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1. Introduction

Elevated concentrations of atmospheric 
greenhouse gases (GHGs), particularly 
carbon dioxide (CO2), have affected the 
global environment, causing climate 
deviations and threatening the biodiver-
sity.[1,2] Deep-cutting solutions and new 
technologies are thus imperative to repay 
the carbon debt.[3] Hydrogen (H2) is an 
ideal fuel to enable a successful transi-
tion to a global zero emission economy: 
With a gravimetric energy density more 
than double that of conventional fuels 
like diesel, gasoline, and natural gas it is 
a lightweight energy carrier which can be 
converted to electricity and water via fuel 
cells and thus holds great promise to cut 
emissions of the transport and energy sec-
tors to zero. Furthermore, it is an energy 
dense chemical which is already used 
in the chemical industry (i.e., ammonia 
via the Haber–Bosch process) and steel 
manufacturing. However, these industries 
currently use brown (made from coal via 
gasification and subsequent water gas 

shift reaction) and gray (made by steam methane reforming) 
hydrogen which both have significant CO2 footprints. Thus, syn-
thesizing green (meaning renewable) hydrogen cost-effectively 
is a solution which could green such industries and the trans-
port sector and simultaneously meet our growing demands for 
viable energy storage solutions. However, switching from fossil-
fuels to a hydrogen economy requires efficient technologies 
that permit clean, sustainable and cost-effective production, 
storage, and utilization of H2.[4–6]

Water electrolysis is a clean technology for green H2 pro-
duction, where water is split into H2 at the cathode while O2 is 
generated at the anode. Thermodynamically, the energy input 
required for this reaction equals an applied voltage of 1.23  V 
but in practice >1.8 V is commonly applied due to the sluggish 
kinetics of the oxygen evolution reaction (OER). The kinetics 
of the OER are complex. In addition to the thermodynamic 
potential of 1.23 V, even the best OER catalysts to date show sig-
nificant overpotentials (0.35–0.4 V) which is due to suboptimal 
scaling relation between OOH and OH adsorption energies.[7,8] 
As a consequence, a significant amount of energy is spent on 

Biomass is recognized as an ideal CO2 neutral, abundant, and renewable 
resource substitute to fossil fuels. The rich proton content in most biomass 
derived materials, such as ethanol, 5-hydroxymethylfurfural (HMF) and glyc-
erol allows it to be an effective hydrogen carrier. The oxidation derivatives, 
such as 2,5-difurandicarboxylic acid from HMF, glyceric acid from glycerol are 
valuable products to be used in biodegradable polymers and pharmaceuticals. 
Therefore, combining biomass-derived compound oxidation at the anode 
and hydrogen evolution reaction at the cathode in a biomass electrolysis or 
photo-reforming reactor would present a promising strategy for coproducing 
high value chemicals and hydrogen with low energy consumption and CO2 
emissions. This review aims to combine fundamental knowledge on photo 
and electro-assisted catalysis to provide a comprehensive understanding 
of the general reaction mechanisms of different biomass-derived molecule 
oxidation. At the same time, catalyst requirements and recent advances for 
various feedstock compounds are also reviewed in detail. Technoeconomic 
assessment and life cycle analysis are performed on various feedstocks to 
assess the relative benefits of various processes, and finally critical prospects 
are given on the challenges and opportunities for technology development to 
meet the sustainability requirement of the future global energy economy.
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a product (oxygen) with very low market value (and which is 
often vented), hindering the deployment of the green H2 pro-
duction market (until 2019 only 2% of dedicated H2 is produced 
by water electrolysis),[9] with the cost being a major drawback 
that limits the production of hydrogen at industrial scale.

Additionally, photon-driven water splitting has emerged as 
a feasible alternative for producing green hydrogen in a cost-
effective manner. In this case, a semiconducting material is 
employed for harvesting incident solar light. The semicon-
ductor shall have an electronic bandgap wider than 1.23  eV 
versus normal hydrogen electrode, implying that its conduc-
tion band potential should be more negative than the reduc-
tion potential of protons to molecular hydrogen. In addition, 
the valence band potential should be more negative than the 
oxidation potential of water to molecular oxygen. Nevertheless, 
up to now most of the reported semiconductors proven to pro-
duce H2 upon water splitting do not display a positive enough 
valence band for carrying out the sluggish water oxidation.[10–14]

Value-added oxidation reactions are a particularly attractive 
pathway forward to further reduce costs through a reduced 
energy consumption and added market value. As illustrated in 
Figure 1, biomass electrolysis as a viable alternative, substitutes 
the sluggish water oxidation with the thermodynamically more 
favorable organic molecule oxidation. Biomass is recognized 
as a CO2-neutral, abundant, and renewable resource substi-
tute to fossil fuels.[15] The rich proton content in most biomass 
building blocks also endows it to be an effective H2 carrier. In 
the broader sense, biomass includes crop residues, forest res-
idue, and even municipal solid waste. The estimated biomass 
production in the world is ≈100 billion metric tons of carbon 
per year.[16] So far, thermal conversion of lignocellulosic bio-
mass dominates the biomass energy market.[17] Without carbon 
capture and storage (CCS) this generates CO2 emissions. Some 
biomass sources (agricultural residues) are still burned on 

fields not being properly managed. Hence, smarter ways of 
fully utilizing biomass toward high value products need to be 
designed. Antonini et al. published a life cycle assessment of 
methane and biomethane reforming to produce blue H2 with 
CCS, concluding that the overall global warming potential is 
comparable to water electrolysis using renewable electricity.[18]

In comparison to water electrolysis, the electrolysis of bio-
mass feedstock to generate H2 requires much lower theo-
retical electricity consumption.[19–22] As an example, Shen and 
co-workers compared the energy input needed for electrolysis 
of renewable alcohols, such as ethanol, glycerol and ethylene 
glycol, to that needed for water electrolysis and found that the 
former requires ≈3× less energy to produce the same amount 
of hydrogen under the same conditions.[23]

Besides a lower electricity consumption, biomass electrolysis 
offers the opportunity to coproduce value added chemicals, 
representing a highly efficient power-to-X (X = fuel and chemi-
cals) conversion. The current manufacturing of chemicals is 
energy and CO2-intensive, with most of the chemicals produced 
worldwide originating from fossil-fuel-derived feedstocks.[24] 
Given this unsustainable production, urgent systemic changes 
are needed to transition to a greener chemical industry. The 
“2030 Agenda for Sustainable Development” adopted by the 
UN in 2015, urges the chemical industry to be low-carbon and 
resource efficient to create a circular economy and to have a 
minimal impact on health, safety, security, and the environ-
ment. The definition of performance must now be expanded 
beyond the technical function to also include sustainability 
considerations.[25] Thus, although biomass electrolysis is still 
currently a lab-based technology, its potential large scale imple-
mentation to produce high-value commodity chemicals derived 
from renewable feedstocks via this power-to-X process is pro-
jected to accelerate manufacturing methods, efficiency, and 
sustainability.[24]

Figure 1.  The basic conceptual illustration of biomass electrolysis.
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This review provides, for the first time, a holistic descrip-
tion of the photo- and electrochemical oxidation of biomass-
derived organic compounds such as glycerol (biodiesel waste 
byproduct), glucose and 5-hydroxymethylfurfural (HMF) 
(biomass-derived chemicals), methanol and ethanol (biomass 
fermentation), and urea (wastewater). We summarize the fun-
damental understanding of photo- and electrochemical catalytic 
mechanism of biomass molecule transformation and provide 
critical overview of the catalyst design and benchmarking for 
different biomass substrates. These research advances are com-
bined with technoeconomic assessment and life cycle analysis 
to assess the relative benefits of various processes and indus-
trial feasibility, based on which finally critical prospects are 
given on the challenges and opportunities for technology devel-
opment to meet the sustainability requirement of future global 
energy economy.

2. Economic and Environmental Perspectives

A high production cost is the main barrier which hinders the 
deployment of low-carbon technologies. Conventional H2 produc-
tion technologies such as steam methane reforming use natural 
gas as the primary feedstock, often at very low to zero marginal 
costs in some regions of the world. The electro-oxidation of bio-
derived feedstocks could yield chemicals of major economic 
importance, which can generate additional income, providing a 
more cost-competitive alternative. Thus, to give some indicative 
information on the economic value and environmental impact 
of this process on a larger scale, we have conducted some basic 
technoeconomic assessment and life cycle analysis.

Researchers have shown that most electrocatalysts for organic 
compound electro-oxidation deliver higher activity and stability 
in alkaline conditions.[23,26,27] Therefore, here we have ana-
lyzed the economic viability of five alkaline oxidation process 
schemes, which involve the electro-oxidation of bio-derived 
glycerol, ethanol, and methanol in diluted potassium hydroxide 

(KOH) supporting electrolyte. The results are depicted in 
Figure  2. The raw material and electricity input-output data 
for all the processes are summarized in Tables S1 and S2 of 
the Supporting Information. Lab-scale experimental data from 
literature was used to define the process input-outputs. Impor-
tantly, the aim of this section is not to present comprehensive 
technoeconomic modeling of electro-oxidation processes, but 
rather to screen their potential viability for future deployment 
based on indicative values. This enables researchers to identify 
and develop the most relevant set of processes which offer value 
in a decarbonized future. In this instance, glycerol is assumed 
to be sourced as a product from the esterification of soybean 
oil, ethanol from the fermentation of sugarcane, methanol from 
biogas. The power requirements for all the various processes are 
supplied using renewable electricity from offshore wind farms, 
using Great Britain as a location reference. KOH is sourced 
directly from the global market of suppliers. In processes A and 
B, glycerol is electro-oxidized under alkaline conditions, which 
leads to the formation of products such as potassium glycerate, 
tartronate, glycolate, oxalate, formate, and carbonate in addition 
to H2 with different product selectivity. Most of the coproducts 
from process A and B are currently sold as fine chemicals in 
the global marketplace. However, the demand for these products 
is expected to increase due to growth in cosmetics, pharmaceu-
ticals, and biopolymer applications.[28,29] Methanol and ethanol 
electro-oxidation leads to the formation of potassium formate 
and acetate, respectively.[20,30] The main disadvantage of the alka-
line electro-oxidation processes is their lower H2 selectivity. H2 
constitutes at most 6% of the overall product share on a mass 
basis in the processes investigated in this study. However, the 
future demand for H2 is expected to increase greatly beyond that 
of the coproducts.[31] This might constrain the overall deploy-
ment potential of this technology toward small scale applications 
in the absence of a sufficiently large market for the coproducts.

The net present value of investment is used to compare 
the economic viability of the various process designs whilst 
accounting for the raw material costs, cost of electricity, fixed 

Figure 2.  The profitability of the various electro-oxidation processes is described as a function of the total investment capital associated with its instal-
lation. The economic analysis incorporates raw material and electricity costs, fixed operating costs, depreciation, etc.
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and variable operating expenditure, revenue for the product 
streams, etc. The minimum selling price illustrated in Figure 2 
was calculated by identifying the price of H2 required to reach 
net present value of 0. More information on the assump-
tions related to the economic parameters can be found in 
Tables S3–S5 of the Supporting Information.

Notably, only ethanol electro-oxidation has a negative medium 
selling price at low CapEx values, indicating the profitability 
of the process without requiring additional revenue from the 
sale of H2. For all the other process schemes, including water 
electrolysis, the net present value of investment is negative in 
the present market, and therefore requires financial support 
to initiate their deployment. Relative to water electrolysis, both 
glycerol oxidation schemes (processes A and B) require a lower 
minimum selling price to be economically viable, reducing the 
level of financial support at comparable CapEx values. However, 
their overall deployment potential is also dependent on their 
environmental footprint. The electro-oxidation of methanol 
appears to be the least profitable process, requiring a higher 
minimum selling price compared to water electrolysis, mainly 
due to the lower revenue from the sale of potassium formate. 
Overall, more detailed process design needs to be developed to 
estimate the economic viability at commercial scale.

The global warming potential of the aforementioned pro-
cesses is estimated to benchmark their performance against 
steam methane reforming. For this purpose, life cycle assess-
ment software SimaPro was used with the following functional 
basis: production of 1 kg of hydrogen at low temperature (<60 °C)  
and atmospheric pressure. The inventory data used for the 
characterization of life cycle impacts are provided as part of pro-
cess input–output data in Table S6 of the Supporting Informa-
tion and translated into impact assessments using the ReCiPe 
2016 midpoint method.[35]

In this review, different processes are compared based on 
the overall environmental impacts associated with the procure-
ment of both raw materials and electricity to produce H2. The 
electro-oxidation-based processes produce several value-added 
chemicals as coproducts, which are responsible for a certain 
share of the environmental impacts. An attributional modeling 
approach, incorporating economic revenue share princi-
ples, was used for the allocation of environmental impacts to 
the different product streams. These figures are reported in  
Tables S7–S11 of the Supporting Information. In practice, the 
revenue shares may differ due to market price volatilities and 
geographical variations over time. Nevertheless, Figure  3 pre-
sents an indicative breakdown of the global warming potential 
owing to the various process elements.

The key distinction between the electro-oxidation processes 
and steam methane reforming is the absence of operating emis-
sions. Therefore, the overall global warming potential of these 
processes is primarily a function of the upstream emissions 
associated with the sourcing of raw materials and electricity. 
Overall, the consumption of glycerol appears to have a greater 
CO2 footprint (4.1 kg CO2,eq/kg H2) relative to that of KOH 
(1.7 kg CO2,eq/kg H2) due to the land use change associated with 
crop production. However, it is worth noting that the allocation 
of environmental impacts between the fatty acid methyl esters.[1] 
Fatty acid methyl esters are the primary products of the esteri-
fication of vegetable oils from which glycerol can be sourced as 

a waste byproduct and glycerol vary depending on the primary 
feedstock (e.g., soybean, rapeseed, palm) and glycerol could 
have a lower CO2 footprint depending on the yield of the esteri-
fication process. Importantly, the use of KOH adds notable con-
tributions to the global warming potential of all four processes, 
thereby limiting the capacity for alkaline electrolysis to be very 
low carbon. This is principally a result of the usage of both 
electricity and heat in the production of KOH. Existing supply 
chains that are used to supply heat and electricity during the 
production of KOH are CO2-intensive due to the combustion of 
hard coal and lignite. There is considerable potential to reduce 
the CO2 footprint owing to electricity and heat in a carbon-
neutral world. Nonetheless, future research efforts in this area 
must aim to reduce the consumption of KOH, whilst increasing 
the selectivity toward H2 production. The electricity consump-
tion has a minimal impact on the overall CO2 footprint of the 
processes, namely, due to the lower specific electricity require-
ment (23.3 kWh/kg H2) in processes A and B compared to water 
electrolysis (50.5 kWh/kg H2), in addition to the renewable elec-
tricity supply. Methanol and ethanol electro-oxidation appear to 
have a lower global warming potential compared to both steam 
methane reforming and the glycerol oxidation processes. In 

Figure 3.  Global warming potential of alkaline electro-oxidation pro-
cesses in comparison with steam methane reforming. The feedstock is 
the organic compound which undergoes electrolysis except in the case of 
steam methane reforming where it is natural gas. The data for electricity 
consumption, product selectivity, and mass balance of the four elec-
trolysis processes are sourced from literature: methanol: 12 kWh kgH2

−1, 
assuming a 100% Faradaic efficiency to potassium formate and H2;[32] 
ethanol: 22.8 kWh kgH2

−1, assuming a 100% Faradaic efficiency to potas-
sium acetate;[33] glycerol-A: 23.3 kWh kgH2

−1, assuming a 100% Faradaic 
efficiency to H2, and product selectivity to chemicals are: potassium 
glycerate (35%), potassium tartronate (36%), potassium glycolate (3%), 
potassium oxalate (14%), potassium formate (2.5), potassium carbonate 
(12.5%);[33] glycerol-B: 23.3 kWh/kgH2

−1, assuming a 100% Faradaic effi-
ciency to H2, and product selectivity to chemicals are: potassium glyc-
erate (48%), potassium tartronate (26%), potassium glycolate (7%), 
potassium oxalate (4%), potassium formate (6), and potassium car-
bonate (9%).[34] The global warming potential for different components 
are allocated on a mass basis, and the high CO2 footprint of glycerol  
(4.1 kgCO2,eq kg−1 H2) is associated with land use for crop production.

Adv. Energy Mater. 2021, 11, 2101180
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this instance, the CO2 footprint attributable to KOH is higher 
than that of methanol and ethanol due to the greater upstream 
emissions associated with the KOH supply chain, in addition 
to the greater quantities needed. Relative to steam methane 
reforming, alkaline electro-oxidation of glycerol via process 
A, B, in addition to methanol and ethanol yield reductions in 
the global warming potential by 53%, 52%, 68%, and 86%, 
respectively. However, all processes have a greater impact than 
renewable wind-based water electrolysis, which has an approxi-
mate global warming potential of 0.97  kg CO2,eq/kg H2.[36]  
Electrolysis of biomass in acidic conditions may improve  
process sustainability despite the lower activity,[23,26,27] as  
acids such as sulfuric acid (0.17  kg CO2,eq/kg H2SO4), have 
a considerably lower global warming potential than KOH  
(2.57  kg CO2,eq/kg KOH). Alternatively, alkaline electrolysis 
can be coupled with the electrodialysis process to recycle KOH 
while converting the potassium salts back to organic acids, 
although at a higher electricity consumption.[37,38] The potential 
of different processes will be justified in Section 7.

In summary, alkaline electro-oxidation of biomass may offer 
a more economical alternative to water electrolysis, albeit with a 
greater global warming potential. However, it has a lower global 
warming potential compared to steam methane reforming and 
could play a key role in the transition toward net-zero. Impor-
tantly, reducing the CO2 footprint of the feedstocks and the 
alkaline reagent can ensure that the process has a near-zero 
global warming potential. However, such low-carbon feedstocks 
and reagents may be costlier as they reflect the cost of CO2 
abatement. Hence, there is a trade-off between the economic 
viability of the process and its environmental performance. 
In the long run, the regulatory environment may facilitate a 
transition toward cleaner feedstocks, which can improve both 
the economics and environmental performance of these pro-
cesses. Nevertheless, in the near term, acidic electro-oxidation 
of biomass must be investigated as an interim technology due 
to its potential to produce more mature coproducts with a 
lower global warming potential. In all cases, detailed designs 
need to be developed for the operation of these process at com-
mercial scale to better understand the overall energy require-
ments from separation of the product streams, its costs and 
the resulting global warming potential. Future research must 
also address the overall impact of plant construction, oper-
ating patterns, and decommissioning on the global warming 
potential.

3. Water and Biomass Electrolysis Comparison

Water electrolysis has long been established as a clean tech-
nology for H2 production. Its working principles and some of 
the most recent scientific developments are reviewed in detail 
in other dedicated reviews.[41,46–49] In all cases OER involves 
multi-proton-coupled electron-transfer steps, suffering from 
the limitation of suboptimal scaling relation between OOH and 
OH adsorption energies, which is the major bottleneck and 
requires a cell potential above 1.23 V.[7]

In biomass electrolysis, a complete oxidation process, also 
known as electrochemical reforming, such as methanol electrol-
ysis, produces CO2 under acidic condition (CO3

2− under alkaline) 

in the anode and H2 at the cathode, resulting in a maximum 
proton utilization. The partial oxidation of certain feedstocks 
could concomitantly generate H2 and value-added chemicals. For 
example, the electro-oxidation of glycerol lead to the formation 
of glyceric acid and hydroxypyruvic acid,[43] while glucaric acid is 
produced by electrochemically converting glucose on a NiFeOx 
electrode.[50] A diagram summarizing the working principles of 
water and biomass derivatives is included in Figure 4A.

For both water and biomass electrolysis, the chemical trans-
formations induced by the simultaneous transfer of an equal 
number of electrons and protons, require a high rate of charge 
transfer for the chemical reaction to proceed efficiently. To 
maximize the efficiency of such transformations, the utilization 
of electrocatalysts is necessary. Electrocatalysts are chosen pri-
marily based on their ability to drive redox reactions with low 
energy loss, represented by the electrochemical cell voltage, V, 
generally given by

IReq a cV E η η= ∆ + + + 	 (1)

where ΔEeq is the difference between the equilibrium electrode 
potentials, ηa and ηc are the overpotentials at the anode and 
cathode, respectively,[51] and IR is the ohmic drop induced by 
the intrinsic resistance of the electrolyte and bubble effect.[52] 
For water electrolysis, the ΔEeq is 1.23 V regardless of the elec-
trocatalyst used. Great scientific efforts have been devoted to 
developing efficient catalysts that can reduce the ηa and ηc, 
those being classified as hydrogen evolution reaction (HER) 
and OER electrocatalysts. Recent advances and challenges in 
water splitting electrocatalysis could be found in several recent 
reviews.[53–59]

In the case of biomass electrolysis, q including organic mole
cules CxHyOz, the ΔEeq differs due to the thermodynamics of 
organic molecule oxidation reactions. Its efficient transformation 
is governed by kinetics, which can be achieved with a suitable 
electrocatalyst to compensate for the involved overpotentials. The 
working principle of biomass (organic compounds) electrolysis 
involves reactions at both the anodic and cathodic sides

C H O H O oxidation products H e anode reactionx y z 2 ( )+ → + ++ −
	(2)

H e H cathode reaction2 ( )+ →+ − 	 (3)

As HER at the cathode typically possesses a high Faradaic 
efficiency (>95%), the electrical balance between the two reac-
tions enables the estimation of H2 produced based on the elec-
trochemical profile of the anode. Hence, this measuring tool 
has been used in most of the organic molecule electrolysis 
studies to calculate the H2 production energy efficiency.

The thermodynamics of oxidation for different molecules 
determine the ΔEeq in Equation (1), which is the first parameter 
to consider when assessing the potential of a certain feedstock 
for electrolysis. As can be seen from Figure  4B (exact values 
listed in Table 1), which summarizes the energetics of dif-
ferent molecules in electrolysis, all reactions need an external 
energy input (ΔG  >  0), sourced from the electricity. In the 
case of organic molecules, the energy needed to produce one 
mole of hydrogen is smaller compared with water.[44] Never-
theless, a complete oxidation is often difficult to achieve, the 

Adv. Energy Mater. 2021, 11, 2101180
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thermodynamics of organic molecule oxidation reactions nor-
mally need to be recalculated based on the products detected. 
For example, a complete ethanol oxidation in acidic media 
generates CO2 and H2 with electron transfer n = 14 and ΔH = 
348 kJ mol−1, while in a real ethanol oxidation experiment the 
reaction product is mainly acetic acid, which is a four electron 
transfer process and requires only ΔH = 79.1 kJ mol−1.[22]

The kinetics diagram for water and biomass oxidations 
is displayed in Figure  4C,[45] with the specific values for dif-
ferent substrates summarized in Table  1. It can be seen that, 
despite the low ΔEeq, for both water and biomass electrolysis, 
the kinetics of the anodic reaction are sluggish due to the 
multielectron transfer processes, leading to high overpoten-
tial ηa in Equation (1).[22] Thus, a higher cell voltage at a high  
current density is needed to achieve a high H2 production 
rate. To achieve 1 A cm−2 current density, water electrolysis 
requires Ucell ≈ 2 V, biomass derived organic molecules, with a 

ΔEeq ≈ 0 V, typically need around 0.4 V to drive the electrolysis 
process, which is energetically favorable.

HER coupled with oxidation reactions at the anode, i.e., par-
tial oxidation for value-added chemical production, selectivity 
is also a critical factor when choosing the electrocatalysts, as 
product overoxidation would lead to a lower economic impact. 
An example would be the comparison of two glycerol oxidation 
processes investigated in Section 2. The selectivity toward var-
ious products will directly affect the selling price for H2 as well 
as the global warming potential. Electrosynthesis via anodic oxi-
dations go through multisteps, involving the adsorption of reac-
tant molecules, interatomic bond cleavage, electron transfer, 
oxidation by oxygenated species to the intermediates and final 
product desorption, as illustrated in Figure 4D. Hence, electro-
chemical methods solely cannot deliver complete information 
about the ongoing reaction.[26] High-performance liquid chro-
matography (HPLC) with rapid online sample collection,[60] 

Figure 4.  A) Schematic diagram of water electrolyzer and biomass electrolyzer operating in a proton exchange membrane (PEM) configuration. The 
state-of-art catalysts for each reaction and the catalyst requirements are also summarized. B) A comparison of different feedstocks in terms of the 
theoretical thermodynamics and the experimental results on H2 production energy efficiency. (The ΔG is calculated assuming a 100% Faradaic effi-
ciency to the indicated products, and the shadow for each feedstock represents the range where experimental values are reported for energy efficiency, 
depending on catalyst type, loading, operation condition, etc. SOE: solid oxide electrolyzer; PEM/AE: proton-exchange membrane/alkaline electro-
lyzer;[39–41] MeOH: methanol; EtOH: ethanol; GlOH: glycerol; AA: acetic acid; AL: acetaldehyde; GDH: glyceraldehyde; GA: glyceric acid.) Data sourced 
from MeOH to CO2,[30]EtOH to CO2,[22] EtOH to AA,[20,23,33] EtOH to AL,[22] urea oxidation,[42] GlOH to GDH,[43] GlOH to GA,[23] GlOH to CO2.[44]  
C) Theoretical reaction kinetics controlled by the Butler–Volmer law, UCxHyOz, and UH2O are the cell voltage for CxHyOz and water electrolysis at  
1 A cm−−2 current density. Reproduced with permission.[45] Copyright 2020, Elsevier. D) Schematic diagram of the pathway of a general electrode reaction.
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in situ Fourier-transform infrared spectroscopy (FTIR),[27,61,62] 
electrochemical mass spectroscopy (MS),[63] and nuclear mag-
netic resonance (NMR)[64] are needed as powerful analytic tools 
to deliver the full picture, in particular in relation to the identi-
fication of the resulting products. The judicious combination of 
electrochemical, spectroscopic, and chromatographic methods 
provides information on the reactant conversion rate, reac-
tion intermediates, and product distribution at both qualitative 
and quantitative level. The anode reaction requires an accurate 
control of the reaction process, which rely significantly on the 
structural and electronic properties of the electrocatalysts (cata-
lyst-substrate interaction).[44] Thus, the overall performance of 
an electrocatalyst is determined by the number of active sites as 
well as the intrinsic activity and selectivity of every single site. 
The evaluation parameters, such as onset potential, overpoten-

tial, current density, and selectivity are similar to conventional 
electrocatalysis, but with unique characteristics for organic  
molecules transformations. To aid the understanding of lit-
erature reviewed below, they are summarized and justified in  
Section S1 of the Supporting Information.

From the discussion above we can conclude that the devel-
opment of biomass electrolysis faces three main challenges: 
i) the development of electrocatalysts to reduce the activation 
energy for both the anode (molecule oxidation) and cathode 
(hydrogen production) reactions,[33] determining both the energy 
consumption for H2 production and the selectivity toward 
valuable chemicals; ii) the fundamental understanding of the 
main electrocatalytic and interfacial processes for different 
reactants. This helps to accurately control the reaction pro-
cess and to manipulate the selectivity toward desired products; 

Table 1.  Summary of the thermodynamic requirements for the electrolysis of different substrates along with the energetic requirements for H2 
production.

Substrates Type Equation ΔH 
[kJ mol−1]

ΔG [kJ 
mol−1]

Potential 
versus RHE

Potential@1 
A cm−2

n We [kWh 
Nm−3]

Ref.

Water AWE 2H2O + 2e− → H2 + 2OH−;
2OH− → 1/2O2 + H2O + 2e−

285.8 237.2 1.229 1.8–2.0 2 4.8 [39–41]

PEMWE H2O → 1/2O2 + 2H+ + 2e−;
2H+ + 2e− → H2

SOE@875 °C O2− → 1/2O2 + 2e−;
H2O + 2e− → H2 + O2−

250 200 0.97

Methanol PEM CH3OH + H2O → CO2 + 6H+ + 6e−;
6H+ + 6e− → 3H2

131.5 9.3 0.016 0.5 6 1.08 [30]

Overall CH3OH + H2O → CO2 + 3H2

AE CH3OH + 5OH− → HCOO− + 4e− + 4H2O; 4H2O + 4e− → 
2H2 + 4OH−

4

Overall CH3OH + OH− → HCOO− + 2H2

Ethanol PEM C2H5OH + 3H2O → 2CO2 + 12H+ + 12e−; 12H+ + 12e− → 6H2 348 96.9 0.084 0.6 12 1.6–2.3 [20,22,23,33]

Overall C2H5OH + 3H2O → 2CO2 + 6H2

AE C2H5OH + 5OH− → CH3COO− + 4H2O + 4e−;
4H2O + 4e− → 2H2 + 4OH−

0.11 4

Overall C2H5OH + OH− → CH3COO− + 2H2

To acetaldehyde C2H5OH → CH3CHO + 2H+ + 2e−;
2H+ + 2e− → H2

2

Overall C2H5OH → CH3CHO + H2

To acetic acid C2H5OH + 3H2O → CH3COOH + 4H+ + 4e−;
4H+ + 4e− → 2H2

79.1 22 0.057 4

Overall C2H5OH + 3H2O → CH3COOH + 2H2

Urea AE CO(NH2)2 + 6OH− → N2 + 5H2O + CO2 + 6e−;
6H2O + 6e− → 3H2 + 6OH−

1227.2 0.37 3.32 [42]

Overall CO(NH2)2 + H2O → N2 + 5H2O + CO2 + 3H2

Glycerol PEM C3H8O3 + 3H2O → 3CO2 + 14H+ + 14e−; 14H+ + 14e− → 7H2 342.8 3.9 0.003 0.7 14 1.8–2.7 [23,33,43,44]

Overall C3H8O3 + 3H2O → 3CO2 + 7H2

To 
glyceraldehyde

C3H8O3 → C3H6O3 + 2H+ + 2e−;
2H+ + 2e− → H2

61.1 39.7 0.206 2

Overall C3H8O3 → C3H6O3 + H2

To glyceric acid C3H8O3 + H2O → C3H6O4 + 4H+ + 4e−; 4H+ + 4e− → 2H2 88.7 35.1 0.091 4

Overall C3H8O3 + H2O → C3H6O4 + 2H2

Note: Because of the multistep oxidation, only the first two primary oxidation processes in glycerol oxidation is listed here, characteristics for glucose and HMF is not included.
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and finally iii) the scale up of such systems for practical end-
use. Hence, in the following section, we will be focusing on 
reviewing the reaction mechanism and electrocatalyst require-
ments for different organic molecules. The perspectives on the 
technology up-scaling and development would be included in 
the last section.

4. Hydrogen Production by Selective  
Electro-Oxidation of Oxygenated Compounds
4.1. Intrinsic Metal Properties for Different Chemical Bond 
Activation

Before introducing the electro-oxidation of specific organic 
compounds, it is necessary to highlight the general reaction 
mechanisms and the requirements for different electrocata-
lysts. The last section summarized the influence of reaction 
thermodynamics, often referred as the molecular-level Marcus 
theory and the kinetics, described by the Butler–Volmer 
equation. However, the interaction between the electrocatalyst 
and the reaction intermediates needs to be considered. In such 
case, the Sabatier principle states that intermediates binding to 
the catalyst should be neither too strong or too weak, in which 
case each reaction step should be thermodynamically neutral or 
downhill.[65]

It is widely hypothesized that the removal of CO on the 
catalyst surface is the rate-determining step of electrochemical 
oxidation of many organic molecules, especially alcohols such 
as methanol, ethanol, and glycerol. The poisoning effect of pre-
cious metal catalysts such as Pt and Pd is also one of the most 
severe problems in the anode reaction. Thus, it is important to 
understand the CO oxidation mechanism, in order to look for 
active and stable anode materials that are able to either bind 
CO weakly but still oxidize the organic molecules, or that oxi-
dize CO at significantly reduced overpotential.

There are two well-established CO oxidation mechanism in 
the literature, the Langmuir–Hinshelwood mechanism sug-
gested by Gilman,[66] expressed as

H O OH H e2 + ∗ ↔ ∗+ ++ −
	 (4)

CO CO+ ∗ → ∗ 	 (5)

CO OH CO H e 22∗+ ∗ → + + + ∗+ −
	 (6)

where the * denotes a free site on the catalyst surface. The first 
reaction is a reversible process, whereas the last two are irre-
versible reactions. Some researchers also interpret the last step 
into two reactions, i.e.,

CO OH COOH∗+ ∗ → ∗+ ∗ 	 (7)

COOH CO H e2∗ → + ++ −
	 (8)

Figure 5A has shown the intermediate's energies and bar-
riers during CO oxidation on Pt(111) surface, with the potentials 
corresponding to the various free-energy profiles using com-
putational hydrogen electrode approach. Applying a Sabatier 

analysis,[70] the optimal catalyst for the electrochemical oxida-
tion of CO must possess a moderate binding energy toward 
both COads and OHads, so as to not be limited by the adsorp-
tion of reactive intermediates or the desorption of products. 
Therefore, Figure 5B presents the activity of different transition 
metals over CO oxidation at 0.75  V, in which it is apparent 
that the optimal materials are ones that binds CO weaker than 
Pt(111), presumably Pt alloys, such as PtRu and PtMo.[67] In 
practice, an earlier study, combining experimental and density 
functional theory (DFT) calculations on Cu-modified Pt(111), 
showed the interplay between CO and O binding in controlling 
CO oxidation. They have shown that PtCu alloys with a Cu sub-
surface can weaken the binding of CO, shift the CO oxidation 
potential, thus decreasing the CO surface coverage.[71]

PtRu bimetallic electrocatalyst offers superior catalytic per-
formance toward CO removal via a Watanabe–Motoo bifunc-
tional mechanism, as expressed in the following equation

Pt CO Ru OH Pt Ru CO H e2∗ + ∗ → ∗+ ∗+ + ++ −
	 (9)

where Pt* and Ru* represent the freed Pt and Ru sites.[72] 
The Ru atom could adsorb OH− ions at low onset potential 
to supply sufficient OH to oxidize adsorbed CO (and sim-
ilar carbonyl species) on Pt sites, as shown in Figure  5C.[73] 
CO stripping voltammetry experiments are typically used to 
evaluate the activity of CO removal over different metal sur-
faces. By stepping from the potential where the CO adlayer 
is stable toward a “final potential” where the CO adlayer will 
be fully oxidized, the kinetics of CO oxidation can be studied. 
Figure 5D shows a typical example of CO stripping on Pt and 
PtRu catalysts.[68] The overpotential on PtRu is significantly 
lower than Pt, with two peaks assigned to the oxidation of 
CO from the Ru and neighboring Pt (low-potential peak), 
and from the uncovered Pt surface (high-potential peak), 
respectively.

Nørskov and co-workers modeled the electro-oxidation of CO 
on close packed PtRu surface and found that there is a correla-
tion between the d-band center and the CO adsorption energy. 
This correlation can be explained by the ligand effects, which 
will be explained in more detail in the following discussion. 
The higher the d-state energy, the stronger the bond. As shown 
in Figure  5D, the PtRu model has a d-band, which is shifted 
down by 0.6 eV, thus weakens the chemisorption bond.[69]

Moving toward organic molecules, methanol electro-oxi-
dation constitutes the simplest and most studied model com-
pared to longer chained compounds. However, in the oxidation 
process to CO2, there are still six electrons involved, implies 
an inevitably complex mechanism, with several intermediate 
species participated. For these small organic molecules, the 
anodic oxidation generally goes through a dual-compete reac-
tion mechanism, simplified as

Adv. Energy Mater. 2021, 11, 2101180

 16146840, 2021, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202101180, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2101180  (9 of 51) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

where the direct pathway involves more weakly adsorbed or 
even partially dissolved intermediates, such as HCHO and 
HCOOH, and the indirect pathway takes place with strongly 
adsorbed intermediates, now commonly accepted to be CO. 
The sluggish kinetics of this pathway mainly result from the 
difficulty in CO removal, thus the understanding of CO oxida-
tion as mentioned earlier is utterly important.

The reaction paths and possible intermediates in methanol 
oxidation with the free energies for the different intermediates 
on the Pt(111) surface plotted are shown in Figure 6A. Sim-
ilar to CO oxidation, the reactivity of methanol oxidation also 
relies on two key descriptors: GCO* and GOH*. Structure sensi-
tivity behavior of different Pt electrodes have been observed by 
Koper and co-workers, with the influence on reaction rate and  
reaction pathways.[80] This phenomenon has been studied by 

Mavrikakis and co-workers with DFT modeling, in which they 
have shown that on Pt(111) the direct pathway is thermody-
namically favored at low potentials, whereas on Pt(100) both 
pathways are thermodynamically feasible at relatively low 
potentials. However, because COads poisoning will be much 
stronger on the Pt(100) surface, the activity via direct pathway 
becomes difficult to detect. The authors predicted that for most 
metals studied, the indirect mechanism requires higher onset 
and overpotential than the direct mechanism, on both (111) and 
(100) facets, as shown in Figure 6B.[75] Thus, it is important to 
develop efficient methanol oxidation electrocatalysts that can 
lower the potential needed to overcome the indirect pathway.

A possible approach toward lower overpotentials is the use of 
bifunctional structures, as mentioned in CO oxidation. PtRu is 
one good example, which is the most commercially successful 

Figure 5.  A) Gibbs free energy diagram on Pt(111) at three different applied potentials. Electrochemical steps and their associated barriers are acceler-
ated when potential is increased, while chemical steps are unaffected. Each potential is given versus RHE. B) Activity maps of different metal catalysts 
at the applied potential of 0.75 VRHE. All makers represent the most close-packed surfaces of the transition metals, along with two Pt skin alloys. Marker 
colors (white or black) only differ for visibility. Reproduced with permission.[67] Copyright 2020, Elsevier. C) (a) CO-poisoning mechanism over Pt surface 
and (b) the bifunctional mechanism promoted by Ru, Sn for CO removal. D) Top: experimental CO stripping voltammetry from Pt(111) and Pt(111)/Ru. 
Adsorption of CO for 10 min at −0.15 V versus sat. Ag/AgCl, 0.1 m H2SO4, scan rate 50 mV s−1. Ru coverage ≈0.2 ML. Reproduced with permission.[68] 
Copyright 2002, Royal Society of Chemistry. Bottom: calculated adsorption energies for CO on different metals and overlayers plotted as a function of 
the d-band center εd. Reproduced with permission.[69] Copyright 2003, Elsevier.
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Figure 6.  A) Free energies for the different intermediates on the Pt(111) surface, with H2(g), CO2(g), and H2O(g) as a reference. In red are the most 
stable intermediates for each step. The energy levels of gas and liquid-phase molecules, independent of the metal surface are shown in black. Interme-
diates with a higher energy are shown in blue. The x-axis indicates how many proton/electron pairs have been created from the original reactants (e.g., 
CH3OH + H2O → HCOOH(g) + 4H+ +4e−). Reproduced with permission.[74] Copyright 2008, Elsevier. B) The onset potential and potential-determining 
steps for methanol electro-oxidation via the direct and indirect mechanisms on the (111) and (100) facets of 8 transition metals. For each metal, the 
first column represents (111) facet, the second column represents (100) facet. Top panel: direct mechanism; bottom: indirect (via CO*) mechanism. 
The color of each bar indicates the potential-determining step, as explained in each legend. Reproduced with permission.[75] Copyright 2009, American 
Chemical Society. C) Volcano plot for the indirect path on stepped (squares) and flat (circles) elemental surfaces and bimetallic alloys. The reference 
structures Ru3Pt/Ru and Pt3Sn are located on the border where the potential for water activation and oxidation of methanol to CO become equal to each 
other. Among the bimetallic catalysts studied, PtCu alloys show promising reactivity. Reproduced with permission.[76] Copyright 2012, American Chem-
ical Society. D) Representation of the proposed methanol electro-oxidation reaction mechanism on the act-PtRu/C. Reproduced with permission.[77] 
Copyright 2015, Wiley-VCH GmbH, Weinheim. E) Hammer–Nørskov model analyses. Full DFT-GGA predictions versus model predictions on CO 
chemisorption. Reproduced with permission.[78] Copyright 1996, American Physical Society. F) Surface coverages of Pd monomers, dimers, and trimers, 
as obtained from atomically resolved STM images (4000 alloy surface atoms were analyzed for each Pd content), the values expected for a random 
distribution (thin black bars), as well as corresponding H and CO coverages, derived from the electrochemical data. The error bars correspond to the 
statistical errors for θPd-Ensemble, to the uncertainties in θH due to double-layer correction and sulfate coadsorption, and to the errors in determining the 
CO oxidation charge for θCO, respectively. Reproduced with permission.[79] Copyright 2001, The American Association for the Advancement of Science.
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direct methanol fuel cell anode catalyst.[81–83] A volcano plot 
of selected bimetallic alloys for indirect pathway is shown in 
Figure  6C, where the white spot represents the ideal catalyst 
that fulfils four conditions: a) active toward forming CO from 
methanol, b) activates water into OH* easily, c) binds moder-
ately to both CO and OH, d) the potential U U U 0.CO OH CO2= = =  
Several model catalysts exhibit the reactivity very close to an 
ideal catalysts, such as Pt2Cu/Pt, Pt3Sn, Pt3Ru/Ru, which with 
further tuning may give even higher reactivity.[76] These predic-
tions have been verified later by the same group, in which they 
have shown that by varying the Pt/Cu surface composition the 
methanol oxidation activity can be significantly improved.[84]

More recently, Tong and co-workers proposed a revised 
methanol electro-oxidation pathway on PtRu different from the 
well-known Watanabe–Motoo mechanism. They suggested that 
the CO adsorbed on Pt sites is irrelevant but instead the Pt–
Ru boundary sites facilitate the oxygen insertion that enhances 
the direct formate path.[77] As shown in Figure 6D, the reaction 
pathways can be summarized with the following equations

[Ru] and [Pt] are active sites on their respective metals.
Apart from the bifunctional mechanism, bimetallic cata-

lysts can also offer a further tuning of the catalyst's prop-
erties via ligand (electronic), strain, and ensemble effects, 
enhancing the intrinsic, specific and mass activity.[85–87] The 
ligand effect refers to the heterometallic bonding interac-
tions that could modify the surface electronic structure of the 
bimetallic catalysts. The strain effect stems from the change 
in the average bond lengths between different metal atoms, 
which causes surface strain. Both phenomena can affect the 
surface chemical properties by shifting the d-band center.[88–90] 
Kitchin et al. performed DFT calculation on supported mon-
olayer models, which have shown that there is a cumulative 
effect, in which both ligand and strain effects are responsible 
to the d-band width change, which alters the average energy 
and consequently affects the surface adsorption energy.[91] 
Figure  6E presents the adsorption energy of CO on different 
mono- and bimetallic catalyst surfaces, in which it is clearly 
a scaling linear trend between the adsorption energy and the 
d-band center, same for atomic H and O.[92] These scaling 
relations are sometime used to predict the ideal catalysts for 
methanol oxidation, as seen in the volcano plot in Figure 6C. 
Chan and co-workers performed theoretical investigations of 
transition metal Cu, Pt, and Ni surface energies under lattice 
strain and CO environment, in which they have found that the 
strain effects favor the formation of stepped terraces rather 
than low index facets such as (111), and the CO environment 
clearly favors such stepped facets.[93]

The two effects above consider the situation where the 
adsorbate only is bond to one single elemental metal. Ensemble 
effect, on the other hand, takes into account the interaction 
with an ensemble of surface atoms. In such cases, the varia-
tion in the catalytic properties is related to both metals, and 
these ensemble sites can affect the activation barriers and thus 
change the reaction rates. By blocking the Pt(111) sites with 
cyanide, Cuesta has shown that at least three contiguous Pt 
atoms are needed to overcome the barrier to form CO from 
methanol.[94] Neurock et al. examined the different ensemble 
requirements for three formic acid to CO2 pathways, and have 
shown that significant differences on the activity can occur 
upon alloying.[95] Because the indirect pathway (HCOOH* → 
CO* → CO2) has much higher ensemble requirements (i.e., 
defect sites as well as a much larger surface ensemble in order 
to activate the CO bond) than that for the direct and formate 
pathways, its reactivity can be greatly enhanced by the presence 
of Ru in the surface by adding the activation of water. While on 
the other hand, very small effect, if any, on the overall rates of 
oxidation can be expected from the presence of Ru. The combi-
nation of PdAu is a good example of ensemble effect. The role 
of atomic PdAu ensembles in electrocatalytic reactions have 
been investigated by Maroun et al., in which they combined in 
situ atomic resolution scanning tunneling microscopy and elec-
trochemical adsorption and desorption of H and of CO strip-
ping experiments.[79] These techniques allowed the authors to 
reveal the distinct chemical properties of different ensemble 
structures, as shown in Figure 6F.

Therefore, three main contributions can be put forward for 
the higher reactivity of bimetallic electrocatalysts: i) the “bifunc-
tional mechanism” where each metal promotes individual reac-
tion steps; ii) the surface electronic structure changes affect 
the interaction with adsorbates; and iii) geometric ensembles 
both contributing to the same reactions. These contributions 
stem from how the alloy metal atoms are arranged, and may 
combine to enhance the overall oxidation activity. Above we 
have discussed how ensemble effects can affect the CO* forma-
tion,[94,95] then in Figure 7 illustrates the reaction diagrams for 
CO oxidation over Pt and Pt–Ru alloy surfaces.[96] Compared to 
pure Pt(111) surface (Figure 7A), the inclusion of Ru atoms in 
the surface facilitates the H2O → OH* process, but the increase 
of the CO* + OH* coupling barrier decreases the rate of CO oxi-
dation, indicating a pure bimetallic effect does not work solely 
to enhance the reaction rate (Figure 7B). A Ru substrate under 
the Pt monolayer however, slightly increases the endother-
micity of OH* formation, but reduced the barrier for the CO* 
+ OH* coupling significantly due to ligand effect (Figure  7C), 
thereby improves the CO oxidation rates. In Figure  7D where 
combines the PtRu surface alloy and the pseudomorphic Pt 
monolayer over Ru, a smaller reaction energy for water oxida-
tion and CO* + OH* coupling energy can be observed. This 
indicates that both bifunctional and ligand effects may combine 
to improve the CO oxidation rate.

As the carbon chain becomes longer in many other biomass 
molecules, the reaction mechanism becomes even more com-
plex, due to the involved CH, CC, and CO bond breaking, 
which leads to a variety of intermediate products. It should 
be pointed out that the electrosynthesis process is not always 
potential controlled, as some of the reaction follows an “EC” 
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mechanism: an electron transfer reaction is in equilibrium, fol-
lowed by an essentially potential-independent chemical step, 
for example, the aldehyde oxidation into carboxylic acid under 
alkaline condition.[97] Herrero et al. examined the Tafel slope 
of such reactions and interpreted that a value of 120 mV dec−1 
indicates the first electron transfer is normally the rate-deter-
mining step, whereas a value of 60–80 mV dec−1 is associated 
with a chemical step after the first electron transfer.[98] There-
fore, it is also necessary to consider the chemical activities of 
different metals, in which the electrolyte pH plays an equally 
important role as the applied potential.

Alcohol oxidation proceeds through the sequential removal 
of two hydrogen atoms (Hα from OH and Hβ from CH) and 
electrons into a carbonyl. The resulting carbonyl can convert 
into a geminal diol with H2O, and be further oxidized into a 
carboxylic acid, as illustrated in Figure 8A. Although it follows a 
similar mechanism than alcohol oxidation, aldehyde oxidation 
can occur without catalyst under air and alkaline conditions.[99]

If Hβ abstraction is faster than Hα abstraction, the reaction 
rate will be pKa-dependent. Considering that for most alcohols 
their pKa is above 14, alkaline conditions will give better results 
than in acidic conditions.[65] This pH-dependent phenomenon 
is also seen for CO2 reduction reactions and have been exten-
sively studied with DFT by Chan's group. Illustrated in their 
work, the pH effect can affect the reactant adsorption by dipole-
field interactions.[100–103] The interfacial electric field at an elec-
trochemical interface, determined by the absolute potential 
(e.g., on an standard hydrogen electrode scale), stabilizes the 

polar reactants and intermediates such as CO2*. A given field 
stabilization is consistent with a more positive overpotential at 
higher pH, which results in higher reaction activity at higher 
pH.[101] A good example of this field stabilizing effect is the local 
cation-induced change on adsorbed CO2,[104–106] which have 
been observed for different alcohol oxidation as well.[107–110] This 
proves the appliance of such theory for alcohol electro-oxida-
tion, which should be further adapted and adjusted to explore 
the reaction mechanisms of such reactions.

Au is inactive in acidic conditions, despite its capacity 
to form OH groups on the surface at high potentials 
(Figure  8B(a)).[26,111] Even in alkaline conditions Koper et  al. 
have extensively shown that Au cannot perform Hα abstraction, 
as it is performed by the hydroxide ions in solution.[65,112–114] 
The presence of Au is needed for Hβ abstraction through the 
surface-bonded hydroxides, with Au acting as an electron 
acceptor.[99] This second step is faster than Hα abstraction, and 
in the specific case of Au, Koper and co-workers showed that 
adsorbed CO could act as a promoter for this step.[115] In con-
trast with Pt and Pd, the full d-band of Au makes it less active to 
bind oxidation intermediates, but also prevents CO poisoning 
and OH saturation at the surface.[116] At potentials above 0.9 
VRHE, Au can further adsorb intermediates through the carbon, 
allowing further CC cleavage.[117]

Unlike other metals, Pt and Pd are directly active for CH 
bond cleavage, making the Hβ abstraction step faster than 
Hα abstraction, even under acidic conditions (Figure  8B(b)). 
Indeed, Lamy and co-workers showed that Pt could directly 

Figure 7.  Reaction energy diagrams for CO oxidation over Pt and Pt–Ru alloy surfaces. A) Pt(111), B) Pt2Ru1 monolayer over a Pt(111) substrate, C) Pt 
monolayer over a Ru(0001) substrate, and D) Pt2Ru1 monolayer over a Ru(0001) substrate. All energies were computed with 3*3 surface cells. Repro-
duced with permission.[96] Copyright 2007, Springer. Inserted are illustrations of the atomic arrangements of each model.
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cleave CH bond in acid at potentials below 0.75 VRHE, both for 
EtOH and glycerol.[118,119] At potentials above 0.8 VRHE, oxygen-
ated species form at the surface (PtOH, PtO) and are respon-
sible for Hβ abstraction.[120,121] This phenomenon has also 

been confirmed with DFT simulation of ethanol oxidation over 
Pt(111) surface.

Pt and Pd have been shown to be highly active for CC 
bond cleavage in electrocatalytic conditions, by adsorbing 

Figure 8.  A) General steps for alcohol and aldehyde electro-oxidation. B) Alcohol oxidation mechanisms for novel metals: (a) Au, (b) Pt/Pd. C) Glycerol 
oxidation CC bond cleavage mechanism. D) (a) Indirect and (b) direct oxidation mechanisms of alcohol over Ni/Co-based electrocatalyst surface.
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intermediates through the carbon.[122] While higher overpoten-
tials and high basicity favor CC cleavage for Pd, the opposite 
effect happens for Pt.[123] CC cleavage potentially leads to 
selectivity loss and CO poisoning,[80,124] that can only be over-
come by applying high enough potential to further oxidize 
COads into CO2.[125] Fernández et al. employed in situ FTIR and 
isotopically labeled glycerol (13CH2OH12CHOH13CH2OH) 
to investigate the CC bond cleavage and CO2 formation on 
Pt in acidic media.[120,126,127] They have found out that the ter-
minal 13CH2OH groups are easier to electro-oxidize and can 
happen at low potentials around 0.3 VRHE, while the mass 
production of 12CO2 from the central 12CHOH group can only 
be observed above 1.2 VRHE. Li and Harrington covered in 
detail glycerol electro-oxidation mechanism through an over-
view of previous studies. In particular, they argued that CC 
cleavage mostly occurs directly on glycerol and its adsorbed 
decomposition intermediates, as shown in Figure  8C, rather 
than on the desorbed C2/C3 products (such as glyceraldehyde, 
dihydroxyacetone).

For Ni and Co two reaction mechanisms were proposed, 
as illustrated in Figure  8D: i) direct electron transfer in 
which alcohol molecules adsorb on the M(OH)2 and get oxi-
dized by the OH− ions trapped on the surface; ii) indirect 
electron transfer from the reactant to MOOH, restoring the 
M(OH)2.[128–130] The works reported by Fleischmann et  al. in 
1970s point toward the indirect reaction pathway.[131,132]

At lower glycerol concentration though, Houache et  al. 
observed direct electron transfer pathway for Ni.[133] This was 
confirmed by Taitt et  al. for HMF, as they observed another 
oxidation peak in linear sweep voltammetry (LSV) above the 
potential of Ni(OH)2 oxidation to NiOOH.[134] Under these con-
ditions, oxidation rate becomes dependent of potential.[128]

With the above knowledge at hand, in the following sections 
we will review in detail for different organic molecules, how 
the choice of electrocatalysts will affect the reaction activity and 
selectivity.

4.2. Selective Electro-Oxidation of Glycerol

Glycerol, a byproduct from the biodiesel industry, is recog-
nized by the U.S. Department of Energy (DOE) as one of the 
top ten biomass-derived platform molecules for the production 
of high-value chemicals.[135] Amongst them, the partial oxida-
tion derivatives, such as glyceraldehyde, glyceric acid, and dihy-
droxyacetone, are widely used in the cosmetics, pharmaceutical, 
and food industry.

The electrocatalytic oxidation of glycerol allows generating 
both value-added chemicals and hydrogen concomitantly, 
sparking much attention over the last decade. This concept 
was first introduced by Shen and co-workers, who adapted 
the technology applied to direct alcohol fuel cells for an alka-
line electrolyzer with Pd–(Ni–Zn)/C on Ni mesh as anode, and 
commercial Pt/C on carbon paper as cathode.[23] At current 
density of 40  mA cm−2, H2 and over 70% glycerate and tar-
tronate chemicals were produced with 10 wt% glycerol in 2 m 
KOH electrolyte. The voltage needed for glycerol electrolysis is 
0.6 V compared to 1.58 V for water electrolysis, and the power 
consumption for H2 production is 1.43 kWh NmH2

−3, less than 

half of what is needed for water electrolysis (3.78 kWh NmH2
−3). 

Since then, increasing efforts have been made to understand 
glycerol electro-oxidation reaction pathways over different metal 
catalysts to achieve high energy efficiency for H2 production, 
high glycerol conversion rate and tunable selectivity.[40,43,136]

Glycerol can be oxidized at different carbon atoms within 
its structure.[86] Figure 9A illustrates the identified general 
oxidation pathways, but the nature of different metal catalysts 
can largely affect the chemical transformation processes, as 
summarized in Section  4.1.[137] Presented here are the most 
favorable routes in each step, however, many factors, such as 
the electrolyte pH and the structure of catalysts can largely 
affect the reaction routes.

4.2.1. Platinum Catalysts

The glycerol oxidation on Pt catalysts goes through mul-
tiple steps. DFT calculations showed that energy barriers for 
C–H/O–H bond cleavage steps are significantly lower than 
those for C–C or C–O bond cleavage steps (by more than 
0.5  eV).[138] Hence on Pt(111), early in the decomposition pro-
cess, both C–C and C–O bond cleavage will be kinetically slow 
compared to dehydrogenation reactions. After several steps of 
dehydrogenation, C–C bond breaking energy barriers are low-
ered, allowing further oxidation to occur.

Glycerol oxidation on Pt follows the principle summarized 
in Section  4.1 but tends to exhibit different product selectivity 
in basic and alkaline conditions. As shown in Figure 9B, which 
summarizes the product concentration change during anodic 
potential scan, it can be concluded that the acidic media leads 
to a lower activity but provides more favorable conditions for 
selective alcohol oxidation, while alkaline condition promotes 
over oxidation to various products.[26]

The structural properties of Pt, such as crystal structure, par-
ticle sizes, defect density, and exposed high-index facets can also 
influence the activity and reaction pathways. First, the Pt sur-
faces structure has a strong impact on promoting primary and 
secondary alcohol oxidation in acidic media.[125] As shown in 
Figure 9C, Pt(111) and Pt(100) surfaces exhibit different binding 
modes of dehydrogenated glycerol. On the close-packed Pt(111) 
surface, an enediol-type intermediate is formed, whereas the 
Pt(100) forms a PtC bond with glycerol. The first interme-
diate results in a mixture of dihydroxyacetone and glyceralde-
hyde, while only glyceraldehyde is obtained through the second 
intermediate. Second, downsizing the Pt nanoparticles can 
bring higher specific activity because of the enlarged density 
of active sites. Kim and co-workers incorporated Pt nanoclus-
ters in microporous 3D graphene-like carbon and improved the 
glycerol conversion to 7.7%, compared to 2.3% with commercial 
Pt/C.[139] The as-prepared catalyst also enhanced the further oxi-
dation of glyceraldehyde to glyceric acid. The enhanced glycerol 
electro-oxidation performance is attributed to the increase of Pt 
active sites and the physicochemical properties of Pt by inter-
acting with the 3D carbon structure, resulting in a reduction in 
the absorption energy toward glycerol. Third, high-index facets 
lead to maximizing the active site exposure. By intercalating 
Pt growth within few-layered graphene, Loh and co-workers 
fabricated Pt-sandwiched vertically erected graphene nanowall 
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electrodes with superior mass activity of 2.91 A mgPt
−1 and a 

79% selectivity toward formate at 60 °C.[140] The high catalytic 
activity and CC bond cleaving ability stem from the high-
index facets (100)/(111)/(100), resulting in a high active site den-
sity and utilization.

4.2.2. Palladium catalysts

Pd possesses similar catalytic activities to Pt while being at 
least 50 times more abundant on earth than Pt. In contrast 
with Pt, studies on Pd-based electrocatalysts mostly focused 
on different supporting materials. In an early report by Vizza 
and co-workers, Pd nanoparticles supported on multiwalled 
carbon nanotubes (Pd/MWCNTs) showed superior catalytic 
activity toward glycerol electro-oxidation compared to com-
mercial Pd/C. This can be associated to the efficient disper-
sion of metallic particles and intrinsic properties of MWCNTs 
in facilitating glycerol diffusion to the catalyst surface during 
this diffusion-controlled process.[141] Wang and co-workers used 
a hybrid support consisting of graphitic carbon nitride (CN) 

and graphene to fabricate Pd-CNx/G electrocatalyst with high 
selectivity toward C3 products.[142] The authors suggested that 
the interaction between Pd and nitrogen atoms weakened the 
adsorption ability of Pd toward C3 products, especially glyc-
eric acid, thus preventing their further oxidation. In a recent 
study, Pd nanoparticles have been deposited on PEDOT-coated 
graphite electrodes via electroless deposition, an autocatalytic 
process where the electrode develops a potential in a plating 
solution containing different polymerization charges and dif-
ferent doping ions (polystyrene sulfonate (PSS) and dodecyl 
sulfate).[143] The Pd/PEDOT-PSS catalyst showed a high mass 
activity for glycerol electro-oxidation in alkaline condition 
owing to the high specific metal loading, which diminishes 
with increasing Pd content as a result of impeded access of 
glycerol or nanoparticles aggregation.

4.2.3. Gold Catalysts

Pd or Pt electro-oxidation catalysts suffer from deactivation due 
to overoxidation and poisoning from CO-like intermediates. 

Figure 9.  A) The general reaction pathways of glycerol oxidation over metal catalysts in electrochemical processes. B) Glycerol (0.1 m) electro-oxidation 
product on Pt electrode in 0.1 m NaOH (alkaline) and 0.5 m H2SO4 (acidic) media during linear sweep voltammetry with a scan rate of 1 mV s−1 (dashed 
line: current density; ●: glyceric acid; ○: glyceraldehyde; ☆: dihydroxyacetone; ◊: tartronic acid; ⊕: formic acid). The bar inserted indicate the ion adsorp-
tion and Pt oxidation states under different potentials. Reproduced with permission.[26] Copyright 2011, Wiley-VCH GmbH & Co. KGaA, Weinheim.  
C) Pt(111) and Pt(100) difference for glycerol oxidation selectivity. Reproduced with permission.[125] Copyright 2016, American Chemical Society.
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On that note, Au as an electrocatalyst often exhibits high sta-
bility,[115] a key feature for potential commercialization.[144] In 
contrast with platinum group metals (PGMs), CO acts as a pro-
moter for Au on its surface rather than a poison. Koper and 
co-workers have demonstrated that CO is irreversibly adsorbed 
on Au(111) surfaces in aqueous basic condition, promoting 
the electrocatalytic oxidation of certain alcohols, in particular 
methanol.[115] Adsorbed CO promotes β-hydrogen elimina-
tion to accelerate CH bond breaking and the coadsorption 
of alcohols. The slower surface oxidation of Au compared 
with Pt allows to apply higher effective overpotential,[26] and 
its unique mechanism for H extraction, as discussed in Sec-
tion 4.1, determined the selective formation of glyceric acid at 
low potentials (0.6–0.8 VRHE) and glycolic acid at high potentials 
(0.8–1.5 VRHE).[26,145–147]

A summary of different catalysts’ performance for glycerol 
oxidation is shown in Figure 10 and Table S12 (Supporting 
Information), which clearly shows that higher product selec-
tivity can be achieved in acidic conditions.

4.2.4. Alloys

The fabrication of bimetallic or trimetallic electrocatalysts can 
help lower noble metal consumption as well as improve the 
activity and selectivity toward glycerol oxidation by the three 
effects discussed in Section 4.1.

As an example of the contribution from bifunctional mecha-
nism, a PtRu catalyst was reported to show excellent activity 
and stability for glycerol electro-oxidation during CV and long-
term chronoamperometry tests.[148] The catalyst exhibited larger 

forward-to-reverse peak current density ratio (If/Ir) during CV 
scan, indicating less intermediate accumulation, due to the 
partially oxidized Ru surface as confirmed by X-ray photoelectron 
spectroscopy (XPS) Ru (3p) spectra. The higher chronoamper-
ometry end current compared to commercial Pt/C also suggests 
a higher tolerance toward CO-like poisoning species and decel-
erated catalyst deactivation. The shift in the density of Pt vacant 
d-orbital states due to the presence of Ru can also affect the glyc-
erol binding energy with a volcano-shaped relation to the cata-
lytic glycerol oxidation activity.[73] It should be noted that Ru/C 
was shown to be inert for glycerol electro-oxidation.[149]

A similar strategy can also be applied to Pd-based cata-
lysts.[149–151] PdRu nanocages developed by Xia and co-workers 
exhibited an alloy surface with hollow interiors, ultrathin (i.e., 
2.5 nm) and porous walls which increased the atomic efficiency 
of metal atoms, achieving a 6.2-fold enhancement of catalytic 
mass activity relative to the commercial Pd/C.[149]

In terms of the contribution from surface electronic struc-
ture, a bimetallic PdPt nanowire network showed forward 
current density of 0.086 A cm−2, 1.8-fold higher than that of 
Pt/C.[152] The measured electrochemical active surface area of 
PdPt nanowires was lower than that of Pt/C, indicating that 
the higher activity did not stem from higher specific activity, 
but from improved intrinsic catalytic properties. By fitting the 
linear plot of current density at the anodic scan peak versus the 
square root of scan rate, a higher slope value could be derived 
for PdPt nanowires relative to Pt/C, suggesting that bimetallic 
catalysts showed an improved electro-oxidation kinetics and 
should account for the higher catalytic activity.[153]

Combining noble metals with early transition metals con-
stitutes another way of designing bimetallic electrocatalysts 

Figure 10.  Operating potential, glycerol conversion, and product selectivity of various catalysts in acidic and alkaline conditions. (GLA: glyceric acid, 
GCA: glycolic acid, GAD: glyceraldehyde, HPA: hydrooxypyruvic acid, DHA: dihydroxyacetone, FA: formic acid, C3: three carbon products, OA: oxalic 
acid, TA: tartronic acid, MSA: mesoxalic acid; products are the corresponding acids in their salts form for alkaline conditions.) Detailed reaction condi-
tions are included in Table S12 of the Supporting Information.
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while reducing the noble metal content.[154,155] The alloyed 3d 
metals can also downshift the d-band center of Pt/Pd atoms, 
resulting in a weaker bonding to the surface intermediates 
and/or products thus increasing the stability.[92,156,157] Pt alloys 
based on Ni, Fe, Co, and Cu have all shown remarkable cata-
lytic performances toward glycerol electro-oxidation, with their 
mass and specific activities 2–7-fold higher than commercial 
catalysts.[158–162] Similarly, PdNi catalysts feature a large nega-
tive shift of the onset potential due to the oxidative desorption 
at low potential, involving a OH− transfer from Ni(OH)2 to 
adsorbed organic molecules on the Pd active sites.[163] How-
ever, the authors failed to explore the product selectivity in 
such bimetallic catalysts, which is expected to be distinctive 
given the unique electrocatalytic preferences of those transi-
tion metals in oxygen reduction reaction (ORR), OER, HER, 
and CO2 reduction reaction (CO2RR).[164] On that note, a study 
by De Andrade and co-workers which compares the perfor-
mance of Ni@Pt/CNTs, Ru@Pt/CNTs, and Sn@Pt/CNTs 
toward glycerol oxidation has shown the importance of investi-
gating catalytic activity as well as product selectivity of different 

metal catalysts.[165] They found that even though Ni@Pt/CNTs 
had the lowest onset potential and highest current density, the 
detected products and mass balance after 12 h was lower than 
Ru@Pt/CNTs, which may be due to complete oxidation to C1 
products.

The combination of PdAu is a good example of ensemble 
effects, which refers to the variation in the catalytic property 
of an ensemble and have been reported to show promising 
catalytic activity toward alcohol oxidation.[168–173] Au can further 
determine product selectivity. For example, Au–Pd favored the 
oxidation of terminal hydroxyl groups (glycerate and tartro-
nate), while AuPt favored CC breaking to form glycolic 
acid.[144] Besides, Au can significantly diminish Pt and Pd deac-
tivation and decreases hydrogen adsorption to Pd, improving 
the catalyst reusability.[174] DFT calculations studying the glyc-
erol absorption models on bare and transition-metal surface-
alloyed Au(111) have shown a negative correlation between the 
strength of glycerol molecule adsorption and the d-band center 
of surface layer of transition metal surface-alloyed Au(111), as 
shown in Figure 11A.[166] Wan and co-workers demonstrated 

Figure 11.  A) Glycerol adsorption energy (eV) on transition-metal alloyed Au(111) surface as a function of the calculated d-band center (eV). Reproduced 
with permission.[166] Copyright 2016, American Chemical Society. B) Relationship between the d-charge gain at Pd site (orange line) and TOFPd of the 
AuPd alloys (navy line). Reproduced with permission.[167] Copyright 2019, Nature Research. CVs of Pd, PdAu (3:1), and PdAu (1:1) electrodes in an 
Ar-saturated 1 m KOH solution C) without and D) with 0.5 m glycerol at room temperature. Reproduced with permission.[168] Copyright 2015, Elsevier.
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a similar behavior by examining the electronic structure of 
monodispersed AuPd catalysts with continuous change in  
Pd–Au coordination numbers. X-ray absorption near edge struc-
ture and XPS confirmed that the surface Pd atoms obtained 
d-charge gain from PdAu bonds, corresponding to a decrease 
in d-band center of Au. DFT calculation indicated that the max-
imum d-charge gain in Pd led to a pronounced improvement 
in the adsorption strength of primary alcohols and therefore 
higher activity and selectivity toward the oxidation of various 
alcohols, with the maximum turnover frequency (TOF) shown 
in Figure 11B.[167] In terms of electrochemistry, the CV of PdAu 
in Figure 11C,D suggests that increasing Au content leads to the 
positive shift of both the PdO reduction peaks (i) and glycerol 
oxidation peaks (iii), while the current increase at Pd–OHads 
formation (ii) and PdO reduction peak (i) suggests that alloying 
Pd with Au lead to a higher amount of OH adsorption, due to 
the ensemble effect between Pd and Au. The authors did not 
provide detailed explanation on the ensemble effects induced 
by Au alloying. However, according to other reports on Pd–Au 
ensemble electrocatalysts, we assume the ensembles of Pd and 
Au have resulted in an average decrease in the binding energy 
of O and OH radicals, resulting in the easier oxygen removal 
during reduction scan while higher energy requirements 
for oxygen insertion for glycerol oxidation.[175,176] The higher 
amount of OH adsorption, on the other hand, favors the glyc-
erol oxidation and leads to the higher current density.[168]

Figure 12 compares the electrochemical performance of dif-
ferent catalysts reported in various literature. Pd-based elec-
trocatalysts in general exhibit low mass/specific activity while 
Pt-based electrocatalyst show increased activity with higher 
peak potential, i.e., higher kinetics. Au, on the other hand, is 
more unpredictable, and therefore its catalytic performance will 
largely be determined by the alloying metals and the catalyst 
morphology.

4.2.5. Trinary Catalysts

Trimetallic electrocatalyst can combine the different mechanisms 
mentioned above, and offer even more flexibility toward catalyst 
tuning.[177,178,180,184–187] As a result, trinary catalysts are among 
the ones exhibiting higher mass and specific activities with low 
peak potential (Figure  12). For example, Kim et al. developed a 
PtRuSn/C trinary electrocatalyst with atomic ratio of 5:4:1.[188] 
By comparing trimetallic PtRuSn/C with bimetallic PtRu/C and 
pure Pt/C, the authors determined the complementary roles of 
Ru and Sn in removing CO-like poisoning species (Figure 5C). 
PtPd alloyed with 3d metals (Fe, Co, Ni) have been reported to 
exhibit good glycerol electro-oxidation activity due to the further 
tuned electronic and surface strain effects by transition metals. 
With lower metal loading, PtPdNi showed the highest mass 
activity (5.63 A mgPt+Pd

−1) toward glycerol oxidation, 5.4 times 
higher than commercial Pt/C and Pd/C catalysts.[181] Further-
more, the introduction of Cu in Pd–Cu–Pt electrocatalysts exhibit 
remarkable CO tolerance, as observed from the delayed CV peak 
during in situ CO-oxidation and the absence of CO intermediate 
adsorbates during in situ FTIR, due to the presence of surface 
Cu atoms that promote oxygen species (*OH) formation.[178]

4.2.6. p-Block Metals

Bi, Sb, Sn, and Pb have been widely used in glycerol oxidation 
to improve the Pt oxidation selectivity via geometric blocking 
effect, electronic structure alternation, or intermediate mole
cule stabilization.[189–193] Kwon et al. adsorbed Bi atoms on a Pt 
surface and found that glycerol was nearly 100% converted to 
dihydroxyacetone at 0.5–0.6 VRHE.[194] This selectivity was attrib-
uted to Bi blocking the pathway for primary oxidation but also 
to Pt–Bi surface active sites that poised for secondary alcohol 

Figure 12.  An overview of state-of-art glycerol oxidation catalysts. A) Mass and B) specific activity different catalysts in alkaline electrolyte (except ALD 
TiO2–Pt/C, which was tested in 0.5 m H2SO4 + 2 m glycerol). The peak potential represents the potential where the electrocatalysts exhibit the highest 
current density. Presented data were originally reported as follows: PdAuNi nanosponges,[177] Pd–Ru nanocages,[149] Pd–Cu–Pt,[178] PdPt nanowires,[152] 
PdBi,[179] Pd-CNx/G,[142] PdAg,[163] FeCo@Fe@Pd,[180] PtPdM,[181] PtM nanocubes,[161] PtNi nanorod,[160] PtFe nanowires,[158] PtCo nanowires,[159] PtCu 
nanoframes,[162] 2D AuCu nanoprisms,[182] Au-P4P/G, [183] AgAu nanocage.[154]

Adv. Energy Mater. 2021, 11, 2101180

 16146840, 2021, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202101180, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2101180  (19 of 51) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

oxidation. Further studies showed the interaction of the Bi 
adatom with the enediol intermediate, driving selectivity toward 
the most stable isomer dihydroxyacetone (Figure 13).[195,196]

The same group showed that irreversibly deposited Sb on 
Pt/C was the most promising modifier for selective production 
of dihydroxyacetone, with a low onset potential and enhanced 
peak current density.[197] By contrast, Sb in solution (via revers-
ible adsorption) completely inhibited glycerol oxidation. Similarly, 

Fernández and co-workers demonstrated the irreversibly adsorbed 
Bi,[193] Pb,[198] and Sb[192] atoms on Pt results in higher activity 
in alkaline than in acidic media, due to a higher stabilization of 
the negatively charged intermediates by the positively charged 
adatoms. Other bimetallic PtSb/C,[199] PtSn/C,[200,201] and PdxBi[179] 
alloys have also been investigated, with a similar promotion mech-
anism from ligand effects as discussed in the previous sections.

4.2.7. Earth-Abundant Elements

Earth-abundant element based electrocatalysts for electrochem-
ical alcohol oxidation have been studied to potentially replace 
the expensive and rare noble metal-based catalysts. Among 
them, Ni-based catalysts have received increased attention 
due to their competitive price, high stability in alkaline media, 
low poisoning effect, and high catalytic activity toward various 
alcohol oxidation.[204–208] Akin to Ru, Ni possesses the capability 
of generating efficient OHads at lower overpotential and thus 
facilitates oxidative desorption of the intermediates. The reac-
tion pathways of glycerol oxidation over Ni electrodes are sim-
ilar as described in Figure  8D, which can take place via direct 
and indirect electron transfer process. Here the absence of a 
cathodic peak associated to β-NiOOH to β-Ni(OH)2 transforma-
tion in Figure 14A, as observed by Bott-Neto et al. and Baranova 

Figure 13.  Selectivity to dihydroxyacetone induced by Bi adsorbed on 
Pt(111) surface. Reproduced with permission.[194] Copyright 2012, Amer-
ican Chemical Society.

Figure 14.  A) CV of Ni electrode in 1 m NaOH in the absence and presence of 0.1 m glycerol at 50 mV s−1. Reproduced with permission.[202] Copyright 
2019, American Chemical Society. B) The intrinsic glycerol oxidation activity trend within the series of MCo2O4 (M = Mn, Fe, Co, Ni, Cu, Zn) catalysts 
(in the order of increasing atomic number of M from left to right). Reproduced with permission.[135] Copyright 2020, American Chemical Society.  
C) Proposed mechanistic scheme for glycerol oxidation to formate on Ni–Mo–N/CFC in alkaline medium. Reproduced with permission.[203] Copyright 
2019, Nature Research.

Adv. Energy Mater. 2021, 11, 2101180
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and co-workers suggests the indirect electron transfer process is 
more likely to happen.[202,209] However, further investigation to 
confirm this hypothesis is required to gain more insights, pre-
sumably via in operando X-ray adsorption spectroscopy/X-ray 
diffraction experiments and/or DFT simulations.[210]

Co and Cu oxide catalysts have also shown promising activi-
ties toward glycerol electro-oxidation.[211–214] A series of MCo2O4 
(M = Mn, Fe, Co, Ni, Cu, and Zn) were investigated in a recent 
study, with CuCo2O4 being reported to have the highest intrinsic 
glycerol oxidation activity with an onset potential at 1.1 VRHE.[135] 
The overpotential at 300 mA F−1 shows a pyramid-shaped trend 
over the atomic numbers, as shown in Figure 14B. At constant 
potential at 1.3 VRHE, the CuCo2O4 achieved the highest selec-
tivity (80.6%) for the production of formate with an overall Far-
adaic efficiency of 89.1%. Similar high selectivity has also been 
reported with a Ni–Mo–N nanoplate catalyst.[203] At 1.36 V cell 
voltage, 10  mA cm−2 current density was achieved, with high 
Faraday efficiencies for H2 (99.7%) and formate (95%) genera-
tion. High selectivity toward formate comes from a sequence of 
converging oxidation and C–C cleavage steps all leading to the 
C1 molecule (Figure 14C).

4.3. Selective Electro-Oxidation of Glucose

Glucose, a main compound in the food industry and in blood, 
is used as an energy source in most living organisms.[215] This 
monosaccharide can be naturally formed from H2O and CO2 
via photosynthesis of algae and plants, and constitutes a major 
biomass waste in pulp and paper processing industry. Through 

different strategies, it can be transformed into various oxidation 
products such as gluconic acid, glucaric acid, and formic acid 
(Figure 15).[216]

Moggia et al. studied the electrochemical oxidation of glucose 
under alkaline conditions, and compared three bare metallic 
electrodes (Cu, Pt, and Au).[217] Au was found to be the most 
selective metal, with up to 86.6% selectivity to gluconic acid 
at 0.55 VRHE, whereas Pt could only reach 78.4% selectivity at 
1.10 VRHE. By contrast, Cu easily cleaved CC bonds, resulting 
in a mixture of glucaric, gluconic, and formic acid.

Base metal catalysts have been reported for glucose electro-
oxidation as well. Zheng et al. reported an alkaline–acid asym-
metric electrolytic cell that allows concomitant HER and glu-
cose oxidation reaction.[218] For this, they made a bifunctional 
electrode with Fe-doped CoSe2 nanowires supported on conduc-
tive carbon cloth (Fe0.1–CoSe2/CC), which showed highly attrac-
tive electrocatalytic activity and stability in alkali for glucose 
oxidation and HER in acid (90 µmol H2.h−1), respectively. The 
performance of various catalysts for GOR have been summa-
rized in Table 2.

Perhaps one of the most notable examples is Liu et al.’s 
mixture of NiFeOx and NiFeNx catalysts (Figure 16).[50] NiFeOx 
proved to be highly active for glucose oxidation in alkaline con-
ditions, with a Faradaic efficiency of 87% and glucaric acid yield 
of 83%. Their mechanistic studies showed that FeOOH and 
NiOOH are crucial intermediates in the reaction, and the catalyst 
reached a TOF value of 0.16 s−1. For HER, NiFeNx had an excel-
lent overpotential of 40.6 and 104 mV (at 10 and 100 mA cm−2,  
respectively), close to those of 20% Pt/C catalyst. Thus, the 
authors constructed a glucose electrolyzer with NiFeOx as the 

Figure 15.  A) Glucose electro-oxidation pathways. B) Glucose electro-oxidation on different bare metal electrodes.

Adv. Energy Mater. 2021, 11, 2101180
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anode and NiFeNx as the cathode. Via chronoamperometry, 
they showed that the electrolyzer delivered a current density of 
101.2  mA cm−2 at a voltage of 1.4  V and was stable over 24 h 
electrolysis.

4.4. Selective Electro-Oxidation of HMF

HMF obtained from dehydration of fructose (an isomer of 
glucose), is a furanic compound readily available from bio-
mass. HMF has less selectivity issues for electro-oxidation 
than other substrates, as all the intermediates converge toward 
2,5-difurandicarboxylic acid (FDCA, Figure 17). It either gets its 
hydroxyl group oxidized first, resulting in diformylfuran or gets 
its carbonyl function oxidized, resulting in 5-hydroxymethyl-
2-furoic acid. Both are further transformed into 5-formyl-2-fur-
ancarboxylic acid, the last intermediate before FDCA formation. 
It has seen great application in replacing terephthalic acid in 
polyethylene terephthalate plastics,[220] hence most papers 
focusing on FDCA formation.

Non-electrochemical routes to make FDCA from HMF 
require oxidants such as O2, tBuOOH, H2O2 or (2,2,6,6-Tetra-
methylpiperidin-1-yl)oxyl (TEMPO), that are potentially harmful 

on large scale and overall decrease the atom economy of the 
process.[229]

An early example of HMF electro-oxidation was reported in 
1991 by Grabowski et al., using NiOOH.[230] They obtained 71% 
product yield after 4 h at 0.6 VSHE. Between this report and the 
early 2010s, there has been very few developments. Interest-
ingly, most electrocatalysts contain base metals (such as Ni, Co). 
Only a few reports involve noble metals, such as Chadderdon et 
al.’s.[231] who prepared and compared various PdxAu3-x/C cata-
lysts (x  = 0–3) for HMF electro-oxidation. At full conversion 
of HMF after 1 h at 0.9 VRHE, the most efficient catalyst was 
Pd1Au2/C with 83% selectivity to FDCA. Interestingly, Pd/C 
only gave 29% selectivity whereas Au/C led to 98% selectivity 
to 5-hydroxymethyl-2-furoic acid meaning Au is only able to oxi-
dize CO bonds at low potentials.

HMF stability decreases substantially as pH increases due 
to its polymerization into insoluble humins.[232] Choi and co-
workers showed that 0.5 m HMF degraded by more than 70% at 
pH 14 (using 1.0 m KOH, unstirred) after 8 h. At pH 13 under 
the same conditions, the solution only degraded by 15%.[223] 
This also explains why substrate concentration is substantially 
lower than for other hydrogen donors (10  × 10−3 m typically, 
as opposed to 1.0 m). However, most HMF electro-oxidation 

Table 2.  Summary of glucose electrolysis with different catalysts, the reaction conditions, glucose conversion rate, C balance (%), and product selec-
tivity (%).

Ref. Catalyst Electrolyte Temperature °C Voltage [V] Time [h] Conversion rate % C balance % Selectivity %

[219] Pd3Au7/C 0.1 m G/0.1 m NaOH 20 0.4 6 69.2 (glucose) 88.7 83.8 (gluconic)

[218] Fe0.1-CoSe2/CC 0.5 G/1.0 m KOH 20 0.72 – – – –

0.5 G/1.0 m H2SO4 90 µmol H2.h−1 – –

[217] Cu 0.04 m G/0.1 m NaOH 5 1.10 65 – – 44.5 (gluconic)

Pt 78.4 (gluconic)

Au 0.55 86.6 (gluconic)

[50] NiFeOx 0.1 G/1.0 m KOH 20 1.30 18 90.6 85.3 71.2 (glucaric acid)

Figure 16.  A) LSV profiles of the NiFeOx-NF and NiFeNx-NF catalysts for glucose oxidation and OER (scan rate of 5 mV s−1; electrolyte: 1 m KOH; glu-
cose concentration 100 × 10−3 m). B) LSV profiles of the different electrodes for HER in 1 m KOH electrolyte (scan rate of 5 mV s−1). Reproduced with 
permission. [50] Copyright 2020, Nature Research.
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examples are run under very basic conditions (pH 13–14), to 
both preserve the metallic catalyst and assist the dehydrogena-
tion steps. This is problematic for FDCA purification though, 
as it only precipitates at pH < 1,  generating sizeable amounts 
of waste from the acidification of the solution at the end of the 
reaction.

Kubota and Choi reported the utilization of MnOx as anode 
which allowed the reaction to occur at pH 1, 60 °C.[233] Under 
acidic conditions, humin formation was prevented (<12%). 
Upon cooling down the reaction, FDCA precipitates, making it 
easy to retrieve without using stoichiometric amounts of acid. 
The MnOx anode could oxidize both the alcohol and the alde-
hyde groups of HMF to form FDCA, whereas Pt could only oxi-
dize the alcohol groups to form diformylfuran. Due to acidic 
conditions, FDCA further degraded to maleic acid (22%), a pre-
cursor to succinic acid.

There have been quite a few reports on making electrolyzers 
that can both oxidize HMF into FDCA and generate H2 from 
H2O. Indeed, they require a voltage up to 200 mV smaller than 
the ones based on pure water-splitting, while generating a valu-
able chemical. The Sun group prepared 3D Ni2P nanoparticle 
arrays on nickel foam (Ni2P NPA/NF), and tested it for such 
applications.[221] Remarkably, the required voltages to reach 10 
and 50 mA cm−2 were reduced from 1.65 and 1.80 V for water 

splitting to 1.44 and 1.58 V in presence of 10 × 10−3 m HMF, as 
shown in Figure 17B, with a production of H2 of 120 µmol h−1 
and a selectivity to FDCA at >99%. Similar results were obtained 
by the same group with Ni2S3/NF[226] and by Gao et al. with 
NiSe@NiOx.[228]

Co gave overall higher H2 production than Ni (>250 µmol h−1 
compared to <150  µmol h−1). Zhou et al. used cobalt oxide 
nanoparticles supported on nickel foam (CO3O4/Ni), reaching 
270 µmol h−1 of H2.[225] Finally, the Sun group explored a cobalt 
phosphide catalyst (Co-P), that gave similar voltages for 10 and 
50 mAcm−2 (1.40  and 1.55  V, respectively) but this time with 
a significantly higher H2 generation rate of 500  µmol h−1.[227] 
However, selectivity to FDCA fell to 80% compared to 95% for 
the other metals.

The next covered examples focus on FDCA production rather 
than H2 generation, again mostly with base metals.[228,234] For 
instance, oxidized Cu surfaces are not catalytic for OER, thus 
avoiding competition for HMF oxidation as shown by Choi and 
co-workers using nanocrystalline Cu electrodes.[223] They man-
aged to attain Faradaic efficiency and FDCA selectivity above 
95% over five consecutive uses. Interestingly, the catalyst was 
made by electrodeposition of Cu2+ salts over a Cu foil, resulting 
in a dendritic structure with high surface area. Upon sweeping 
the potential from the open circuit potential to 1.97 VRHE at pH 

Figure 17.  A) 5-HMF oxidation pathway. DFF: 2,5-diformyfuran, HMFCA: 5-hydroxymethyl-2-furancarboxylic acid, FFCA: 5-formyl-2-furancarboxylic 
Acid. B) Polarization curve of a Ni2P NPA/NF catalyst in 1 m KOH with and without 10 × 10−3 m HMF. Reproduced with permission.[221] Copyright 2016,  
Wiley-VCH GmbH & Co. KGaA, Weinheim. C) A comparison of different HMF oxidation catalysts in 1 m KOH and various concentration of HMF: 
Faradaic efficiency for FDCA production at given voltage (right panel). Data sourced from NiXB,[222] nanocrystalline Cu foam,[223] NiFe LDH,[224]  
Co3O4/Ni,[225] Ni3S2/NF,[226] Ni2P NPA/NF,[221] Co–P/NF,[227] NiSe@NiOX.[228] Detailed experimental conditions are summarized in Table S13 of the 
Supporting Information.

Adv. Energy Mater. 2021, 11, 2101180
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13, the surface gets passivated from Cu0 to a mixture of oxides 
that are responsible for the catalytic performance.

The same group has also compared three different MOOH 
electrodes (M = Ni, Fe, Co) for FDCA production.[134] NiOOH 
was clearly the most active electrode, reaching 96% FDCA yield 
after 4.7 h at 1.47 VRHE while both other catalysts only reached 
<35% yield at higher voltages 1.56–1.71 VRHE. Although CoOOH 
can initiate HMF oxidation at a lower potential than NiOOH 
due to the Co(OH)2/CoOOH conversion occurring at a less 
positive potential, the rate of Co(OH)2/CoOOH-mediated HMF 
oxidation was too slow to generate sufficient current density for 
constant potential HMF oxidation.

Liu et al. prepared NiFe layered double hydroxide (Ni Fe 
LDH) nanosheets grown on carbon fiber paper.[224] HMF was 
oxidized at a potential of 1.23 VRHE in a yield of 98% with a 
Faradaic efficiency of 99.4% over 7 h. Notably, the catalyst was 
used at higher concentrations of substrate (up to 100 × 10−3 m 
against 5 × 10−3 m).

However, a report by the Schuhmann group showed that 
NiFe LDHs lack stability during prolonged exposure to highly 
alkaline electrolyte solutions.[235] Thus they explored nickel 
boride supported on nickel foam (NixB@NF) for HMF oxida-
tion.[236] The resulting catalyst was highly active and stable over 
time, and the authors showed its suitability for HMF oxidation 
in a flow-through reactor, with an FDCA yield of 98.5% and a 
Faradaic efficiency of 100%.

The Faradaic efficiency to FDCA in alkaline condition by Ni 
and Co-based catalysts are included in Figure 17C. In general, at 
the voltage lower than water electrolysis, these earth abundant 
element electrodes showed high current density and high Far-
adaic selectivity toward FDCA, which is promising for future 
applications.

5. Electrochemical Reforming

Small-chain alcohols and urea, produced as target or byprod-
ucts in biomass valorization reactions, are potential substrates 
for electrochemical reforming reactions due to their relatively 
high hydrogen content.[86] This factor distinguishes this process 
from the selective partial oxidation reviewed above, as it is dedi-
cated toward H2 production, so a complete oxidation process 
toward H2 and CO2 with maximum electron transfer numbers 
is desired.[237] Thus, research on electro-reforming has primarily 
focused up to now on the reaction activity toward, CH/CC 
bond scission, rather than carefully tuning the reaction param-
eters and catalyst composition for better product selectivity. 
This section of the review focuses on the reaction mechanisms 
of electro-reforming of these organic molecules while summa-
rizing the requirements for electrocatalysts development.

5.1. Methanol

Olah proposed in the early 2000s using methanol as a fossil 
fuel substitute, for energy storage and for transportation and 
synthetic hydrocarbon precursor.[238] Although it is currently 
mostly produced from fossil-fuel-based syngas, methanol could 
be bio-sourced, i.e., via anaerobic digestion.

Methanol electrolysis has shown promising performance 
in many research works. In 2006, Shen and co-workers mixed 
tungsten carbide with 50 wt% Pt/C (Pt-WC/C) and used 
as the cathode which showed promising results, achieving 
200 mA cm−2 current density at <0.47 V cell voltage for temper-
atures above 30 °C (Figure 18A).[239] Take et al. reported meth-
anol electrolysis in a membrane electrode assembly configura-
tion. They have found that a moderate methanol is beneficial 
to reach higher current density without significantly increasing 
the cell voltage (Figure  18B). At constant methanol concentra-
tion, while the faraday efficiency of H2 production is close to 
100%, the CO2 production remains very low (Figure  18C), 
which indicates the presence of methanol partial oxidation pro-
cess. The electricity needed in their methanol electrolysis was 
60% of that required for water electrolysis (Figure 18D).[240]

The reaction mechanism and catalyst requirements of meth-
anol oxidation have been discussed in detail in Section  4.1, in 
which noble metal based bimetallic catalysts, especially PtRu have 
shown superior catalytic activity owing to the fast CO removal via 
bifunctional mechanism.[72] Apart from PtRu, other efficient elec-
trode materials have also been developed to withstand CO poi-
soning effect. Au electrodes exhibit a promoting effect of CO for 
CH bond breaking, which could act as an effective promoter 
for methanol electro-oxidation.[115] Shape-controlled β-PdH0.43 
polycrystals and tetrahedra have also showed high methanol oxi-
dation specific activity with weaker CO adsorption compared to 
Pd, possibly due to the larger lattice parameters which altered the 
valence band structure via strain effect.[241] N-doped mesoporous 
carbon and 3D vertically aligned carbon nanofiber-supported Pt 
electrocatalyst also showed higher CO tolerance. Indeed, the for-
mation of OH groups on carbon support helps striping off CO-
like species on the adjacent Pt atoms.[242,243]

For earth-abundant metal catalysts, a CuO/Co(OH)2-
nanosheet composite showed high activity and excellent sta-
bility for methanol oxidation. With optimized Cu/Co ratio, 
at 1.65 VRHE, the electrode could deliver high mass activity of 
764 A g−1, high area-specific activity of 159  mA cm−2, as well 
as good TOF value of 2.55 s−2. The improved performance 
was attributed to the Cu incorporation into Co(OH)2, which 
results in the enhanced Co oxidation state and the formation 
of [Co(OH)2]+ species that favors the methanol adsorption and 
oxidation/dehydrogenation.[244] Similarly, a cobalt hydroxide@
hydroxysulfide nanosheets catalyst grown on carbon paper 
(Co(OH)2@HOS/CP) could also boost the electrocatalytic per-
formance for methanol oxidation. The overpotential at the 
anode and cathode resulted 155  and 148  mV at 10  mA cm−2, 
respectively, which enabled a two-electrode electrolyzer driven 
at a cell voltage of 1.497 V.[245] The authors reported 100% Fara-
daic efficiency (sometimes even higher than 100%) for H2 and 
formate formation, which raises the question whether some 
formate generated is from the carbon paper corrosion or other 
carbon sources. Isotope labeling experiments are thus needed 
for better clarification.

5.2. Ethanol

Compared to methanol, the CC bond makes complete ethanol 
oxidation into CO2 more difficult to achieve. To achieve high 
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proton and electron transfer, the CC cleavage must occur 
without poisoning the catalyst with C1 intermediates. Thus, 
more energy is required and research in this field has focused 
primarily on precious metals such as Pt and Pd which are more 
active toward CC bond cleavage as explained in Section  4.1. 
Early studies of ethanol oxidation reaction involved online dif-
ferential electrochemical mass spectroscopy and in situ FTIR 
for analyzing the ethanol transformation mechanism on Pt 
and PtRh based electrodes.[247–249] The ethanol dissociation 
and oxidation mechanism is summarized in Figure 19A, in 
which the CC bond cleavage takes place due to the dissocia-
tive adsorption of both C atoms and are further oxidized into 
CO2 at higher potential.[80] This phenomenon was experimen-
tally observed by Koper and co-workers with surface enhanced 
Raman spectroscopy, in which they found the peaks associated 
to CH, PtCH, CO, and PtCO vibration modes change 

intensity while increasing potential.[80] As shown in Figure 19B, 
the bonds for CH and PtCH appears at 0.1 VRHE and showed 
a linear decrease to 0 when increasing the potential to 0.45 
VRHE. At the same time, the bands associated with adsorbed 
CO showed increasing intensities up to 0.45  V, followed by a 
decrease between 0.5–0.7 VRHE. These results suggest that 
the adsorbed CHx species will be converted to CO between 
0.1–0.45 VRHE, and the two CO* are further oxidized into CO2 
at higher potentials. Later, Brauncherig et  al. performed DFT 
calculation of different ethanol oxidation steps on Pt(111) sur-
face at different potential to reveal the trends for different bond 
breaking.[246] At 0.68 VRHE, as shown in Figure  19C, they have 
found that the CC bond activation become more exothermic 
after the initial dehydrogenation step. However, the authors 
also found out that, as the potential increases, the dehydrogena-
tion reactions become linearly more exothermic, whereas the 

Figure 18.  The influence of different parameters in methanol electrolysis. A) Effect of temperature on the performance of the electrolyzer in 2 m 
methanol + 0.5 m H2SO4 electrolyte. Reproduced with permission.[239] Copyright 2007, Elsevier. B) Dependence of current density at which voltage 
rapidly increased with methanol concentration. C) Dependence of flow rate of each component in the cathode exhaust gas in the electrolysis cell on 
current density. The solid line means the theoretical hydrogen-production rate. Methanol concentration: 17 m. D) Comparison of electrical energy 
needed to produce hydrogen in methanol electrolysis and water electrolysis. Values are (A) experimental value in water electrolysis, (B) experimental 
value in methanol electrolysis, (C) theoretical value in water electrolysis, and (D) theoretical value in methanol electrolysis. Methanol concentration: 
17 m. Current density: 0.35 A cm−2. Reproduced with permission.[240] Copyright 2007, Elsevier.
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CC bond scission remain unaffected as they are not explic-
itly potential dependent. This explains the low complete oxida-
tion efficiency in many Pt and Pd-based catalyst systems, as 
the dehydrogenation steps are much easier at higher potentials 
where CO can be oxidized into CO2.

Coutanceau and co-workers investigated ethanol oxidation 
in a PEM fuel cell with three Pt-based electrocatalysts (Pt/C, 
Pt90Sn10/C, and Pt86Sn10Ru4/C). Amongst them, the ternary cat-
alyst showed the highest current density over the whole poten-
tial range with the lowest onset potential, 0.2 VRHE (0.4 VRHE  
for Pt/C), indicating its higher catalytic activity toward ethanol 
electro-oxidation. Sn greatly enhances CC bond scission, 
resulting in more than double CO2 yield. H2 production, on 
the other hand, is independent to the ethanol concentration or 
the anode catalyst, and it is determined by the current density, 
proving that the process obeys the Faraday's law. The calcu-
lated power required based on the H2 production rate is below 
2.3 kWh (Nm3)−1 (since Ucell < 0.9 V), at least two times lower 
than that for water electrolysis.[22]

Incorporation of Rh and Sn into Pt nanostructures offers 
certain advantages over pure Pt such as promoting the CC 
bond cleavage and minimizing the CO poisoning species due 
to the bifunctional mechanism.[250,251] In terms of alloying with 

transition metals, Bu et al. reported a hierarchical platinum–
cobalt nanowire electrode (Pt3Co NWs) with Pt-rich facets and 
ordered intermetallic structure, which showed great activity 
and durability for ethanol electro-oxidation due to the simul-
taneous downshift of the d-band center and surface strain of 
Pt surface atoms.[252] In a recent work Duan and co-workers 
created single-nickel-atom-modified Pt nanowires offering an 
effective approach to optimize the activity of surface Pt atoms 
and enhance the mass activity by three times. DFT calculations 
and CO stripping experiments provided consistent results with 
weakened CO adsorption energy on single Ni atom-modified Pt 
top sites and decreased CO oxidation onset/peak potential, sug-
gesting that the enhanced activity could be attributed at least 
partly to the improved CO tolerance.[253]

Pd based materials have also been intensively studied for 
ethanol electrolysis to understand its catalytic origin as well as 
the deactivation mechanism.[254–259] Vizza and co-workers per-
formed a net energy analysis of H2 production by bio-ethanol 
electrochemical reforming, from which an energy saving of 
26.5  kWh/kg H2 could be achieved compared to PEM water 
electrolyzer stacks (45  kWh/kg H2). The anode electrode con-
sists of Pd nanoparticles deposited onto TiO2 nanotube arrays, 
which provides a high electrochemical active surface area 

Figure 19.  A) Schematic representation of the mechanism for the dissociation and oxidation of ethanol and acetaldehyde to carbon dioxide on a 
polycrystalline Pt electrode. B) Integrated Raman intensities from surface enhanced Raman spectroscopy for the bands associated with (top) the CHx 
fragments and (bottom) the CO fragment resulting from the dissociation of ethanol as a function of potential. (A,B) Reproduced with permission.[80] 
Copyright 2006, American Chemical Society. C) Reaction energies of elementary steps (referenced to adsorbed ethanol) for dehydrogenation and CC 
cleavage reactions (dashed lines) for Pt(111) at 0.68 VRHE. Reproduced with permission.[246] Copyright 2013, Elsevier.

Adv. Energy Mater. 2021, 11, 2101180

 16146840, 2021, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202101180, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2101180  (26 of 51) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

(45.9 m2 gPd
−1) and superior alcohol oxidation activity. Other 

substrates (ethylene glycol, glycerol, and 1,2-propanediol) have 
also been tested under the same conditions, from which they 
showed that the cell voltage and energy consumption increases 
with the carbon chains.[20] The same group reported a similar 
electrolysis system with Pd-(NiZn)/C on Ni foam anode with 
Pd loading 1 mg cm−2, which displayed as well a large reduction 
power when adding different organic substrates (10 wt%) in 2 m  
KOH, with 42.6  kWh kgH2

−1 reduced from ethanol electrol-
ysis.[33] Bimetallic Pd-based electrocatalysts such as Pd–Co films 
and Au–Pd core–shell nanoparticles have also shown superior 
performance toward ethanol oxidation.[34,260] In all the systems 
a higher reforming temperature is demonstrated to promote 
the CC bond breaking and results in a higher H2 produc-
tion rate. Therefore, in a recent report the electrochemical 
reforming of ethanol was conducted at 150 °C in an autoclave 
cell which allows the safe pressurization of H2. Alkaline condi-
tions as well as a high temperature are very aggressive to PdCo-
Nifoam catalysts, for which the authors introduced an external 
layer of phosphates to prevent Pd dissolution and resulted in 
stable current density up to 10 h.[261] Similar stabilizing strategy 
with P has also been reported with graphene-supported PdP2 
nanocrystals where P could modify the electronic structure of 
Pd and Pd-rich surface and improve the charge-transfer kinetics 
as well as the stability.[262]

The electrochemical reforming reactions of diols and poly
alcohols, such as ethylene glycol,[267–269] 1,3-propanediol[270] have 
also been reported over the last decade, which all have shown 
promising performances toward H2 production with reduced 
electricity consumption. The reaction parameters for general 
alcohol electro-reforming are summarized in Figure 20. Their 
contributions to the H2 production rate are also evaluated based 
on the above reports.

Present as the most and second abundant source of bio-
mass, cellulose, and lignin are considered the most attractive 
proton and carbon source due to their availability and low-cost. 
Biomass electrolysis of these raw feedstocks, lignin,[271–275] 

and cellulose[276,277] has therefore also been studied. Similar to 
methanol and ethanol electrolysis, the primary focus on lignin 
and cellulose electrolysis is H2 production with less electricity 
consumption. For instance, Deng and co-workers presented a 
novel electrolysis approach using cellulose, lignin, and even 
wood and grass powders.[278] The calculated electricity con-
sumption at 0.2 A cm−2 was 0.69 kWh Nm−3 H2, which is only 
16.7% of that for water electrolysis. The oxidative products from 
lignin are typically benzylic molecules, such as vanillin, while 
the products from cellulose include gluconic acid, oxalic acid, 
and formic acid. Although the electrocatalytic routes for these 
raw materials transformation remain unclear, there are existing 
simulation models of these long chain molecules, which can 
shed light on the dissolution, regeneration, and catalytic con-
version mechanism.[279]

5.3. Urea

As a promising hydrogen storage material, urea is widely avail-
able, nonflammable, relatively nontoxic, easy to store and trans-
port, and displays a volumetric energy density of 16.9  MJ L−1, 
even higher than that of compressed liquid hydrogen.[280] The 
large amount of urea generated from industrial, agricultural 
and human waste could cause contamination to the atmosphere 
and ground water, raising severe environmental issues.[281] On 
that note, urea electrolysis in alkaline media is widely used to 
remediate urea-rich waste water to produce valuable hydrogen 
fuel, preventing toxic ammonia emissions and nitrate contami-
nation.[282] Ni is the optimal catalyst for urea oxidation reaction 
and is earth abundant and significantly (≈1500 times) cheaper 
than Pt.[283] As a consequence, urea electrolysis holds great 
potential for efficient hydrogen production, which has attracted 
increasing attention over the last decade.

In 2009 Botte and co-workers first demonstrated the tech-
nology of urea electro-oxidation. They compared different elec-
trocatalysts (Pt, Pt–Ir, Rh, and Ni) and found Ni is the most 

Figure 20.  Summary of optimal reaction conditions for alcohol electrolysis. Data sourced from literature.[263–266]
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active catalyst in terms of current density.[42] Owing to the 
redox-active characteristics of 3d transition metal elements, the 
corresponding hydroxides can be applied as electrocatalysts for 
energy conversions.[237] The urea oxidation on Ni based anode 
catalysts consists of two competing reactions

CO NH 6OH N 5H O CO

6e V 0.46V

2 2(aq) 2(g) 2 l 2(aq)

SHE

( ) + → + +
+ = −

( )
−

− 	 (10)

Ni(OH) OH NiOOH H O e V 0.49V2 s s 2 l SHE+ → + + =( )( ) ( )
− − 	 (11)

H2 is produced at the cathode via water reduction

H6H O 6e 3 6OH V 0.83V2 l 2 g aq SHE+ → + = −( ) ( )( )
− − 	 (12)

The overall reaction can be expressed as:

CO NH H O N 3H CO V 0.37V2 2 aq 2 l 2 g 2 g 2 aq SHE( ) + → + + =( ) ( )( ) ( )( ) 	(13)

with the desorption of *COO intermediate identified as the rate-
determining step.[286] The investigation of urea electro-oxidation 
mechanism and kinetics on Ni electrodes in alkaline medium 
have confirmed that urea oxidation occurs after the formation 
of surface Ni3+, which then reacts with the urea molecules and 
regenerate active sites for further adsorption and oxidation. The 
effect of scan rates and rotating disk electrode voltammetry, 
illustrated by the Koutecky–Levich plot, prove the presence of 
diffusion and kinetically controlled mechanisms, which are 
affected by urea concentration, pH as well as rotation speeds.[287]

As showed above, urea oxidation is a six-electron transfer 
process with complicated gas evolution steps, suffering from 
intrinsically sluggish kinetics. Thus, high-performance Ni elec-
trodes are required to reduce the reaction barriers. The design 
principles can be classified in three ways: increasing Ni valence 
state, engineering active sites, and constructing fast mass-trans-
porting electrode structure.

For Ni valence state, it is commonly believed that increasing 
the intrinsic Ni3+ concentration or generating high-valence spe-
cies could bring higher catalytic activity, owing to the more 
intensive interaction between the metal 3d and oxygen 2p band 
centers that enhance the electrochemical reaction kinetics.[281,288] 
DFT calculations also suggested that urea molecules are more 
easily adsorbed onto the NiOOH species surface.[286] Yu et al. 
developed efficient urea oxidation and HER electrodes by 
annealing solid NiMoO4·xH2O in Ar (NF/NiMoO-Ar) or H2/Ar 
atmosphere (NF/NiMoO-H2).[289] Mo6+ promotes the transition 
of Ni2+ to Ni3+, resulting in excellent urea electrolysis activity 
and stability, with 10 mA cm−2 current density at a cell voltage 
of 1.38  V for over 50 h operation. Beyond Ni3+, Peng and co-
workers have revealed in a recent study that a lattice-oxygen-
involved reaction pathway could largely boost urea electro-oxida-
tion reaction by creating NiOO (Ni4+) active sites, which would 
facilitate the rate-determining *COO desorption step with 
lower free energy requirement than NiOOH, as displayed in 
Figure 21A–C, therefore leading to significantly faster reaction 
kinetics with four times higher TOF than conventional Ni3+.[284]

Forming Ni based LDH and hybrid systems is an effective 
approach to engineer the active sites. LDH have been inten-
sively studied to serve as an alternative to IrOx OER catalysts in 

alkaline conditions for water electrolysis.[210] Recently they have 
also been proven to be active for urea oxidation.[288,290] Details 
about the controllable synthesis and properties of LDH can be 
found in a recent review.[237] The ratio between Ni and other tran-
sition metals (Fe, Co) is crucial for modulating the Ni active sites, 
while the degree of amorphous and crystalline phases also needs 
careful consideration in order to balance the active site genera-
tion and intrinsic conductivity.[288] In the development of NiCo 
LDH, Zeng et al. demonstrated that the interlayer spacing in the 
LDH structure plays a pivotal role, with higher activity/selectivity 
under larger spacings.[290]

Hybrid systems can have more active sites without sacrificing 
the electronic conductivity.[291–294] For example, Li et al. designed 
CoS2/MoS2 Schottky heterojunctions to manipulate the sur-
face charge distribution for synergistically boosting the adsorp-
tion and scission of chemical bonds of urea molecules.[285] The 
resulted electrode showed superior activity toward urea electrol-
ysis, with a cell voltage as low as 1.29 V to achieve a stable current 
(60 h) of 10 mA cm−2. The mechanism was investigated by DFT 
calculations, which suggested that the self-driven charge separa-
tion across the heterojunction interface would form local electro-
philic/nucleophilic regions. As illustrated in Figure  21D, those 
regions would then attract electron-donating/accepting groups in 
urea and activate the chemical bonds, leading to the urea decom-
position. The performance of recent reported electrocatalysts for 
urea electrolysis is summarized in Figure 22 and Table S14 (Sup-
porting Information), among which the hybrid catalysts have 
shown high performance. On the anode side, many electrocata-
lysts reported have shown lower overpotential than RuO2 cata-
lysts, but still higher than IrO2. On the cathode side, Pt/C is still 
the benchmark catalyst, but a carefully engineered NF-NiMo-H2 
has shown similar small overpotential as well as current density.

Since both urea oxidation and HER are gas–liquid–solid 
triphase processes, electrodes with enough effective space are 
indispensable for gas escape and reactant diffusion onto their 
surface. In this regard, constructing fast mass-transporting 
structure becomes one of the key factors, as demonstrated 
with in situ grown Ni12P5/Ni–Pi/NF core–shell structures,[300]  
Ni–NiO–MoNi hybrid,[294] 3D Ni(OH)2/NF networks[304] as 
well as Ti-mesh supported porous CoS2 nanosheets.[298] By 
modulating the Ni2P/Ni0.96S heterostructure, He et al. could 
combine the advantages of phosphides, which exhibit P-termi-
nated structure for negative charge accumulation and present 
a hydrogenase-like catalytic behavior that is suitable for HER, 
with the highly stable sulphide to achieve a synergistic effect 
toward high catalytic activity and durability. The unique hetero-
structure could also provide lattice defects for more active sites 
and expedite gas releasing and electrolyte diffusion.[293]

In summary, biomass electrolysis has lower thermodynamic 
requirements compared to water electrolysis, leading to low 
ΔEeq and high H2 production efficiency, however the kinetics 
are also sluggish due to the multiple electron transfer process. 
Electrocatalyst design need to take into consideration of the 
chemical structure of different biomass substrates. The copro-
duction of value-added chemicals and H2 requires catalysts 
with high Faradaic efficiency toward desired products, while the 
reforming dictates high current density and low overpotential 
for improved H2 production rate and reduced electricity con-
sumption. In the next section, state-of-art research advances on 
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photo(electro)catalytic hydrogen production from biomass feed-
stocks will be summarized, with the main focus on reviewing 
the reaction mechanism of different biomass molecules, as well 
as providing critical prospects on future benchmarking studies.

6. Hydrogen Production by Solar-Driven Organic 
Transformation
Producing hydrogen directly from water and sunlight via 
photocatalysis holds great promise for the scale-up of green 

hydrogen. However, requirements on the semiconducting 
photocatalyst are numerous: not only does it have to absorb 
the maximum amount of the solar spectrum to generate 
photoexcited charge carriers via the photoelectric effect but it 
has also to efficiently transfer these electrons and holes to the  
semiconductor-electrolyte solution junction and drive the 
reduction and oxidation of water, respectively (Figure 23A).[10] 
Since the first reports by Boddy or Fujishima and Honda uti-
lizing a TiO2-based photoelectrochemical cell,[305,306] this 
concept was quickly extended to powder photocatalysis. Many 
semiconductor materials were reported with photocatalytic 

Figure 21.  A) The formation energy from Ni(OH)2 and NiClOH to NiOO models. NiClOH has a lower energy barrier to formation reactive NiOO 
sites than Ni(OH)2. B) Illustration of lattice-oxygen involvement in NiClOH catalyst during urea oxidation. C) ΔG profiles calculated at the standard 
conditions and the simplified surface structures of the various reaction species along the reaction pathways of urea oxidation on NiOO and NiOOH 
surfaces. Reproduced with permission.[284] Copyright 2019, Wiley-VCH GmbH & Co. KGaA, Weinheim. D) Catalytic mechanism diagram of urea oxida-
tion on CoS2–MoS2 Schottky catalyst in alkaline solution. Reproduced with permission.[285] Copyright 2018, Wiley-VCH GmbH & Co. KGaA, Weinheim.
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activities, including metal oxides,[307–310] chalcogenides,[311] 
carbon nitrides,[312–314] etc. Though numerous photocatalytic 
systems have been reported for overall water splitting, solar-

to-hydrogen (STH) efficiencies of powder photocatalytic and 
photoelectrochemical systems using earth abundant materials 
remain below ≈5%.[315,316] To a large extent this is due to the 

Figure 22.  Summary of urea electrolysis performance reported in literature. A) Urea electrolysis cell voltage at different current density. B) Urea oxida-
tion and C) HER polarisation curves at the Tafel region. Data sourced from:CoS2/MoS2,[285] 2D Ni-MOF nanosheets,[281] Ni2P NF/CC,[295] HS-Ni2P/
Ni0.96S/NF,[293] Ni(OH)2-nanomeshs,[296] NiIr-MOF/NF,[297] NiTe-Ni(OH)2,[292] P-CoS2/Ti,[298] Ni(OH)2 nanoflakes,[299] RuO2,[300] Ni/Co,[301] NiClO-D,[284] 
NF/NiMo-Ar,[289] CoMn/CoMn2O4,[291] (Ni-WO2)@C/NF,[302] Ni–NiO–Mo0.84Ni0.16, IrO2,[293] Ni12P5/Ni–Pi/NF,[300] Ni/C,[303] NF–NiMoO–H2,[289] Pt/C.[289] 
Detailed information about experimental conditions are summarized in Table S14 of the Supporting Information.

Figure 23.  A) Processes in photocatalytic water splitting. B) Processes in photocatalytic hydrogen production with biomass oxidation. C) Energy band struc-
ture of different semiconductors suitable for the oxidation of organic molecules. Reproduced with permission.[322] Copyright 2014, Royal Society of Chemistry.
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energy demanding nature of OER.[317] This energy has to be 
entirely sourced from the sun by the photocatalyst, which poses 
severe limitations to photocatalytic systems. UV-absorbers such 
as TiO2, SrTiO3, and others can provide the required photo-
voltage and have suitable band positions for favorable charge 
transfer during the catalytic steps but their STH efficiency is 
limited to ≈4% due to the relatively small amount of UV light 
in the solar spectrum.[11] Consequently, Z-scheme photocata-
lyst approaches using two photocatalysts in tandem have been 
used. Such artificial photosynthesis systems bring more com-
plexity and more challenges to build efficient overall water split-
ting devices/reactors. Similar to electrochemical processes, H2 
production derived from biomass sources has been shown to be 
a more favorable process thermodynamically,[318–320] provided 
that the oxidation potential of standard biomass derivatives 
such as alcohols or sugars (Figure  23B) is considerably more 
negative than the water oxidation potential (Figure 23C).[321] As 
such, the requirement for a deep valence band maximum is 
lifted (if overpotentials are low) and particulate systems with a 
single visible light absorber can be engineered broadening the 
choice of semiconductor photocatalysts.

6.1. Biomass-Derived Feedstocks as Hole Scavengers in Photo-
catalytic Hydrogen Production

Besides a light-harvesting semiconductor with suitable conduc-
tion band and valence band positions, a typical photocatalytic 
H2 production setup typically includes other components with 
highly relevant roles. A cocatalyst is often added in order to 
accelerate the catalytic steps and simultaneously aid the spa-
tial charge separation alleviating charge carrier recombination 
in the semiconductor.[323] These cocatalysts are often nanopar-
ticles, single atoms or molecular complexes of the platinum 
group metals with platinum being the most common catalyst 
for the HER owing to its optimal binding energy to H, leading 
to a remarkably low overpotential.[324,325] Photocatalytic par-
ticulate systems often utilize hole scavengers which are easier 
to oxidize than water due to less demanding oxidation poten-
tials and lower overpotentials due to simpler redox chemistry 
(typically fewer intermediates to stabilize). This faster oxidation 
chemistry removes holes from the semiconductor and hence 
improves the lifetime of the photogenerated electrons resulting 
in higher hydrogen yields. Hole scavengers are typically OH-
containing small molecules such as methanol, ethanol, or 
glycerol, amongst others, which upon interaction with a hole 
or with hydroxyl radicals get oxidized to the corresponding 
aldehydes and which can further decompose to CO2 if oper-
ated for prolonged times (which varies depending on reaction 
conditions and employed semiconductor).[326] The main reac-
tion pathway is their oxidation to an α-hydroxyl radical and fur-
ther oxidation of the latter to the aldehyde, which often leads 
to the evolution of other hydrocarbons and mainly CO2 upon 
complete decomposition.[327] Nevertheless, little or no insights 
are often provided in the oxidation products of such molecules, 
and most of the published reports are focused on correlating 
reaction mixture composition with H2 evolution performance, 
rather than on the oxidation intermediates. Kawai and Sakata 
reported initially in 1980 the direct photocatalytic production 

of H2 from methanol and water over TiO2-based catalysts,[328] 
which upon prolonged illumination, released H2 and CO2 from 
a H2O/methanol 50:50 (v/v%) mixture. Matsumura et al. ana-
lyzed the effect of the solution pH in an aqueous methanol 
solution toward the production of H2 on a Pt-CdS catalyst, 
showing H2 and CO2 being produced just at high pH owing 
to the higher stability of CdS to photocorrosion in alkaline 
environment. Furthermore, they observed that ethanol and 
2-propanol followed the same trend but not tert-butyl alcohol, 
indicating that solely alcohols with a hydrogen atom in the 
α-position can lead to H2 production.[329] CdS materials were 
later further explored for the photocatalytic hydrogen produc-
tion with isopropanol as hole scavenger owing to the more 
suitable bandgap compared to TiO2 (2.4  eV for CdS vs 3.2  eV 
for TiO2) which allows to perform photocatalysis under visible 
light irradiation (λ > 400 nm).[330,331] Kondarides and co-workers 
studied hydrogen production rates with Pt–TiO2 photocatalysts 
varying parameters such as type and concentration of hole 
scavenger (methanol and ethanol, 2-propanol, and butanol), 
the solution pH and temperature and found that H2 evolution 
scaled linearly with the concentration of hole scavenger added 
and produced stoichiometric production of H2 and CO2 demon-
strated for methanol and ethanol according to the formula[332]

C H O 2x z H O xCO 2x z y / 2 Hx y z 2 2 2( )( )( ) ( )+ − → + − + 	 (14)

When comparing the trends with the different alcohols, 
the authors observed that, while methanol and ethanol lead 
to a higher initial performance owing to the size-dependent 
mobility of these compounds, their complete oxidation hap-
pens at an earlier stage than for 2-propanol and butanol due to 
the larger number of reaction intermediates. Glycerol was later 
shown to perform similarly, releasing stoichiometric amounts 
of H2 and CO2 (C3H8O3  + 3H2O → 3CO2  + 7H2), increasing 
the production with higher concentrations.[333] We want to note 
here that the performance stability of the photocatalytic TiO2-Pt 
system strongly varied under UV or visible light illumination 
typically showing a 50% drop in catalytic activity after ≈200 min 
under UV and ≈1000  min under visible light excitation. The 
enhanced stability under visible light illumination likely results 
from the about 3–7 times lower H2 evolution rate (i.e., for eth-
anol oxidation with comparable concentrations) and shows that 
catalyst activity and stability are strongly coupled. Single atom 
catalysts of Pt might break this relation through a more stabi-
lized catalytic center with high intrinsic activity.

Insights in the direct photocatalytic production of hydrogen 
from glycerol under visible light over a Pt-CdS catalyst were 
provided by de Oliveira Melo et al. using an aqueous solution 
of glycerol (30%) with pH = 11 as reaction medium.[334] In this 
study, the authors compared the performance of CdS, TiO2, and 
a combination of both as a photocatalyst, observing that, while 
CdS displays a more negative, and therefore more favorable, 
conduction band for hydrogen evolution (−0.75 VNHE in pH 10 
for CdS compared to −0.43  VNHE for TiO2), the photogenerated 
holes are not energetic enough to oxidize glycerol. Therefore, 
the production of hydrogen was suggested to occur through two 
different pathways: one approach entails the partial decomposi-
tion of glycerol to CO which poisons the Pt cocatalyst and is 
released after interaction with reactive oxygen species generated 
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by photogenerated holes as proposed by Bowker et al.[335] The 
other was the direct oxidation of glycerol by holes through the 
primary carbon or secondary carbon, forming different oxida-
tion intermediates depending on the activated carbon. After 7 h 
irradiation time, intermediates such as formaldehyde or acetal-
dehyde were further oxidized to CO2.

Owing to the wide variety of available biomass-derived hole 
scavengers, and the parameters affecting the photocatalytic per-
formance, plenty of studies have been dedicated to elucidating 
the ideal conditions for achieving a more efficient hydrogen 
production. Often, experimental studies focus on only one vari-
able to optimize the photocatalytic system, however, more inno-
vative approaches are needed that would allow for faster process 
optimization. Along this line of thought, Iliuta and co-workers 
designed a set of experiments coupling response surface meth-
odology with an artificial neural network approach to predict the 
response of hydrogen production to several varying parameters 
such as Pt loading (0.02–5 wt% on TiO2), catalyst loading 
(0.05–5  g L−1), glycerol concentration (0.5–50% v/v) and pH 
(pH 2–12).[336] They obtained an optimum for a 50 vol% glycerol 
mix, a Pt loading of 3.1%, and a catalyst loading of 3.9 g L−1 in 
pH 4.5 in good agreement with previous works by Kondarides 
and co-workers.[333] Considerations in their optimization were 
the light harvesting ability, particle aggregation, interparticle 
electron–hole recombination, and density of catalytic sites. The 
pH of the solution determines the adsorption of glycerol on the 
catalyst surface,[337] while highly acidic pH causes the agglomer-
ation of TiO2 particles. Highly alkaline conditions result in the 
excessive modification of the catalyst ligand with OH groups 
(TiOH) and consequently at a pH of net zero charge (6.25 for 
TiO2) glycerol will be adsorbed more readily through hydrogen 
bonding with hydroxyl groups. Their data confirmed that glyc-
erol concentration is the less relevant parameter (9%), barely 
influencing the reaction rate, while catalyst concentration was 
the dominant one (36%).[338] Differences in the hole scavenging 
properties between methanol, ethanol, and glycerol were 
studied by Waterhouse and co-workers using different alcohol–
water mixtures with varying concentrations in the presence of 
Ni/TiO2 or Au/TiO2 photocatalysts under UV irradiation. While 
at low concentrations (10–15% v/v), glycerol yielded a higher H2 
production rate (up to 42.9% quantum efficiency for Au/TiO2), 
at higher concentrations (to 40% and 80% v/v) methanol and 
ethanol afforded the highest rates (respectively).[327] The results 
were attributed to the viscosity of the alcohol water solutions; a 
neat glycerol solution displays a viscosity of 612 cP, while those 
of methanol and ethanol stand at 0.659 and 1.280  cP, respec-
tively. This fact strongly determines the transport of reactants 
and the mobility of the particle semiconductors in the reac-
tion media. The reason for the higher concentration of ethanol 
versus methanol required was found to be the formation of 
reaction intermediates such as acetaldehyde rather than its total 
conversion to CO2 and H2. The oxidation potential of the used 
alcohol was proven to be relevant at low concentrations (10%), 
where glycerol resulted in a higher yield owing to the slightly 
lower oxidation potential versus methanol and ethanol (0.004, 
0.016, and 0.084 VNHE, respectively).[339] By contrast, Wei et al. 
using TiO2 photocatalysts with a 3% loading of a NiSx cocatalyst 
in a 20% aqueous solution of scavenger observed that methanol 
displayed a much higher hydrogen production rate compared 

to glycerol or ethanol. While this result was mainly attributed 
to an enhanced hole capture efficiency (assessed by the amount 
of photoluminescence (PL) quenched), PL decay kinetics were 
found to be identical in the presence of any of these scavengers 
studied (on nanosecond timescale).[340] This indicates that these 
PL measurements do not track the kinetics of the scavenging 
reaction but rather an indirect process likely related to a change 
in the amount of hole trapping in anatase TiO2 as suggested for 
this PL range.[341]

Besides the above mentioned alcohols, more complex 
biomass-derived molecules, or even raw biomass, have been 
shown to perform as hole scavengers.[343] Kasap et al. demon-
strated the photoreforming of several models of lignocellulose 
(including 4-methylbenzyl alcohol, α-cellulose, xylan, lignin, 
and their derivatives) in a wide range of pH utilizing cyana-
mide-functionalized carbon nitride nanosheets with different 
cocatalysts. They could observe up to 39 310  µmol H2 g−1 h−1 
and a 22% average quantum efficiency for the reforming of 
4-methylbenzyl alcohol to 4-methylbenzaldehyde in the pres-
ence of a molecular Ni cocatalyst.[344] While the presence of 
the Ni complex resulted in a higher initial conversion rate, it 
degraded after 24 h, therefore Pt and MoS2 showed a higher 
stability. Reisner and co-workers utilized carbon dots prepared 
from the thermal treatment of cellulose along with a molecular 
nickel cocatalyst as a photocatalyst for biomass photoreforming. 
They reached a benchmark activity of 13 450  µmol H2 g−1 h−1 
and average quantum efficiency of 11.4% under 360 nm irradia-
tion when using ethylenediaminetetraacetic acid as an electron 
donor, showing as well photocatalytic activities when replacing 
it with a wide variety of soluble and insoluble biomass model 
substrates and alcohols.[345] Furthermore, transient absorption 
spectroscopy confirmed the electron transfer to the Ni-complex 
and the hole transfer to the biomass residues.

A dispersion of CdS quantum dots in alkaline solution was 
employed by Wakerley et  al. for the photoreforming of cellu-
lose, hemicellulose, and lignin to H2 (Figure 24). The high alka-
line conditions promote the formation of Cd(OH)2/CdO on the 
surface which stabilizes the catalysts against photocorrosion 
and additionally facilitates the solubility of lignocellulose. The 
photocatalytic tests with α-cellulose as substrate resulted in an 
average quantum efficiency of 1.2%, at λ = 430 nm and the oxi-
dation of the polysaccharide groups to carboxylic acids as con-
firmed by 13C-NMR.[342] Utilizing this system, lignocellulose, 
including wood or paper could be reformed under light.[346]

Up to now, the focus in this research has been to target ideal 
parameters for achieving high H2 yields, and plenty of works 
have been published showing the hydrogen production from 
biomass-derived alcohols utilized as hole scavengers with dif-
ferent semiconductors,[347,348] cocatalysts,[349,350] and biomass-
derived molecules.[351] Nevertheless, the number reports that 
have focused on the thorough analysis of the oxidation pathway 
and products are rather low. While certain correlations and gen-
eral rules can be obtained from the published literature, such 
as the importance of an α-H to the OH group, the bandgap 
of the semiconductor, or the oxidation potential of the desired 
alcohol, there are still plenty of disagreements and open ques-
tions that remain to be solved such as the ideal reaction pH 
or scavenger concentration amongst others. Owing to the wide 
availability of photocatalysts and cocatalysts with different 
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surface chemistry, defect chemistry, and colloidal properties, we 
encourage the reader to carefully design their experiments and 
thoroughly characterize their materials considering parameters 
such as (but not limited to) the photophysical properties, dis-
persibility, and colloidal stability of the particle semiconductor 
in the desired reaction mixture. In this regard, techniques such 
as zeta potential or dynamic light scattering measurements can 
provide meaningful insights in the particle size and distribu-
tion and colloidal stability. Additionally, photoluminescence, 
transient absorption, and transient photocurrent measure-
ments can provide relevant information regarding the electron–
hole separation properties of the photocatalyst and therefore 
about the hole scavenging properties of the biomass-derived 
alcohol. This kind of analysis could potentially open the gate to 
large scale production of sustainable chemicals with simulta-
neous production of clean hydrogen. In the upcoming sections 
we will provide a comprehensive summary of the most relevant 
works showing the production of biomass-derived valuable 
chemicals and hydrogen through photocatalysis, emphasizing 
the structure–activity relationships and reaction pathways on 
different semiconductors and cocatalysts surfaces.

6.2. Photocatalytic Biomass Oxidation Coupled to Hydrogen 
Production

Besides enhancing the photocatalytic performance of the 
semiconductor-driven hydrogen production, the utilization of 
a biomass-derived alcohol in those reaction media can lead to 
the selective production of oxidation products with high added 
value rather than just CO2.[326,352,353] The evaluation of the  

production of such products is rather uncommon, partly due to 
the fact that often just gaseous products are analyzed (such as H2 
and CO2), and as well owing to the difficulty of controlling the  
energy input and reaction rate in photocatalytic systems unlike 
the electrochemical approach. This issue leads often to the com-
plete oxidation of the used hole scavengers to CO2 rather than 
aldehydes, or carboxylic acids with commercial value. In this 
section, we will focus on the reports that have shown the rig-
orous transformation of biomass-derived alcohols (methanol, 
ethanol, glycerol, and HMF) in the corresponding liquid oxi-
dation products through a thorough analysis of the reaction 
medium and provide meaningful mechanistic insights paving 
the way toward the large-scale production of such chemicals.

6.2.1. Methanol and Ethanol

As mentioned in the previous section, methanol and ethanol are 
some of the most utilized alcohols acting as hole scavengers in 
photocatalytic hydrogen production, and their dehydrogenation 
to formaldehyde or acetaldehyde, respectively, has been shown 
in literature with different semiconductors photocatalysts and 
experimental conditions. Sakata and Kawai showed in 1981 the 
photocatalytic production of hydrogen, methane, and acetalde-
hyde on Pt–TiO2 materials at low temperature suspended in a 
water/ethanol mixture. The presence of acetaldehyde was attrib-
uted to the oxidation of ethanol by photogenerated holes and 
methane was suggested to be derived from the decomposition 
of acetic acid.[354] Bamwenda et al. compared in 1995 the perfor-
mance of Pt–TiO2 and Au–TiO2 in the same scenario, observing 
that when utilizing Au as cocatalyst the production rate of gases 

Figure 24.  A) Structure of lignocellulose microfibrils within plant walls. B) Schematic representation of the photocatalytic lignocellulose reforming over 
CdS. C) Picture of the photochemical experiment with different biomass residues in a CdS/CdOx solution. Reproduced with permission.[342] Copyright 
2017, Nature publishing group.
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(including H2, CH4, and CO2) and liquids (mainly acetaldehyde) 
was 30% lower, owing to the better kinetics of Pt for hydrogen 
production.[355] The adsorption and decomposition of ethanol 
on the surface of TiO2 and in the presence of water was later 
shown by Nosaka et al. through NMR spectroscopy. The methyl 
protons (CH3) corresponding to ethanol (OH and CH2 sig-
nals overlapped with those of adsorbed water) were visible up to 
385 K indicating the presence of adsorbed ethanol molecules in 
TiO2. Nevertheless, upon 1 h UV illumination the signals disap-
peared due to its decomposition.[356] A similar study was carried 
out later by Schultz and co-workers interrogating the competi-
tive adsorption between water and methanol on TiO2 through 
the spectroscopic technique sum frequency generation. Results 
showed that methanol is both, physiosorbed as well as chem-
isorbed as a methoxy group, and that those are more strongly 
bound than water molecules. This result would entail two fea-
sible mechanisms for its photooxidation; its direct oxidation 
by photogenerated holes, and the indirect oxidation through 
OH radicals derived from water, depending on the methanol/
water ratio.[357] Further mechanistic insights supporting this  
hypothesis were provided by Chiarello et al. through a kinetic 
model supported by isotopic exchange experiments. Here the 
authors could observe that the reaction pathway in the photo
catalytic production of formaldehyde and formic acid from 
a water/methanol mixture was determined by the chemical 
composition of the mixture. Namely, a higher water content 
entailed the indirect oxidation by hydroxyl radicals, while a high 
methanol concentration would result in its direct oxidation by 
a photogenerated hole to formaldehyde.[358] A rate law analysis 
of methanol oxidation to formaldehyde on hematite and TiO2 
photoanodes under 1 sun illumination showed a reaction order 
of 2 and a high kinetic isotope effect of 20 (using CD3OD). The 
authors suggested a first chemisorption step on the metal oxide 
forming a methoxy surface species which is then oxidized to 
a methoxyradical species and eventually to formaldehyde via a 
second valence band hole transfer leading to the abstraction of 
one of the methoxy-hydrogen atoms by a second Fe(v)-oxo site 
(Figure 25).[359]

Puga elaborated a general route for their photocatalytic 
oxidation where the first step entails the formation of a hydroxy-
alkyl radical which undergoes a dehydrogenation to form a car-
bonyl followed by proton-coupled oxidation to a carboxylic acid 
which then further oxidizes to an alkyl radical and CO2.[326] The 
formed alkyl radicals then recombine with hydroxyl radicals 
back to alcohols that will be reformed in a new catalytic cycle.

Regarding semiconductor materials and cocatalysts often 
employed in these processes, metal oxides are some of the 
most widespread along with metal cocatalyst such as Pt, Ni, 
or Au. We would like to refer the reader to the review pub-
lished by Cargnello et al. where they covered the state-of-the-art 
in the selective oxidation of methanol, ethanol and glycerol 
(amongst others) and simultaneous hydrogen production using  
metal oxides.[360] Despite the numerous reports showing photo
catalytic hydrogen production with metal oxides and others in 
water/methanol mixtures,[361–364] the observation of oxidation 
products is rather difficult owing to its fast oxidation to CO2.[365] 
Very recently, Heiz and co-workers elucidated the photo
chemical reaction steps for such reaction at the surface of a  
Pt cluster-loaded TiO2 through Auger spectroscopy and isotopic 

labeling amongst other techniques under photocatalytic con-
ditions.[366] In this work isotopically labeled methanol-d3 was 
employed for monitoring the isothermal photoreaction, and 
upon illumination formaldehyde and molecular hydrogen were 
observed. Initially, hydrogen could be also seen owing to the 
dissociative adsorption of methanol or its thermal decompo-
sition on the Pt surface leading to CO and H2. This fact was 
confirmed by a temperature programmed reaction experiment, 
where after methanol has been desorbed from TiO2, some still 
remained adsorbed at the Pt clusters which was dehydrogen-
ated to CO.[367,368] Experiments carried out under CO satura-
tion produced formaldehyde and hydrogen. Additionally, the 
similarity in the formaldehyde decays in Pt–TiO2 and bare 
TiO2 samples implied that the photooxidation of methanol is 
not altered by electronic effects of the cocatalyst, leading the  
authors to propose a reaction mechanism where the photo
generated holes oxidize a methoxy species surface-bound to  
TiO2 producing formaldehyde, while hydrogen is evolved at the 
Pt site. This mechanism was previously observed in catalytic 
experiments running on pure methanol, on semiconductors 
such as MgO or carbon nitrides and is in good agreement with 
the mechanism in Figure 25 and the work of Chiarello et al. in 
the gas phase.[358,369,370]

In the case of ethanol, the reaction mechanism in Pt-TiO2 
proceeds in the same manner than that of methanol, with eth-
oxide surface bonded groups that are oxidized to acetaldehyde 
and the protons reduced on the surface of Pt.[371] Several reports 
can be found in literature employing metal oxide materials with 
different cocatalysts and nanostructures showing production 
of acetaldehyde and other oxidation products.[372] Fornaseiro 
and co-workers employed CuOx–TiO2 photocatalysts in a 50% 
ethanol aqueous solution and observed that the main product 
was acetaldehyde (nearly 250  µmol h−1 g−1). Owing to ethanol 
dehydration, ethylene trace amounts were also observed at the 
very beginning of the photocatalytic process as well as methane 

Figure 25.  Reaction mechanisms for the oxidation of methanol inspired 
by reports from Mesa and Chiarello. [358,359]
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and ethane, these species were attributed to coupling reactions 
between hydroxyethyl radicals formed by interaction of ethanol 
and photogenerated holes.[373] The same group later observed 
acetaldehyde being released from a water/ethanol solution with 
nanostructured Fe2O3 polymorphs.[374] Murdoch et al. evaluated 
the effect of loading Au nanoparticles on TiO2 in the photocata-
lytic performance for hydrogen production and ethanol oxida-
tion. Anatase displayed a stronger electronic interaction with 
Au owing to its higher Fermi level which led to a higher cata-
lytic activity with low Au loadings of 4 wt% of 3–12  nm sized 
particle, while increasing the loading to 8 wt% decreased the 
performance. As expected, the formation of acetaldehyde was 
predicted to happen through the oxidation of ethoxide chem-
isorbed on Ti4+ sites.[375] A similar study was shown by Vizza 
and co-workers where Pd nanoparticles loaded on TiO2 nano-
tube arrays promoted the photocatalytic activity toward the 
hydrogen production from water/ethanol, observing acetalde-
hyde and 1,1-diethoxyethane derived from the acetalization of 
acetaldehyde in excess of ethanol.[376]

This body of works employs metallic cocatalysts to promote 
the electron–hole spatial separation and carry the reduction of 
protons to molecular hydrogen. Llorca and co-workers recently 
suggested a metal-free CoTiO3–TiO2 heterojunction for the 
overall photocatalytic process of H2 and acetaldehyde produc-
tion from a 10% ethanol solution and indeed saw enhanced 
charge separation via a sixfold increase in PL lifetime.[377] The 
hybrids were prepared by phase segregation of a Co-doped 
TiO2 precursor and the band alignment analysis suggested 
the recombination between the photogenerated electron in the 
CoTiO3 conduction band (as it was not negative enough to carry 
the reduction of H+) with the photogenerated holes in the TiO2 
leading to spatially separated charge carriers.

The overall photocatalytic process mechanism with colloidal 
quantum dots differs slightly to those widely adopted for metal 
oxides. CdS is one of the semiconductor chalcogenides more 
utilized owing to its narrow bandgap (2.4 eV vs 3.2 eV for TiO2) 
which allows it to operate under visible light.[378] The difference 

in the mechanism arises from the ligands coating the quantum 
dots which stabilize them in solution and separate their surface 
from the reagents owing to a secondary coordination effect.[379] 
Implying that the oxidation of a given alcohol such as ethanol 
does not occur by the combination of a hole and chemisorbed 
ethoxide but through its interaction with hydroxyl radicals. This 
fact was suggested by Feldmann and co-workers which demon-
strated the oxidation of ethanol to acetaldehyde with a colloidal 
cysteine-stabilized CdS photocatalyst with Ni as cocatalyst.[380] 
In this work, at higher pH (14.7), the H2 production was sub-
stantially higher (reaching up to 53% average quantum yield) 
owing to the implication of −OH anions in the photocatalytic 
process (Figure 26) . Later in 2016, Chai et al. showed the pro-
duction of H2 in pure alcohol solutions (Including methanol, 
ethanol, and 2-propanol) employing a Ni/CdS photocata-
lysts.[381] The proposed mechanism in this case entailed the for-
mation of Ni–H hydride by abstraction from the corresponding 
alcohol and the formation of an alkoxide anion which is oxi-
dized by a photogenerated hole. Finally, the cleavage of an α 
C–H bond, leads to the formation of the corresponding ketone 
and molecular hydrogen.

6.2.2. Glycerol

Glycerol is a symmetric molecule, and in the same way than 
with methanol and ethanol, its oxidation with simultaneous 
hydrogen production can happen through direct oxidation by a 
photogenerated hole or through hydroxyl radicals generated by 
oxidation of water. After the photoinduced charge transfer either 
of the terminal hydroxyl groups can be oxidized to an aldehyde, 
which leads to the production of glyceraldehyde, and if the oxi-
dation happens in the central hydroxyl group dihydroxyacetone 
is obtained. Oxidation products derived from CC carbon bond 
scission, such as formaldehyde and glycolaldehyde, are less 
common and the reaction mechanism leading to those, less 
studied.[382] Additionally the reduction of protons to molecular 

Figure 26.  Schematics of the photooxidation of ethanol to acetaldehyde over Ni-decorated CdS rods mediated by A) OH radicals, and B) band structure 
variation with pH of such catalyst. Reproduced with permission.[380] Copyright 2014, Nature publishing group.
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hydrogen happens in the cocatalyst loaded on the semicon-
ductor (Figure 27), we would like to refer the reader to the 
review published recently by Iliuta and co-workers for a com-
prehensive overview of the implications of synthetic pathways 
and cocatalyst loading in the hydrogen evolution performance 
from glycerol.[383] Despite the large body of works published 
showing hydrogen production from glycerol or its catalytic 
oxidation independently,[384–387] the ones that do actually tackle 
reaction parameters to obtain and quantify both hydrogen and 
high added value liquid products are rather scarce.[388]

Minero and co-workers evaluated the rate of formation of 
both glyceraldehyde and dihydroxyacetone on TiO2 materials 
observing a pseudo first-order kinetic constant reaching 85% 
glycerol conversion, the trend can be assumed to correlate as 
well with the hydrogen production.[389] Variation in the reac-
tion conditions showed that at neutral pH the glycerol disap-
pearance rate increases substantially (by a factor of 2.5). This 
fact was confirmed by Li et al. which showed that at pH 6.4 the 
hydrogen evolution and the conversion to glyceraldehyde were 
substantially higher, proving as well that the effect of glycerol 
concentration on the overall performance followed a Lang-
muir–Hinshelwood model. This fact implies that the hydrogen 
production rate increases sharply with higher glycerol concen-
trations.[390] Nevertheless, the solution pH typically tends to 
lower down owing to the presence of dihydroxyacetone, glyc-
eraldehyde and other acids. Jiang et al. showed that the solu-
tion pH tends to stabilize to 3.5.[349] In 2011 Fornaseiro and co-
workers employed Cu–TiO2 materials as photocatalysts, which 
had been shown previously for the hydrogen production from 
glycerol,[391,392] and upon analysis of the liquid phase they could 
detect as main products 1,3-dihydroxypropanone (dihydroxy-
acetone) and hydroxyacetaldehyde (glycoaldehyde), suggesting 
the CC bond scission in glycerol, although no carboxylic acids 
were observed. Additionally, an optimal loading of 2.5% of 

Cu led to the highest hydrogen production activity under UV 
illumination, up to 1600  µmol h−1 g−1.[393] Cu nanodots-TiO2 
nanosheets were later further studied showing that Cu redox 
processes (Cu+  → Cu2+) could as well take part harvesting  
photogenerated charges. Glycerol was suggested to be adsorbed 
on the Ti–OH sites and oxidized to intermediates such as glyc-
eraldehyde or glycoaldehyde through photogenerated holes or 
hydroxyl radicals and finally transformed to CO2.[394] A kinetic  
model for this system was later proposed by Clarizia et al. 
capable to simulate the hydrogen production over such cata-
lyst (Cu–TiO2) in water/methanol or water/glycerol mixtures as 
well as their adsorption constants based on a Langmuir–Hin-
shelwodd-type model.[395]

Kondarides and co-workers elucidated the differences 
between carrying the photocatalytic process with TiO2 and Pt–
TiO2 in the presence and absence of oxygen, differentiating 
them as photooxidation and photoreforming respectively.[396] 
The gas phase (H2 derived from proton reduction and CO2 from 
the complete oxidation of glycerol) and liquid phase products 
were analyzed as a function of time. In the presence of O2 they 
could observe that the complete oxidation of glycerol occurred 
much faster, owing to its interaction with H2O2 generated from 
O2 reduction, and therefore no hydrogen was observed. In the 
absence of O2, less CO2 was observed owing to the slower oxi-
dation of glycerol and H2 was produced as the photogenerated 
electrons had no competition with the oxygen reduction. The 
liquid products observed in all the scenarios were the same, 
acetol, acetaldehyde, ethanol, and methanol in a higher con-
centration and traces of glyceraldehyde and glycoaldehyde. This 
suggests that the absence or presence of Pt or O2 just influ-
ences the HER and the overall rate of product formation rather 
than reaction mechanism. The presence of these products in 
the liquid-phase as well as the evolved hydrogen were attrib-
uted to glycerol deprotonation prior to cleavage of the CC and 
CO bonds. As mentioned in Section 1, we would like to note 
that the photocatalytic oxidation of glycerol under aerobic con-
ditions, where photogenerated electrons reduce oxygen rather 
than protons, has been more widely studied, nevertheless it 
falls outside of the scope of this section and therefore we would 
like to refer the reader to recent reviews and previous literature 
published on this topic.[326,383,397–399]

Arai and co-workers evaluated in depth the role of water in 
the photocatalytic hydrogen production form glycerol water 
mixtures by using D2O in their experiments with NiO–TiO2 
materials, which had been previously shown by the same group 
performing in the same reaction.[400] They could observe that 
after 10 h of reaction, H2, HD, and D2 were detected but the 
relative amount of HD and D2 was 1.5% compared to H2, sug-
gesting that glycerol acts as the main source of hydrogen.[401] 
Further insights in the photocatalytic activity of TiO2 materials 
for such reaction was provided later by Beltram et al. who pre-
pared hybrid anatase–rutile and anatase–brookite composites 
in order to extend the lifetime of the photogenerated charges. 
During the photocatalytic experiments they could detect gly-
coaldehyde, glyceraldehyde, hydroxyacetone, and dihydroxy-
acetone in the liquid phase, as well as H2 and CO2 in the gas 
phase.[402] These results indicate that the glycerol oxidation 
reaction in photocatalysis follows similar pathway as described 
in Section 4.2.

Figure 27.  Schematic representation of the photocatalytic hydrogen pro-
duction and glycerol oxidation to glyceraldehyde and dihydroxyacetone.

Adv. Energy Mater. 2021, 11, 2101180
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6.2.3. HMF

As mentioned previously in Section  4.4, HMF oxidation can 
lead to the production of value-added products such as DFF and 
FDCA, which are molecules with commercial interests in fields 
such as pharmaceuticals, polymers or in organic synthesis.[403] 
Therefore obtaining these chemicals using photocatalysis 
producing hydrogen as a byproduct has attracted widespread 
attention within the last years. In this scenario electron–hole 
pairs generated by photoexcitation of a semiconductor travel 
toward the surface where electrons reduce H+ to H2 (typically 
in the metallic cocatalyst) and the holes react with water to 
form OH radicals or directly with HMF, releasing the oxidation 
products.[404,405]

Díaz and co-workers employed graphitic carbon nitride, 
which displays a more favorable energy band structure than 
TiO2, for the direct photooxidation of HMF in aqueous solution. 
The initial adsorption of HMF in the surface of the photocata-
lyst reached around 3% of the initial concentration, probably 
happening through hydrogen bonding between amine moieties 
and OH groups. Upon illumination they could observe that the 
degradation rate of HMF was faster than the formation rate of 
DFF indicating alternative oxidation pathways that remained 
unexplored. The most active material, whose active area was 
enhanced by thermal treatment showed a 69% conversion of 
HMF to DFF.[406] In order to elucidate the reaction mechanism 
the photocatalytic process was carried out in the presence of dif-
ferent scavengers; tert-butyl alcohol (OH radical scavenger) did 
not alter the conversion rate, but the addition of sodium for-
mate as a hole scavenger decreased it substantially, indicating 
a direct oxidation by photogenerated holes rather than through 
radicals. Experiments employing cupric ions and benzoquinone 
(as electrons and O2 radicals’ scavengers, respectively) demon-
strated that photogenerated electrons take part in the formation 
of superoxide radicals which are the main active specie. This 
suggests that the lack of a cocatalyst with minimum overpoten-
tial for the hydrogen evolution would not lead to simultaneous 
H2 and oxidation products when using carbon nitride mate-
rials. Later, Kailasam and co-worker further used carbon nitride 
along with a Pt cocatalyst for the simultaneous hydrogen pro-
duction and selective oxidation of HMF to DFF (Figure 28).[407] 
Under reaction conditions they obtained 12  µmol H2 h−1 m−2 
(slightly less than when using triethanolamine, a very common 
hole scavenger in photocatalytic hydrogen production, owing 
to the weaker electron donating abilities) and 1.3  µmol DFF 
h−1 m−2 with 99% selectivity. This remarkably high selectivity 
emerges likely from the relatively high valence band maximum 
of carbon nitrides which is not deep enough to generate OH 
radicals and therefore the photogenerated holes react directly 
with HMF. Furthermore, experiments with D2O confirmed that 
the hydrogen produced emerges from water rather than HMF, 
and the utilization of sodium persulfate (an electron scavenger) 
instead of Pt revealed that the role of the cocatalyst is restricted 
to the reduction of protons to hydrogen and does not take part 
in the oxidation of HMF.

The photocatalytic hydrogen production with conversion of 
HMF and furfural alcohol was shown later in Ni-CdS materials 
by Han et al. which showed that by tuning reaction conditions 
they could alter the selectivity to either aldehyde or acids as 

oxidation products.[408] After 22 h illumination, 20% conversion 
of a 10 × 10−3 m HMF solution to DFF was achieved with nearly 
100% selectivity. Both the conversion rate and the hydrogen 
produced was considerably lower when transforming HMF 
than when employing furfural alcohol. This was attributed to 
the higher binding affinity of aldehyde groups to Ni-CdS in 
the presence of water versus that of alcohols, which makes the 
oxidation of the latter unfavorable. Nevertheless, under highly 
alkaline conditions (10 m NaOH) the conversion to FDCA 
was complete owing to the low stability of aldehydes and 
their degradation to alcohols and carboxylic acids. Chen and  
co-workers employed modified chalcogenides (P-Zn0.5Cd0.5S) 
and observed an enhancement from 419 to 786 µmol h−1 g−1 for 
the HER upon addition of HMF to the reaction medium.[409] 
After 8 h the conversion of HMF to DFF reached 40% with a 
selectivity of 65% and the hydrogen evolution rate decreased 
substantially owing to the consumption of HMF. Zn0.5Cd0.5S 
was further employed along with MnO2 forming a type II  
heterojunction with enhanced reduction and oxidation power 
of the photogenerated electrons and holes, respectively. Naga-
raja and co-workers obtained 1322  µmol H2 g−1 and a DFF 
yield of 46% in 24 h with such material. Additionally replacing 
water by an aprotic solvent such as acetonitrile reduced the 
production of DFF to just a 3% and 6.8  µmol H2 g−1, sug-
gesting a major role of water in both reduction and oxidation 
processes.[410] The utilization of low-dimensional heterostruc-
tured materials is highly appealing owing to the wide range 
of possibilities to tailor the electronic band structure by com-
bining different 2D materials.[411,412] ZnIn2S4 was very recently 
shown by several research groups and in combination with 
other semiconductors (such as Nb2O5) to be able to drive the 
photocatalytic hydrogen evolution and simultaneous oxidation 
of HMF. In this scenario employing semiconductors with a 
deep enough valence band can result in the formation of OH 
radicals that assist in the oxidation of the biomass-derived 
residue.[413,414]

Figure 28.  Schematic representation of the photocatalytic hydrogen pro-
duction and HMF oxidation to DFF with carbon nitride.

Adv. Energy Mater. 2021, 11, 2101180
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6.3. Cross-Coupling and Hydrogen Evolution

Besides the oxidation of biomass-derived residues, creating 
new CC bonds with concomitant hydrogen production can 
lead to the production of high added value products and sus-
tainable fuels. In this kind of reactions, the light-absorbing 
semiconductor catalyst drives a cross-coupling reaction and 
simultaneously reduces the protons eliminated from the CH 
bonds of the educt resulting in molecular H2. Wu and co-
workers explored this phenomenon for the first-time utilizing 
eosin Y-sensitized graphene-supported RuO2 without sacrificial 
agents. In this work eosin Y took the role of a photosensitizer 
promoting the cross-coupling of N-phenyl-1,2,3,4-tetrahydroiso-
quinoline with indoles under visible light, while RuO2 sup-
ported on graphene acted as a proton and electron sink for the 
elimination of CH bonds.[415]

After the initial reports, these kind of cross-coupling HERs 
where quickly expanded to biomass-derived substrates.[416] 
Luo et al. showed the visible-light H2 production from benzyl 
alcohol with controllable generation of benzoin and desoxyben-
zoin through tandem redox reactions utilizing a ZnIn sulphide 
photocatalyst, which allowed to obtain value-added chemicals 
on gram scale.[417] In this case, a photogenerated hole induced 
the dehydrogenative coupling of benzyl alcohol, and subsequent 
CC coupling. Xie et al. showed for the first time the direct 
photocatalytic transformation of methanol and water into eth-
ylene glycol and hydrogen over a molybdenum disulphide nano
foam-modified cadmium sulphide nanorod. In that work they 
could observe a preferential activation of the CH bond instead 
of OH in methanol which was driven by the photogenerated 
holes in CdS through a proton–electron transfer mechanism, 
giving rise to a hydroxymethyl radical.[418] The dehydrogenative 
coupling of methane to ethane with synergistic production of 
H2 under visible light irradiation was confirmed by Meng et al. 
utilizing hybrid Au/ZnO porous nanosheets.[419] Methane is a 
chemical often obtained after the gas-phase reduction of atmos-
pheric CO2,[420,421] but its direct and efficient dissociation and 
conversion to ethane and hydrogen remained a standing chal-
lenge due to the weak adsorptive interaction of methane with 
catalysts and small polarizability. In this work, the Au-plasmon-
induced resonance energy triggered the stoichiometric conver-
sion after the CH bonds have been chemisorbed onto the polar 
oxide semiconductor surfaces, obtaining higher efficiencies than 
previously reported catalysts such as Zn+-modified zeolites.[422]

6.4. Photoelectrochemical Oxidation and Hydrogen Production

The advantage of photoelectrochemical cells is the study of one 
half reaction at a time (at the working electrode) while the other 
half reaction (at the counter electrode) is not of primary concern 
owing to the use of a reference electrode (Figure 29A).[423,424] 
Similarly to photocatalytic approaches, oxide semiconductor 
catalysts are commonly employed as photoanodes, and mate-
rials such as TiO2, hematite, and BiVO4 have been amongst 
the most commonly studied. Given the wide bandgap of TiO2 
(3.2–3.4  eV), approaches for enhancing its performance, such 
as sensitization, doping, nanostructuring,[425–427] as well as the 
development of other smaller bandgap semiconductors with 
increased photon-to-hydrogen efficiency have been extensively 
sought after.[428–431] In the same manner to powder photocatal-
ysis, the photoelectrochemical synthesis of organic molecules 
and the conversion of biomass derivatives and water to H2 
and CO2 is thermodynamically much more favorable,[432–435] 
and therefore plenty of photoanodes, cell configurations, and 
electrolytes containing biomass-derived molecules have been 
reported within the last decade.[322,436]

One of the first reports on the photoelectrochemical gen-
eration of H2 from a water/ethanol mixture was carried out 
by Antoniadou et al. where a chemically-biased H-type photo-
electrochemical cell based on nanocrystalline TiO2 was utilized 
for the oxidation of ethanol to acetaldehyde with synergistic 
H2 production under UV light illumination. In order to create 
enough chemical bias, a basic electrolyte (NaOH) was utilized 
in the anode compartment and an acidic electrolyte in the 
cathodic compartment (H2SO4), and upon addition of 20% v/v 
ethanol a maximum current (Jsc) of 0.89 mA cm−2 was obtained 
under illumination at λ = 360 nm (intensity 0.8 mW cm−2).[438] 
The same group later evaluated the performance of CdS-deco-
rated TiO2 for the photoelectrochemical oxidation of different 
substrates, including short chain alcohols, glycerol, ammonia, 
urea, and others, coproducing H2 at the cathode.[439–441] The 
utilization of TiO2 based photoanodes for hydrogen production 
from biomass has been later shown by other groups; Bashiri et 
al. utilized Cu and Ni-modified TiO2 electrodes prepared at dif-
ferent temperatures for the photoelectrochemical oxidation of 
glycerol under visible light. They could observe the production 
of 694.84 µmol H2 after 2 h when measuring in KOH with 10% 
v/v glycerol and 5 mol% Cu-Ni/TiO2 as photoanode upon 1 sun 
illumination (AM 1.5G, 100 mW cm−2, λ > 360 nm).[442]

Figure 29.  A) Scheme of a water splitting photoelectrochemical cell. Reproduced with permission.[430] Copyright 2019, John Wiley & Sons. B) Photo-
electrochemical cell for urea oxidation. Reproduced with permission.[437] Copyright 2012, Royal Society of Chemistry.
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Hematite (Fe2O3) is a widely utilized semiconductor material 
in photoelectrochemical cells owing to its suitable bandgap of 
≈2 eV with a very positive valence band edge. Zhang et al. uti-
lized Ti-doped hematite photoanodes prepared through atmos-
pheric pressure chemical vapor deposition of Fe(CO)5 and TiCl4 
on fluorine-doped tin oxide (FTO) for the photoelectrochemical 
oxidation of glucose. The addition of 10  × 10−3 m glucose to 
the electrolyte boosted the performance due to its easier oxida-
tion versus water, reaching incident photon-to-current efficien-
cies of up to 21.2% at 0.4 V versus Ag/AgCl and illumination 
under 400 nm wavelength.[443] The kinetics of the photoelectro-
chemical oxidation of methanol to formaldehyde on hematite 
was studied by Durrant and co-workers, where photoinduced 
absorption spectroscopy was utilized in order to correlate the 
density of surface holes with photocurrent measurements. 
Here, the addition of methanol to the electrolyte (95% meth-
anol in NaOH 0.1 m) enhanced the current from 2.6 (in 0.1 m 
NaOH) to 3.9  mA cm−2 at 0.55  V versus Ag/AgCl and 1 sun 
illumination and formaldehyde was formed with a 96% Fara-
daic efficiency. Additionally, they observed that the kinetics of 
methanol oxidation are independent of the applied potential  
and are determined by the density of holes accumulated  
at the electrode surface.[359] Recently, Mazzaro et al. further 
employed hydrothermally prepared Ti-doped nanostructured 
hematite electrodes for the photoelectrochemical oxidation of 
benzylamine to N-benzylidenebenzylamine with simultaneous 
H2 production.[444] Hematite and other metal oxides were uti-
lized as well for the photoelectrochemical oxidation of urea. 
Li and co-workers observed for the first time stable hydrogen 
production in the Pt cathode when utilizing Ni(OH)2-decorated 
TiO2 or hematite for the solar-driven oxidation of urea. In this 

scenario upon illumination the photogenerated holes oxidize 
Ni(OH)2 to NiOOH which catalyses the degradation of urea to 
N2 and CO2, while the photogenerated electrons reduced water 
molecules on the surface of Pt (Figure 29B).[437]

Some interesting example is the study by Berlinguette and 
co-workers demonstrating the photoelectrochemical oxidation 
of organic molecules on BiVO4 photoanodes.[445] Their applica-
tion for hydrogen production from biomass was shown in 2015 
by the photoelectrochemical oxidation of 5-HMF to FDCA. In 
this work a n-type, nanoporous BiVO4 photoelectrode was uti-
lized along with TEMPO as mediator. Upon illumination, the 
photogenerated holes oxidize HMF and the electrons produce 
H2 molecules in the Pt cathode with only a minor potential 
bias due to the insufficiently high conduction band of BiVO4 
(Figure 30A,B).[446] Chadderdon et al. employed a cobalt phos-
phate overlayer in BiVO4 for alleviating recombination losses 
in the same system and obtained 88% conversion of HMF to 
FDCA at 0.64 V for 2.7 h. In these reports, TEMPO is oxidized 
by the photogenerated holes instead of water in the surface of 
the photoanode which then oxidizes the organic substrate as 
shown in Figure 30A,B.[447] Later BiVO4 was also applied for the 
photoelectrochemical oxidation of glycerol to dihydroxyacetone, 
widely utilized in different industries.[448,449] Liu et al. showed 
that under AM 1.5G from illumination and pH = 2, nanopo-
rous BiVO4 reached 3.7 mA cm−2 photocurrent at 1.2 VRHE, cor-
responding to 56 mmol g−1 h−1 and 51% selectivity toward dihy-
droxyacetone. Isotopically labeled experiments along with DFT 
calculations confirmed that the reaction mechanism consists 
of adsorption of glycerol and subsequent oxidation by photo-
generated holes, reaction with water and dehydration. DFT cal-
culations were carried out on the main exposed crystal facets 

Figure 30.  Scheme of A) photoelectrochemical and B) electrochemical oxidation of HMF. Reproduced with permission.[446] Copyright 2015, Nature 
publishing group. C) Energy profile and D) schematic illustration of glycerol conversion to 1,3-dihydroxiacetone over BiVO4. Reproduced with permis-
sion.[450] Copyright 2019, Nature Research.
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of BiVO4, (112). Results shown that the terminal and middle 
hydroxyl groups were absorbed spontaneously through electro-
static attractions toward Bi3+. Their oxidation by photogenerated 
holes lead to the formation of radicals, being the one in the 
middle carbon 0.18 eV more stable than the terminal ones, this 
fact supports the oxidation toward DHA (Figure 30C,D).[450]

Unlike the electrochemical approach, the photoelectro-
chemical oxidation of biomass-derived molecules is highly 
dependent on the hole population in the valence band of the 
photoelectrode, rather that the applied voltage, as has been con-
firmed in hematite and bismuth vanadate photoanodes.[359,450] 
This fact could shed light in the structure–activity relation-
ships, and target the selective production of a given chemical by 
rational electronic band structure engineering. The photoelec-
trochemical approach addresses some of the drawbacks of the 
photochemical counterpart, such as the lack of understanding 
in the parameters determining selectivity. However, nowadays 
there are not enough studies showing the tendency of widely 
utilized semiconductors toward certain chemicals and therefore 
a thorough investigation joining both computational insights 
with rigorous experimental protocols is needed to target a large-
scale production.

Despite the recent progress in the field, there is a lack of fun-
damental understanding of these multielectron transfer reac-
tions in the surface of traditional semiconductors. Unlike the 
electrochemical biomass oxidation with synergistic hydrogen 
production, where modulating the voltage or the crystalline 
faces of an electrocatalyst can determine the selectivity of the 
reaction, establishing structure–activity relationships in the 
photon-driven counterparts is significantly challenging. Fur-
thermore, controlling the degree of oxidation has been proven 
to be highly challenging, obtaining often the fully oxidized CO2 
rather than high-added value aldehydes or acids. Considering 
this, and with the aim to facilitate future research and the 
advancement of the topic we recommend several points to be 
addressed in upcoming works.

1)	 The reaction media shall be better controlled (i.e., thoroughly 
purged with an inert gas such as N2 or Ar to removed dis-
solved oxygen). Oxygen can react with photogenerated elec-
trons forming superoxide radicals and hydrogen peroxide 
which are highly oxidizing agents, this reaction is in direct 
competition with the reduction of protons to molecular 
hydrogen, additionally these species will accelerate the 
oxidation of the organic substrate.[406]

2)	 Both produced H2 and oxidation products must be thorough-
ly quantified, and their production plotted versus time and 
amount of employed catalyst (µmol X h−1 g−1), additionally, 
average quantum yields for hydrogen production at different 
wavelengths shall be also provided. Techniques such as gas 
chromatography, 1H and 13C-NMR, or HPLC will enable the 
accurate determination of the gas and liquid-phase products 
present in the reaction media. Reporting the turnover fre-
quency would be even more desirable especially when study-
ing single atom catalysts or comparing oxide versus metallic 
active sites. The thorough evaluation of both reduction and 
oxidation products will facilitate the establishment of state-of-
the-art values for different materials and synthetic conditions 
leading to their integration in continuous flow reactors.[451,452]

3)	 To maintain a constant production of high-added value chem-
icals and avoid the decrease in the H2 production and the 
complete oxidation of the biomass-derive organic molecule 
to CO2, aliquots of the hole scavenger shall be added periodi-
cally to the reaction media. The intervals will strongly depend 
in the electron–hole pair generation ability of the employed 
semiconductor as well as the reaction conditions. Ideally, the 
utilization of a flow cell would also help overcoming such 
issues.

4)	 The reaction mechanism shall be thoroughly explored using 
adequate scavengers such as Ag+,[453] triethanolamine,[350] 
benzoquinone,[454] sodium persulfate,[407] tert-butanol,[455] 
and others.[456] These can react with photogenerated elec-
trons, holes, superoxide radicals and hydroxyl radicals there-
fore removing them from the reaction media and providing 
meaningful insights regarding the reaction mechanism and 
active species. Those scavengers shall be rationally selected 
as some may deposit irreversibly in the surface of a given 
catalyst blocking potential active sites.

5)	 An energy band diagram including the conduction and va-
lence band potentials of the employed semiconductors and 
photovoltage generated as well as the oxidation and reduction 
potential (and overpotentials) of the involved species should 
be reported. Approximate values of the electronic band struc-
ture of semiconductors can be obtained with a combination 
of techniques such as Mott–Schottky electrochemical meas-
urements (Fermi level in the flat band condition and carrier 
density) or (ultraviolet) photoelectron spectroscopy (Fermi 
level-valence band minimium offsets), UV–vis measurements 
and Tauc plots (direct and indirect bandgaps and sub-bandgap 
absorption features due to trap states).[307,457,458] These plots 
will help elucidate the most feasible reaction pathway.

6)	 Despite the high number of reports dedicated to study reac-
tion mechanisms and intermediates on the surface of TiO2 
materials, plenty of novel semiconductors have emerged 
as photocatalysts for different reactions such as chalcoge-
nides, carbon nitrides, and others. Owing to the different 
surface chemistry of each semiconductor, the adsorption 
mode, namely, physisorption or chemisorption, and binding 
strength of biomass-derived molecules on the catalyst surface 
will strongly differ. Density functional theory calculations in 
combination with time-resolved spectroscopic studies could 
shed light on the different interactions between substrate 
and reactant helping to gain further insights in the oxidation 
pathway of such molecules.

7. Technology Status, Challenges, and Opportunities

7.1. Challenges and Potential Mitigations

The aforementioned research advances have shown the great 
potential for biomass electrolysis technology in H2 and value-
added chemical production, using both renewable electricity 
and/or solar energy. Our life cycle analyses presented in Sec-
tion  2 have indicated that the environmental impacts associ-
ated with the reactants need to be reduced to improve its global 
potential, cost-benefit, and desirability of use.[459] Apart from 
the common limitations similar to that of water electrolysis, 
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such as PGMs dependence and sluggish anode kinetics, some 
specific challenges from biomass electrolysis and potential mit-
igations have been discussed in the following sections.

7.1.1. Feedstock Availability and Reproducibility

Bioenergy with carbon capture and storage is considered cen-
tral to many climate mitigation policy pathways set by the Inter-
governmental Panel on Climate Change,[460] and its large-scale 
deployment may compromise the availability of biomass for 
electrolysis. However, although carbon capture and storage is 
effective in the short-run to achieve net-zero emission by 2050, 
in the long-run beyond 2050, closing the carbon cycle is essen-
tial.[461] Therefore, the biomass availability in a longer term will 
not be the major issue and the biomass valorization via elec-
trolysis or other low-carbon technologies will still be promising.

However, significant improvements are needed to reduce the 
carbon intensity of biomass feedstocks in the near-term, espe-
cially for feedstocks such as glycerol. Conventional crops used 
for glycerol production have high impacts from land use change, 
with very high emissions for palm oil (231  g CO2,eq/MJ), soy-
bean oil (150 g CO2,eq/MJ), rapeseed oil (65 g CO2,eq/MJ), and 
sunflower oil (63 g CO2,eq/MJ).[462] These land use change effects 
primarily arise from peatland oxidation following land conver-
sion, and deforestation. Two factors are particularly important 
for reducing the carbon intensity of these feedstocks—increasing 
the energy yield of crop per hectare and reducing deforestation 
for crop production. The latter has wider benefits for biodiver-
sity and the ecosystem at large. In comparison to the above oils, 
ethanol feedstocks such as sugar and starch have much lower 
land use change emissions and may constitute a more sustain-
able alternative in the near-term. The variation in the feedstock 
market price and composition, such as the metal contents in raw 
biomass and the fatty acid proportion in crude glycerol will influ-
ence the actual implementation of this technology. An approach 
to overcome this limitation is to develop robust electrolyzer sys-
tems, with high chemical resistance, active and high poison-tol-
erant catalysts. This would allow the direct utilization of raw bio-
mass feedstock or even biowaste (i.e., food waste), such as food 
or forestry/agricultural wastes.

Another approach is to fractionate and purify the raw mate-
rials with some existing technologies, for example, low-cost ionic 
liquids,[463] to achieve higher activity and selectivity in biomass 
electrolysis, whilst prolonging the electrode lifetime. On the 
other hand, methods for separating biomass into well-established 
components are now well implemented, yet their environmental 
inputs will depend on the process used.[464–466] A life cycle anal-
ysis carried out by National Renewable Energy Laboratory of U.S. 
DOE office have predicted that depending on the fractionated 
and separated products obtained from lignocellulosic biomass, it 
is possible to achieve large greenhouse gas offset targets.[467,468]

7.1.2. Determination of Optimum Electrochemical Cell Materials, 
Design, Operation, and Economics

As the operating system is more complicated than water elec-
trolysis, the reactor design, fabrication, and operation require 

careful optimization. Parameters such as reaction tempera-
ture,[261] electrode distance,[263] analyte feed,[264] and flow 
dynamics[469] need to be investigated thoroughly to reach the 
optimal condition. Ramis et al. investigated the operation con-
ditions for glucose reforming in two semipolit scale photore-
actors.[452] The authors have shown that high H2 productivity 
was achieved at high temperature (60–80 °C) and moderate 
pressure (2–4  bar above ambient value). Colmenares and co-
workers designed TiO2-coated continuous flow microreactors 
for the partial oxidation of benzyl alcohol, which have showed 
improved irradiation, shorter reaction time, and better product 
yield compared to batch reactors.[451] With commercial P25 
TiO2 catalyst, the flow microreactor exhibits a lower specific 
conversion of 5  µmol m−2 min compared to the batch reactor 
(13 µmol m−2 min), but higher benzaldehyde selectivity of 79% 
compared to 32%. This study demonstrated that increasing the 
catalyst availability by continuous flow can tune the product 
selectivity, which is crucial in obtaining high-value chemicals 
via partial oxidation. Similarly, Latsuzbaia et al. performed con-
tinuous electrochemical oxidation of HMF in a flow filter press 
tape reactor with integrated product separation unit.[470] The 
set-up demonstrated 3 wt% FDCA production with a rate of 
550 mL h−1 and 84% Faradaic efficiency, and a separation yield 
of up to 95%.

7.1.3. Oxidation Product Recovery

Considering the operation complexity in biomass electrolysis, 
positive energy payback needs to be achieved by operating with 
minimum conversion steps and shorter processing times. The 
energy required to sustain a growth rate must also be taken 
into account.[471] Kim et al. developed a process design and tech-
noeconomic assessment for glycerol electrolysis, indicating that 
the revenues would still match the costs with the minimum 
selling point of H2 and chemicals despite greater product sepa-
ration costs.[43] In other systems, even mixed product streams 
can have economic value. For example, partially oxidized cel-
lulose nanofibrils is one of the largest biopolymers and have 
applications in rheology modification for aqueous formula-
tion.[472] Still, the development of energy and cost-effective sepa-
ration processes, for example, crystallization in γ-valerolactone/
H2O for recovering FDCA with >99% purity, would allow large 
scale HMF electrolysis with reduced operation costs.[473] High 
selectivity (>90%) toward target products would also contribute 
to the simplification of the recovery process.

It has been shown that biomass electrolysis operated in alka-
line condition typically exhibit higher activity, higher feedstock 
conversion as well as better selectivity by inhabiting CC bond 
cleavage. However, the recovery of salt from products is rather 
difficult, and the carbon footprint associated with KOH usage 
leads to a higher environmental impact. Besides, although some 
salts such as potassium acetate have higher market value than 
acetic acid, many other organic acids such as lactic acid, FDCA 
are primarily used in the acidic form. Although these problems 
can be partially tackled by running at acidic conditions with 
H2SO4, which have a much lower global warming potential 
(0.17  kg CO2,eq kg−1), the separation of SO4

2− with Ca(OH)2 is 
another factor that would add on the uncertainty. Electrodialysis 
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constitutes a good strategy for the recovery of these acids and 
KOH.[37,38,474] For example, Saxena et al. have demonstrated that 
70–82% lactic acid recovery with 100% purity along with NaOH 
can be achieved with a single-step anion-exchange membrane 
electrodialysis process.[475] However, the energy consumption 
associated with this process is 6.23 kWh kg−1 for lactic acid pro-
duction, which would add to the operational cost. A thorough 
process modeling coupled with technoeconomic assessment 
and life cycle analysis is required to fully evaluate the potential 
of these different scenarios.

Alternatively, the implementation of anion exchange mem-
brane electrolysis system with pure water as electrolyte feed 
could conceivably get around this problem, which still main-
taining the low electricity consumption advantage. PEM-based 
systems use this kind of configuration for H2O2 producing 
electrolyzers for water treatment, which produces an effluent 
of H2O2 in pure water.[476] However, extensive research efforts 
are still required to develop stable, highly conductive hydroxide 
exchange membranes.[477]

7.1.4. Product Value-Chain: Partial Oxidation versus Reforming

The choice of biomass partial oxidation or reforming process 
can affect the product value-chain, depending on the type and 
yield of final products. Partial oxidation can lead to the copro-
duction of high-value chemicals, although it is associated with 
a potentially sacrificed activity, lower H2 evolution rate, as 
well as the need for product recovery units that increase the 
CapEx. Depending on the price for the various chemicals, the 
minimum selling point for H2 can be negative at low CapEx 
values, implying that the process reaches break-even point 
by purely selling chemicals alone. Reforming, on the other 
hand, operates in a more simplified manner, delivering high 
H2 production rates, but the waste anode product CO2 would 
decrease the added-value, and require integration with carbon 
capture and storage infrastructure. At lower levelized costs of 
renewable electricity, the merit of producing H2 at low cell 
voltage may not compensate the input and carbon footprint 
from sourcing the feedstocks, as in the methanol example 
given in Section 2.

Considering the fact that noble metal-based catalysts show 
low CC bond cleavage but high product selectivity,[246] while 
Ni and other earth abundant metals show high capability of 
cleaving CC bond in different alcohol oxidation process,[123] 
it might be suitable to apply noble metals in partial oxidation 
processes toward high value chemicals, and Ni and other earth 
abundant metals in reforming processes for hydrogen genera-
tion. This arrangement also matches the market scale of the 
two different systems, in which hydrogen demand is much 
higher than the variety of valuable chemicals.

7.1.5. Regional Limitations

Integrating flexible biomass electrolyzers with renewable energy 
is an ideal approach to effectively store the energy surplus in 
chemical energy, which could be easily transferred back into 
power in fuel cells or used as value-added chemicals.[6,478] How-

ever, the distribution of renewable energy and biomass feed-
stocks can vary significantly worldwide. In remote areas where 
feedstocks such as agricultural, bio, and plastic waste are abun-
dant, the availability and cost of low-emission electricity may be 
constrained. This regional resource imbalance could increase 
the total cost from feedstock transportation. An effective strategy 
to prevent long-distance transportation would be to create a local 
carbon cycle. For example, if the oxidation products cannot be 
purified and sold, they may find uses as compost, animal feed, 
building materials, and/or fuel for incineration. This could still 
generate hydrogen more cost-effectively than water electrolysis, 
facilitating the local economy and waste recycling.

These remaining challenges should be addressed through 
research in this field, with a specific focus on the develop-
ment of photo/electrocatalysts which can withstand the impu-
rities from the feedstocks, whilst simultaneously delivering 
good selectivity toward value-added products. Some materials 
are already available,[44,249] but long-term stability remains 
unresolved.

7.2. Opportunities in Future Developments

Despite the challenges, biomass electrolysis still constitutes 
an emerging technology which may foster the development of 
green H2 production and sustainable chemical manufacture. 
Opportunities for future implement have been discussed below.

7.2.1. Membrane-Less Reactor

One large limitation of water electrolysis is the safe operation 
at low loads and high pressure, due to gas crossover. However, 
biomass electrolysis only generates H2 as volatile product, espe-
cially under alkaline conditions. Thus, a membrane-less reactor 
can be employed to largely simplify the operation conditions, 
reduce the system cost associated with membrane and main-
tenance, and improve the system efficiency. This concept has 
been brought up in several alcohol oxidation reports.[19,23,135,203] 
In a recent work, Vizza and co-workers designed an autoclave 
reactor for electrochemical reforming of ethanol with only 
a cellulose septum to separate the anode and cathode, which 
could operate at 150 °C for self-pressurized H2 production.[261] 
Later Ruiz-López et al. performed the same electrochemical 
ethanol reforming in a real membrane-less reactor configura-
tion, which obtained a H2 stream with 100% Faradaic efficiency 
at power consumption of 16.9 kWh kgH2

−1.[263] The presence of 
organic molecules in the solution has negligible influence to 
the cathode HER reaction, as demonstrated by the similar over-
potential (43 vs 40 mV) and Tafel slope (76 vs 70 mV dec−1).[203]

7.2.2. Self-Sustainable Production by Coupling with Fuel Cell

The low operation voltage of alcohol electrolysis (requires less 
than 0.5  V) allows it to be directly coupled with a H2/O2 fuel 
cell (operating at over 0.7  V), with H2 being the feed for the 
fuel cell operation, and the electricity generated from the fuel 
cell in turn powering the electrolyzer process. No H2 storage 

Adv. Energy Mater. 2021, 11, 2101180

 16146840, 2021, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202101180, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2101180  (42 of 51) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

is needed in this scenario, largely reducing the system cost.[23] 
This concept is not to be confused with the direct alcohol fuel 
cell utilizing alcohol as direct feed for electricity. In this sce-
nario, the current density is limited by the sluggish kinetics of 
alcohol oxidation, while this new concept would allow the cou-
pled fuel cells running at its full capacity. Deng and co-workers 
proposed a self-powered electrolytic process for glucose to H2 
conversion, in which a glucose-based fuel cell stack provides 
current and voltage for electrolysis cell, and converts glucose 
completely into CO2 with producing H2 at ultrahigh purity 
(>99.99 vol%).[15]

7.2.3. Diversify Biowaste for a Circular Economy

The European Environmental Agency is fostering research 
toward a “circular economy” with effective waste recycling 
strategies as a core task.[479] The end of life commodities 
should be reused, recycled, and resourced for a better life cycle 
design.[25] As mentioned before, urea electrolysis has applica-
tions in industries to enable H2 production from the urea-rich 
wastewater and animal excrement,[280] as well as on-demand 
fuel production for portable applications.[282] This is a direct 
and mature example on the utilization of biowaste. Black 
liquor, an effluent from alkaline pulping of lignocellulosic raw 
materials in paper industry, has been shown to be a suitable 
feed solution for electrolytic H2 production.[480,481] Lignin oxi-
dation and depolymerization products, such as vanillin and 
other benzyl alcohols, could also add to the technical and com-
mercial values of the production stream.[271–273] Hibino et al. 
demonstrated the possibility of using waste biomass raw mate-
rials, such as bread residue, cypress sawdust, rice chaff, and 
newspapers for H2 evolution in an electrolysis cell achieving 
≈100% H2 at the cathode with a yield of 0.1–0.2  g H2 per 1  g 
raw materials used.[482,483]

7.2.4. Coupling with CO or CO2 Reduction Reaction Based on the 
Anode Oxidation Potential

The typical half-cell polarization potentials of different anode 
oxidation, such as OER, glycerol/glucose electro-oxidation, and 
cathode reduction reactions including HER, CO reduction, and 
CO2 reduction allow designing full cell reaction couplings with 
minimized energy consumption. For instance, Kenis and co-
workers investigated several cathode CO2 reduction products 
and anode oxidation reactions (OER, glycerol oxidation, glucose 
oxidation). The potential of coupling different scenarios have 
been evaluated in terms of Gibbs free energy and maximum 
CO2 emission. Results have shown that even though electrore-
duction of CO2 to methanol, C2H4 or ethanol on coupled to 
glucose electro-oxidation is exothermic, the slow kinetics of 
glycerol oxidation largely limits its usage as anode feed. How-
ever, CO2 reduction to CO coupled with glycerol oxidation 
delivers the lowest maximum CO2 emission process, which 
could indeed become carbon neutral and/or negative from the 
cradle to the gate.[484] Similar concept have been also reported 
with hybrid alcohol oxidation–CO2 reduction electrolyzer 
system using molecular electrocatalysts.[485]

7.2.5. Coupling Two Side Electrosynthesis

To complete the electron economy, apart from electrolysis pro-
cesses to produce H2, multi-carbon via HER, CO reduction, 
and CO2 reduction, recent research has also focused on cou-
pling two side electrosynthesis processes. Berlinguette and 
co-workers paired 4-methoxybenzyl alcohol oxidation to 4-meth-
oxybenzaldehyde with 1-hexyne reduction to 1-hexene in an 
electrochemical cell. A dense Pd membrane was employed to 
separate the reaction chambers and reduce protons formed at 
the anode to H atoms for 1-hexyne hydrogenation reaction.[486] 
Moeller and co-workers reported the electro-oxidative coupling 
of alcohols paired with H2 gas generation, from which H2 was 
reused for hydrogenation reactions using Pd/C. Such integrated 
processes will foster the application of electrosynthesis to more 
chemical productions needed in the fine chemical industry.[487]

8. Conclusion

This review summarized several important aspects on electro-, 
photo-assisted biomass electrolysis for H2, and value-added 
chemical production. The major conclusions are as follows:

•	 Compared to oxygen evolution reaction in water electrolysis, 
the biomass-derived material oxidation in biomass electroly-
sis has lower thermodynamic requirements, leading to low 
ΔEeq and high H2 production efficiency, however the kinet-
ics are also sluggish due to the multiple electron transfer 
process.

•	 Electrocatalyst development needs to fulfill the requirements 
of high activity, high selectivity, and excellent poison-species 
tolerance. Reactivity descriptor–CO and OH adsorption en-
ergy, as well as the intrinsic properties of metals for different 
chemical bond activation can provide guidance when choos-
ing the electrocatalysts for tailoring the selectivity to desired 
products.

•	 In the case of solar-driven transformations, semiconductors 
with the right energy band positions and the capability of ef-
ficiently activate reactant molecules shall be fabricated. The 
rational design of semiconductor–cocatalyst systems based 
on earth abundant elements can lead to high efficiency and 
selectivity toward a given product.

•	 Reaction parameters should be carefully chosen in order to 
achieve optimal operation conditions, in which higher tem-
perature, low feedstock concentration, moderate acidic/alka-
line condition, middle potential, short electrode distance, and 
slow electrolyte flow rate are favored.

•	 Technoeconomic assessment and life cycle analysis results 
indicate that the biomass electrolysis processes have the po-
tential to significantly improve the environmental footprint 
relative to the incumbent production mix, however the over-
all impact of plant construction, operating patterns, decom-
missioning on the global warming potential need to be ad-
dressed, along with the development of a mature market for 
the oxidation products.

•	 The commercialization potential of photochemical, photo-
electrochemical, and electrochemical oxidation of biomass is 
dependent on: a) the creation of a market for low-carbon H2 
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and sustainable chemicals which allows effective competition 
with existing, carbon-intensive, production technologies; b) 
robust process design and development to scale-up produc-
tion technology at lower costs; and c) sustainable supply of 
feedstocks with minimal impacts on the environment. In 
particular, the oxidation of biomass becomes increasingly 
cost-competitive to conventional production routes in a car-
bon-neutral world as greenhouse gas emissions from all eco-
nomic activities must be avoided or offset.

•	 The review of technology status indicates that, while many 
challenges remain in feedstock availability and electrocata-
lysts and reactor design with high activity, selectivity, stability, 
and scalability, much progress has also been made, providing 
opportunities for future optimization and priming this tech-
nology for commercial application. With continued research 
and development, biomass electrolysis coupled with renew-
able energy could have a substantial impact on the energy 
transition to a zero-carbon economy.
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