceric acid (GLA), tartronic acid (TTA), oxalic acid (OA), and
formic acid (FA) in addition to hydrogen.11 The extensive usage
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of these products in cosmetic, pharmaceutical, and textile
industries has always inuenced their high price, which is
signicantly larger than that of glycerol.12,13

Various synthesis and catalysis techniques, such as thermo
chemical,14,15 photochemical,16,17 and biocatalytic18–20 tech-
niques, have been used to oxidize glycerol and thus synthesize
value-added products. The electrocatalytic conversion of glyc-
erol is an alternative production method that provides a high
electrode-to-product efficiency, exibility of product selectivity,
a co-production of H2 at the cathode with a lower operating cell
potential compared to water splitting, and moderate reaction
conditions.21–27 Several studies have shown that noble metal
catalysts, such as Pd, Pt, Au, and Ag, and their alloys are
excellent for glycerol electrooxidation reaction (GEOR) with
a great advantage of having lower electrode potential and a high
fraction percentage of C3 products (where the economic value
of C3-chemicals is larger than C1-chemicals).27,28 In addition,
the lower onset potential and higher stability over other noble
metals make Pt an attractive catalyst.29 In the last decade, many
articles have studied the electrooxidation of glycerol with Pt30–36

and Pt-based catalysts.25,37–42

Several experimental reports have emphasized the impact of
the high surface area of catalysts for better performance for
water splitting and methanol oxidation.43,44 Materials with
a high surface area can be achieved either by the reduction of
particle size or introducing porosity to the particle morphology.
In general, solvothermal, sol–gel, and physical techniques are
used for the synthesis of porous materials with high surface
area.45–47 Particle aggregation while drop-casting the electrode
surface, less uniformity in particle size distribution, and
This journal is © The Royal Society of Chemistry 2023
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additional requirements for binders, such as Naon, always
impart discrepancies in the electrocatalytic studies.48 Creating
a uniform mesoporous thin lm on a conducting substrate can
limit the differences to a certain level. There are fewer reports
on water electrolysis where mesoporous thin lms are depos-
ited on conducting electrodes using templates. This technique
overcomes the drawbacks of dip coating and provides a homo-
geneous and reproducible material.49,50

In this study, we created three Pt catalysts with varying
porous mesostructures, focusing on GEOR activity: hierarchical
pores, cubic pores, and linear pores. The composition of the
oxidation products was determined experimentally and theo-
retically, and the theoretical calculations also provided infor-
mation on possible pathways and reaction intermediates.
Experimental
Electrodeposition of mesoporous catalysts

A conventional templated electrodeposition route was used for
the synthesis of hierarchical, cubic and linear pore catalysts
using Pluronic F-127 or phytantriol as porogens. Details are
given in the ESI subsections 1.1 and 1.2.† Basically, a template
was formed on the surface of polished polycrystalline nickel
substrates, and platinum was electrodeposited from a hexa-
chloroplatinic acid aqueous solution and reduced at a potential
of −0.25 V vs. Ag/AgCl at room temperature. In the case of the
linear pores, the electrodeposition was carried out at 50 °C.
Material characterization

The surface morphology and composition of the mesoporous
catalysts were studied using a Zeiss LEO 1550 scanning electron
microscope (SEM) operated at 15 kV, a Quantera X-ray photo-
electron spectroscope (XPS), and a Bruker D5000 X-ray diffrac-
tometer under grazing incidence conditions (GI-XRD). A JEOL
JEM-2100 transmission electron microscope (TEM) operated
at 200 kV was used for high-resolution imaging. The specimens
were prepared by detaching the mesoporous catalysts from the
substrates using ultrasonication, followed by drop casting on
a copper grid (200 mesh). Detailed descriptions of other mate-
rial characterizations used in this study are given in ESI
subsection 1.3.†

The small-angle neutron scattering (SANS) pattern, which
conrms the micellar formations and the small-angle X-ray
scattering (SAXS) pattern representing the phytantriol phases,
are shown in ESI Fig. S4a and b,† respectively.
Electrochemical characterization

All electrochemical experiments were performed using
a divided cell, with a platinum mesh counter electrode, 0.1 M
glycerol in 1MNaOH as an electrolyte, Naon 212membrane as
separator and a stirrer bar at 400 rpm. Hg/HgO (1.0 M NaOH)
reference electrode with luggin capillary was used for lower IR
drop and stability of Hg/HgO at elevated temperatures. The
conversion to a reversible hydrogen electrode (RHE) is per-
formed using the following equation:
This journal is © The Royal Society of Chemistry 2023
ERHE ¼ ERef

Hg

HgO

þ EM

Hg

HgO

þ ð0:0591� pHÞ:

Experimental information regarding the selection of rotation
rates and Naon membrane is further discussed in ESI
subsection 1.6 and Fig. S2 and S3.† We evaluated the electro-
chemical activity of the catalysts using cyclic voltammetry (CV)
and potentiostatic studies, such as chronoamperometry (CA)
and IR-corrected polarisation curves (ICPCs). Cyclic voltammo-
grams were recorded at 10 mV s−1 in a potential range of 0.10–
1.25 V vs. RHE. ICPC studies were conducted from low to high
anodic current densities. The chronoamperometric studies
were carried out at 0.69 V vs. RHE. Finally, the measured
currents from CVs, ICPCs and chronoamperometry were
normalized using the electrochemical surface area (ECSA) of the
catalysts to obtain the current density curves. Detailed analysis
of ECSA of the catalysts and deposited mass of the catalysts are
shown in ESI subsection 1.5 and Fig. S1.†

Oxidation product analysis

High-performance liquid chromatography (HPLC) was used to
analyse the oxidation product fractions. HPLC measurements
were performed using an Agilent 1260 Innity II isocratic pump,
multisampler and multicolumn thermostat with a 1290 Innity
II refractive index detector. The analytical columns, including
a Bio-Rad guard column with a standard cartridge holder with
a Micro-Guard cation H+ cartridge (4.6 × 30 mm), a Bio-Rad
Aminex HPX-87H column, and a Shodex Sugar SH1011
column (8 × 300 mm), were kept in series at a temperature of
30 °C. To obtain the best possible peak separation between
glycerol oxidation products, 1 mMH2SO4 and 8 mMH2SO4 were
used as mobile phases with a ow rate of 0.25 mL min−1.
Calibration curves of glycerol oxidation products are shown in
Fig. S6 and S7 of the ESI.†

Computational methods

Theoretical calculations were performed following the idea
used in our previous studies.51 The Vienna Ab initio Simulation
Package (VASP) was used to perform density functional theory
(DFT) electronic structure calculations.52 The exchange–corre-
lation functional was approximated as the Bayesian error esti-
mation functional with an additional nonlocal correlation term
(BEEF-vdW).53 The calculations were carried out using a (4 × 4
× 4) slab with a vacuum of 20 Å to avoid interactions between
periodic images (see ESI Fig. S15†). The free energies of glycerol
oxidation intermediates were calculated on Pt (111) and Pt (100)
slab surfaces. As indicated in ESI Fig. S16–S24,† elementary
oxidation reactions are classied into three groups: deproto-
nation, hydrolysis, and hydrogen rearrangement. The DFT total
energies were corrected using zero-point energies (ZPE) and
thermal contributions. The harmonic approximation was
employed for the vibrational frequency calculations for all
adsorbates and molecules. Henry's law was used to link the gas
phase pressure to the aqueous concentration using the NIST-
JANAF tables. To account for electrode/electrolyte interface,
J. Mater. Chem. A, 2023, 11, 16570–16577 | 16571
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implicit solvation implemented in VASP was used for the reac-
tion intermediates. The electrochemical environment was
modelled based on a computational hydrogen electrode.
Further information regarding the computational methodology
is provided in ESI Section 4.† An Excel le containing the
reaction energetics, including thermodynamics corrections, is
provided as ESI.†

Results and discussion

Fig. 1 shows the morphology of the catalysts with hierarchical
(HPC, Fig. 1a), cubic (CPC, Fig. 1b), and linear pores (LPC,
Fig. 1c). The HPC catalysts show a hierarchy in pore sizes with
macropores of 322 ± 155 nm diameter and mesopores of 17 ±

7 nm diameter with a wall thickness range of 2–3 nm. CPC
comprises a cubic 3-dimensional (3D) network with pores of 5±
1 nm, which is consistent with the structure of phytantriol Q224
phase water channels. In the case of LPC, the unsupported
platinum nanowires grown on the hexagonal phases of phy-
tantriol were clubbed together to form nanowire bundles with
linear pores aer removing the template. The LPC showed an
average pore size of 34 ± 6 nm. The detailed structural (GIXRD,
Fig. S8†) and surface characterizations (XPS, Fig. S9†) of the
deposited thin lm catalysts can be found in ESI subsections 2.1
and 2.2.†

Fig. 2a shows the cyclic voltammograms (CV) of the three
mesoporous catalysts compared with the commercially used
catalyst Pt/C at a temperature of 60 °C (additional CVs carried
Fig. 1 Morphology of mesoporous Pt catalysts: electron microscopy im
catalyst (HPC), (b) cubic pores catalyst (CPC), and (c) linear pores catalys

16572 | J. Mater. Chem. A, 2023, 11, 16570–16577
out at 25 °C are shown in ESI Fig. S14†). The catalyst activity is
plotted as specic activity iECSA (normalized by the electro-
chemical surface area ECSA) against the reversible hydrogen
electrode. CV proles show a clear distinction in the peak
current density achieved by each mesostructure with the
following current density order: HPC > LPC > CPC > Pt/C. These
suggest that the intrinsic activity of mesoporous catalysts is
higher than that of the commercial catalyst Pt/C with HPC
showing the best performance. Fig. 2b displays the IR-corrected
polarisation curves for the three mesoporous catalysts. At
a constant potential of 0.7 V, the observed IR-corrected current
density is the same as in Fig. 2a, i.e., HPC > LPC > CPC > Pt/C.
Similarly, if we consider the operating voltage at a current
density of 1.0 mA cmECSA

−2 for the catalysts, the HPC has the
lowest operating voltage, which is 20 mV, 50 mV, and 200 mV
lower than that of LPC, CPC, and Pt/C, respectively. The HPC
achieves a higher maximum current density at the lowest
operating potential. The Tafel slope of the mesoporous catalysts
and Pt/C (ESI Fig. S12†) were calculated using polarisation
curves as follows: LPC (84 ± 4.9 mV dec−1), HPC (87 ± 4.2 mV
dec−1), CPC (106 ± 4.2 mV dec−1) and Pt/C (145 ± 3.7 mV
dec−1). The low onset potential, higher current density and
a lower Tafel slope indicate that HPC is the most active catalyst
for the GEOR under these conditions.

Interestingly, although the electrochemical surface area of
the catalysts is largest for CPC (z56 cm2), followed by
commercial Pt/C (z27 cm2) and HPC and LPC with the lowest
values (ca. 14 and 11 cm2), the intrinsic activity (ECSA-
ages and pore size distribution plots of pristine (a) hierarchical pores
t (LPC).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Electrochemical studies of mesoporous catalysts. (a) Cyclic
voltammograms, (b) IR-corrected polarisation curves, and (c)
normalized chronoamperometric curves (at 0.69 V vs. RHE). All the
experiments are carried out in 0.1 M glycerol + 1 M NaOH at scan rate
10 mV s−1 at 60 °C and 400 rpm stirring. The bands in (a) represent the
95% confidence intervals.
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normalized) follows the pore size with HPC > LPC > CPC.
Previous studies have shown that porosity is an important factor
and contributes to the ECSA and the mass transport mecha-
nisms affecting the electro-catalyst performance.54,55 According
to the Nernst–Planck equation, the mass transport of an elec-
trolyte depends onmigration, convection and diffusion.56 In the
This journal is © The Royal Society of Chemistry 2023
case of porous lms, the majority of the ECSA of the catalyst is
internal and exists inside the pores where convection and
migration is very limited. Hence, internal diffusion is the main
transport mechanism for reactants to access the area within the
catalyst and depends strongly on the viscosity of the electro-
lyte.57 The viscosity of 0.1 M glycerol is 0.58 mPa s, which is
higher than that of water (0.46 mPa s) at 60 °C.58,59 The high
viscosity of glycerol contributes to the low diffusion rate of
glycerol in these 3D nanowire porous structures with small
pores (5 ± 1 nm), where the smaller water molecules (z0.3 nm)
can move faster than those of glycerol (z1 nm) in the 3D cubic
porous network, related to the high ECSA with poorer GEOR
performance. These results reinforce the idea that designing 3D
pore catalysts with a hierarchy in pore sizes is necessary for
utilizing the ECSA of the catalysts for GEOR, where the large
pores contribute to high diffusivity, whereas the smaller pores
result in a larger surface area.

A similar trend of electrochemical performance HPC > LPC >
CPC is observed in CVs (ESI Fig. S14†) measured at room
temperature (25 °C). The decrease in viscosity causes increased
mass transport of glycerol at elevated temperatures, which
contributes to higher electrochemical performance at 60 °C (2×
that at RT).60,61

ESI Table S1† compares the intrinsic activity of mesoporous
catalysts in this study with that of the reported Pt catalysts in the
literature under similar reaction conditions.36,38,40,41 The table
shows that the mesoporous catalysts shown in this study have
better electrochemical performance than reported catalysts,
including nanostructured Pt catalysts and carbon-supported Pt
catalysts (commercial systems).

Fig. 2c shows the normalized chronoamperometry curves
(normalized by the initial current density at t = 0) recorded at
0.69 V vs. RHE of the catalysts in 0.1 M glycerol and 1 M NaOH.
All the mesoporous and commercial catalysts show a decreasing
current density with time. Similar decays of catalytic currents
are reported in the literature.62,63 ESI Fig. S11† presents the
chronoamperometric curves at 0.69 V vs. RHE without nor-
malisation. The nal current density follows the order HPC >
LPC z CPC > Pt/C, suggesting that HPC has a better current
density than other catalysts even aer 1 h of electrolysis. The
catalyst activity is regenerated in HPC (98%), LPC (97%) and
CPC (82%) aer subsequent CVs in the fresh electrolyte, sug-
gesting that the current decay is attributed to the surface
passivation of the catalyst surface by an inactive intermediate
rather than morphological changes. Koper et al. discussed the
nature of possible inactive intermediates, which can contribute
to the blockage of the active sites of the catalyst.64 The oxidation
species bound to the catalyst surface by two primary C atoms is
referred to as an inactive intermediate candidate that is resis-
tant to further oxidation.

The glycerol oxidation products, as obtained from HPLC, are
shown in Fig. 3. Fig. 3a–c shows the concentration normalized
by the ECSA, CECSA, for the different catalysts in this study, and
Fig. 3d–f shows the fraction percentages (f%) of products
formed in different reaction time intervals for HPC, CPC, and
LPC, respectively. CECSA and ECSA-normalized glycerol conver-
sion rates of the catalysts follow HPC > LPC > CPC. C3 products
J. Mater. Chem. A, 2023, 11, 16570–16577 | 16573
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Fig. 3 HPLC results of mesoporous catalysts: concentration of products per ECSA (CECSA) as a function of time (a–c) and product fraction
percentages (f%) as a function of time (d–f) for HPC (a and d), CPC (b and e), and LPC (c and f). All the experiments are carried out in 0.1 M glycerol
+ 1 MNaOH at 0.69 V for an electrolysis time of 60min at 60 °Cwith stirrer bar of 400 rpm rotational rate in electrolyte. Abbreviations: acetic acid
(ACA), formic acid (FA), lactic acid (LA), oxalic acid (OA), tartronic acid (TTA), and glyceric acid (GLA).
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contribute to ca. 75% of the total fraction of GEOR products.
GLA, formed by primary alcohol oxidation, was observed as the
major product in all three mesoporous systems. The highest
GLA fraction was observed in the LPC, followed by the CPC and
HPC. Apart from GLA, tartronic acid (TTA) and lactic acid (LA)
are the other C3 products formed, whereas OA and FA constitute
the main C2 and C1 GEOR products. The low stability of glyc-
eraldehyde at pH 14 and the low applied potential for electrol-
ysis likely favoured the highest selectivity of GLA.65 The
composition of the oxidation products for the different meso-
porous catalysts shows a signicant variation in the composi-
tion at short times, where HPC and LPC show a higher GLA
fraction than CPC, but the relative fractions tend to homogenise
aer an hour of reaction time. This is likely due to the slower
diffusivity of the reactants and products inside the CPC
compared to the LPC and HPC. A longer residence time results
in products with higher degrees of oxidation. These results
16574 | J. Mater. Chem. A, 2023, 11, 16570–16577
agree with the discussion in Fig. 2c, where it is likely that the
differences are greater at even shorter times.

The glycerol conversion rate per ECSA of the sample is
depicted in ESI Fig. S13.† The conversion follows the order HPC
> LPC > CPC. The Faraday efficiency of the HPC, LPC and CPC
was 99.6%, 98.9% and 100.5%. The high value of Faraday effi-
ciency might be caused by the changes in the concentration of
electrolytes due to electrolyte evaporation, as our experiments
were performed at 60 °C. Heterogeneous glycerol oxidation on
Pt surfaces could also contribute to higher Faraday efficiency.
Table S2 in Section 3 of the ESI† compares the glycerol oxidation
products formed by the mesoporous catalysts to the Pt catalysts
reported earlier under similar reaction conditions. As
mentioned in the previous section, mesoporous catalysts
produce GLA as the majority oxidation product, with a fraction
of more than 50%. Reported Pt catalysts show a similar distri-
bution with C3 products (GLA or TTA) having a higher fraction
over C2/C1 products under similar reaction conditions. Various
This journal is © The Royal Society of Chemistry 2023
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factors, such as applied voltage and electrolyte concentrations,
contribute to variations in glycerol oxidation product
distributions.

Fig. 4 shows the predicted GEOR pathway as suggested by
both the experimental and computational observations.
Fig. S17–S24 in ESI† Section 4 show the possible reactions,
intermediates, and potential-determining step (PDS) of reac-
tions occurring in the vicinity of the Pt electrode.

The primary alcohol oxidation of glycerol can undergo either
pathway 1 (Gly–DHA–HPA) forming dihydroxy acetone (DHA) or
hydroxypyruvic acid (HPA) as the primary product or pathways 2
and 2′ (Gly–GD–GLA) forming GLA as the primary oxidation
product. The PDS for pathway 2 < pathway 1 suggests that at
lower applied potentials, GEOR on Pt catalysts is most likely to
result in GLA as the primary alcohol oxidation product rather
than HPA. The free energy diagrams of the major pathways
shown in ESI Fig. S25† further conrmed this. The Pt (111) and
Pt (100) surfaces require a smaller free energy change (DG =

0.53 eV) in the GD route to form GLA than following the DHA
route to form HPA (DG = 0.61 eV). At a higher potential above
0.67 V vs. RHE, GLA can further oxidize to TTA following
pathway 4, OA by pathways 4 and 5, glycolic acid (GA) by
Fig. 4 Representation of calculated glycerol electrooxidation pathway
(PDS) values of each oxidation step. The oxidation pathway of each inter
(black), (2) Gly–GD (blue), (2′) GD–GLA (blue), (3) GLA–GA (red), (3′) GA–
(orange), (6) OA–GA (orange), (7) DHA–PV(green), (7′) PV–LA (green). H
energy barrier of the reactions illustrated in Fig. S17–S24.† The PDS valu

This journal is © The Royal Society of Chemistry 2023
pathways 4, 5 and 5′, and FA by pathways 4, 5, 5′ and 3′. A further
increase in the applied voltage above 0.76 V could produce
mesooxalic acid (MLA) through pathways 4 and 4′. The experi-
mentally applied potential of 0.69 V vs. RHE eliminates the
possibility of choosing a reaction pathway having a higher PDS
value than the applied potential. For example, the PDS of HPA
formation is 0.85 V > 0.69 V. The absence of HPA andMLA in the
reaction mixture aer electrolysis at 0.69 V supports the
computational predictions. Hence, the GEOR of Pt at an applied
potential of 0.69 V favours reaction pathways 2, 4, 5, and 3′ to
form TTA, OA, FA, GA, and GLA as the nal product, with Gly–
GD–GLA–OA–FA as the major reaction pathway and Gly–DHA–
LA as the minor pathway. Note that although the PDS for LA
production (0.58 eV) is lower than that of GLA (0.61 eV), the LA
pathway is the minor pathway because DHA is unstable under
basic conditions and rapidly converts to GD,66,67 which, in turn,
rapidly oxidizes to GLA or other C2 or C1 products, thereby
disfavouring the production of LA.

ESI Table S3† summarizes the PDS required for the forma-
tion of the GEOR product. The PDS of GLA and FA for Pt (111) is
0.69 V and Pt (100) is 0.41 V and 0.43 V, where the difference is
only 0.02 V. This suggests that FA formation is unavoidable
of Pt (111) catalyst in alkaline solution with potential determining step
mediate is shown using different colours as follows: (1) Gly–DHA–HPA
FA (red), (4) GLA–TTA (magenta), (4′) TTA–MLA (magenta), (5) TTA–OA
ere PDS represents the minimum potential require to overcome the
es for Pt (100) is shown in Fig. S25.†
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during GLA synthesis using GEOR. The presence of OA, FA, GA,
TTA and GLA and the absence of MLA and HPA in the potential
range of 0.67–0.73 V for the reported catalysts in ESI Table S2†
are consistent with the PDS results obtained from theoretical
calculations in ESI Table S3.† Thus, the computational results
obtained strongly support the experimental ndings.

Conclusions

In this study, we compared the intrinsic activity of mesoporous
Pt catalysts with different pore sizes and structures. Among the
catalysts, HPC shows the highest activity in the following order:
HPC > LPC > CPC > Pt/C. The advantage of having a hierarchy in
pore sizes is likely the combination of large pore sizes that
enable fast diffusion, combined with small pores that provide
a larger active surface area. In the case of CPC and LPC, the
small pores in the structure result in a limited diffusion of
glycerol and poor removal of the oxidation products from the
surface, resulting in signicant deactivation of the catalysts over
time. Compared to the commercial catalyst and the literature
reports, the mesoporous catalysts presented in this study show
the highest intrinsic activity. The ease of being directly used as
an electrode for catalysis without further processing provides
additional advantages to these catalysts, particularly when
compared to particle-based catalysts that require suitable
binders, such as Naon, to form electrode assembly. Further-
more, the GO products of the mesoporous catalysts are similar
to reported catalysts under comparable reaction conditions,
with GLA as the main product. DFT calculations of the PDS of
the elementary steps of the reaction and possible reaction
pathways suggested that Gly–GD–GLA–TTA–OA was the domi-
nant pathway at the applied potential, in agreement with the
experimental results.
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