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1. Biosynthesis pathway and primary structure of lignin
L-phenylalanine (L-Phe) and L-tyrosine (L-Tyr), as two aromatic amino acids originated from the shikimate pathway, are thought as vital precursors to synthesis monolignols in phenylpropanoid pathway [1,2]. Also, excess 30% of photosynthetically fixed carbon is embedded into lignin polymer in vascular plants via phenylpropanoid pathway [2]. The synthetic pathway from these aromatic amino acids to monolignols are categorized as two ways: i.e., phe ammonia-lyase (PAL)-mediated and tyrosine ammonia-lyase (TAL)-mediated pathway [3,4]. In PAL-mediated pathway, driven by PAL, L-Phe is first deaminated into trans-cinnamic acid. Afterwards, trans-cinnamic acid is converted to 4-coumaric acid by the para-hydroxylation of the benzene ring, which is driven by cinnamate-4-hydroxylase (C4H: membrane-bound cytochrome-P450 monooxygenase localized on the outer surface of the endoplasmic reticulum). Finally, 4-coumaric acid was used as precursor to synthesis lignin units. Alternatively, TAL provides another pathway to obtain the same end: 4-coumaric acid synthesis. Under this model, L-Tyr is directly converted into 4-coumaric acid synthesis while para-hydroxylation of cinnamic acid by C4H is bypassed [3]. Nonetheless, the substrates vary with the two pathways, which result in a difference on the proportion of lignin unit synthesis [3]. TAL-mediated pathway is more conducive to incorporate Tyr into lignin S unit [3]. In addition to being the precursor of S, G and H units, caffeic acid can also be synthesized via the hydroxylation of at the C3 position on the benzene ring of 4-coumaric acid, which is thought to primarily occur at the coumaroyl shikimate/quinate ester level [5]. Furthermore, ferulic acid or feruloyl-coenzyme A (CoA) can be generated via the methylate of hydroxyl group in the caffeate moiety no matter a free acid or CoA ester [4].
Compared with PAL-mediated pathway, a great benefit for TAL-mediated pathway is the low-energy intensive process since the dehydroxylation of benzene ring from arogenate and the additional C4H process are avoided [3]. However, PAL-mediated pathway is more prevalent versus TAL-mediated pathway. The possible reason is that unique intermediate trans-cinnamic acid in PAL-mediated pathway play a critical role in the downstream metabolic process, like plant hormone salicylic acid synthesis [3]. Also, carbon flux regulation between PAL with TAL as well as physical association of PAL and core phenylpropanoid enzymes may restrict the substitute of PAL with TAL [3]. Notably, some species like monocots contain bifunctional ammonia-lyase, which have capacity to simultaneously occur the deamination of both L-Phe and L-Tyr with similar efficiency to PAL and TAL [4]. Bifunctional ammonia-lyase may play a vital role in wall-bound coumarate and S unit in grass lignin biosynthesis. Generally, monolignols proportion significantly varies with plant taxonomy (Table S1) [6]. G unit occupies a considerable proportion versus S and H unit in softwood lignin. On the contrary, hardwood lignin mainly contains G and S unit and hardly contains H unit. Besides, some other monomers are also constructed in lignin biosynthesis, like 5-hydroxyconiferyl alcohol, p-hydroxybenzoate, acetate, tricin and ferulate etc [7–9]. After biosynthesis in cytosol, these monolignols are transferred to the cell wall, where lignification (radical polymerisation) occurs by laccase and peroxidase enzymes [10].
Table S1. Relative content of primary units in different type of biomass [6].
	Monolignol
	Softwood (%)
	Hardwood (%)
	Grass (%)

	Syringyl (S)
	0
	46–75
	20–54

	Guaiacyl (G)
	> 95
	25–50
	33–80

	p-hydroxyphenyl (H)
	< 5
	0–8
	5–33




Table S2. Relative content and bond dissociation energy of linkages in different type of biomass [6,11–13].
	Linkage type
	Softwood (%)
	Hardwood (%)
	Grass (%)
	Bond dissociation energy (kcal·mol−1)

	β-O-4
	43–50
	50–65
	74–84
	56.54–72.30

	α-O-4
	6–8
	4–8
	n.d.
	48.45–57.28

	4-O-5
	4
	6–7
	n.d.
	77.74–82.54

	β-1
	3–7
	5–7
	n.d.
	64.7–165.8

	β-5
	9–12
	4–6
	5–11
	125.2–127.6

	β-β
	2–4
	3–7
	1–7
	—

	5-5
	10–25
	4–10
	n.d.
	114.9–118.4

	Others
	16
	7–8
	n.d.
	—


n.d.: not detect
2. Electron transfer mechanism in electrochemistry
2.1. Inner- and outer-sphere electrochemical oxidation
Electrochemical oxidation reaction of lignin is related to inner-sphere and outer-sphere electron transfer reactions, in which outer-sphere reaction is considered a homogeneous reaction while the inner-sphere reaction is heterogeneous (Fig. S1) [14]. Inner-sphere reactions strongly relies on electrode material [14,15]. Substrates adsorption is achieved by a shared ligand. Then, the electron transfer and the reaction between interfacial ROS and substrates occur. ROS reacts with nucleophilic substrate prior to OER [14]. For inner-sphere reactions, electrocatalyst plays a very crucial role since it determines the reaction pathway, product selectivity, onset potential and reaction rate (catalytic activity) etc [14]. For example, in the electrochemical oxidation of ethylene glycol, reaction pathway significantly varies with electrode material. By applying the CoNi0.25P/NF as anode material, formate as the main product was obtained. However, the main product was glycolate when using Pt/C as anode material [16]. Further, the effect of electrocatalyst on onset potential was also reported. Compared with Pt/C electrocatalyst, AuPd–WC/C electrocatalyst exhibited a lower onset potential in ethanol oxidation, shifting towards negative side for 200 mV [17]. Likewise, in electrochemical oxidation of glycerol, PtxNi(1−x)Oy/Ti electrocatalyst can provide higher current density at low potential (lower onset potential) than PtOy/Ti electrocatalyst [18]. Additionally, Pt0.8Ni0.2Oy/Ti and Pt0.9Ni0.1Oy/Ti electrocatalysts presented optimal electroactivity. In electrochemical oxidation of Kraft lignin, the influence of anode material on reaction rate was revealed by kinetics analysis. Compared with Pt and Ni electrode, Cu electrode exhibited the highest production rate towards vanillin [19]. Overall, the unique feature of inner-sphere reactions can be well- demonstrated by these cases. Thus, designing proper electrocatalyst by considering these principles is necessary to tailoring lignin electrochemical oxidation strategy. Nonetheless, the reaction mechanism of lignin electrochemical oxidation continues to be underrepresented, like the identification of ROS species and its roles in lignin electrochemical oxidation.
[image: ]
Fig. S1. Inner-sphere and outer-sphere electron transfer mechanism in electrochemical oxidation and reduction (modified from [14,25]).
In contrast to inner-sphere reactions, electrode material is insensitive to substrate, product and intermediate in term of outer-sphere electron transfer reactions [14]. In general, non-active electrode materials like carbon and lead are used as the anode electrode in outer-sphere electron transfer reactions [20,21]. A great benefit is that the OER can be effectively avoided during biomass electrochemical oxidation. For outer-sphere reaction, electron transfer is accomplished by the tunnelling of the solvation layer. Outer-sphere reaction can be categorized as two aspects: small molecules-mediated electrochemical oxidation and oxidative radical coupling reaction [14]. Concretely, small molecules-mediated electrochemical oxidation is achieved by soluble redox mediators like TEMPO, PINO, polyoxometalate (POM), Fe3+/Fe2+, as mentioned in Section 3. On the contrary, for the outer-sphere reaction without redox mediators, substrates are oxidized to radical cations by single electron transfer. Subsequently, the coupling reaction between radical cations or cross-coupled between radical cations with nucleophilic reagents occurs, synthesizing valuable chemicals from biomass [20–22].
2.2. Inner- and outer-sphere electrochemical reduction
The essence of redox reaction is the electrons transfer and protons transfer, which occurs via various mechanisms. Proton coupled electron transfer (PCET) reaction is considered a vital reaction in chemistry and biology involving energy conversion and catalytic process [23–25]. The elementary steps of PCET reaction related to electron transfer (ET), proton transfer (PT) and hydrogen atom transfer (HAT). They are closely related to electrochemical reduction process. ET and PT synergistically affect the reaction mechanism and energetics. In such elementary steps, multi-electron redox reactions were allowed to buildup. At the same time, ET and PT reaction may simultaneously occur to prevent the generation of high-energy intermediates. In HAT, the e− and H+ transfer from the single donor to single acceptor [26]. In term of PECT, e− and H+ can migrate in the same direction or in opposite or orthogonal directions. They could transfer between distinct or identical donors and acceptors, indicating that the hybrid mechanisms exist in PECT reaction [26,27]. Nonetheless, the mechanism depends on temperature, solution pH and polarity. More detailed information about PECT reaction can be found in the literature [26,27].
Likewise, electrochemical reduction also relates to the inner- and outer-sphere electron transfer reactions (Fig. S1) [25]. As mentioned above, electrocatalytic reduction related to direct reduction (electron acquirement not involving Hads, or called as electronation-protonation) and indirect reduction (electrochemical hydrogenation or hydrogenolysis (ECH) involving Hads) [28,29]. In detail, indirect reduction involves inner-sphere reaction, where substrate reacts with Hads at electrode or electrocatalyst surface while electron is transferred. For direct reduction, it can be achieved by either inner- or outer-sphere electron transfer reaction since protonation step in electronation-protonation process of direct reduction may occur at the electrode surface or in the bulk solution [25]. It was worthy mentioned that direct reaction has featured a high H2 overpotential and low Hads coverage [25,29].
3. Kinetics in electrochemistry
For outer-electron transfer, the kinetics of electrochemical reaction can be well-described by Marcus’ theory [30]. Reaction kinetics in outer-electron transfer relies on reaction free energy and the reorganization energy. Reorganization energy measures the energy demanded for the employed product-like arrangement of reactants and surrounding solvents before electron transfer occurring. Electron transfer rate expands exponentially with the increasing driving force (i.e., overpotential: the applied potential value that exceeds thermodynamic redox potential [29]) until the overpotential approaches the reorganizational energy [31]. Nonetheless, electron transfer rate is insensitive when the driving force (overpotential) excess the reorganizational energy. Attributing to that the reaction relating to outer-electron transfer occurs in the solution, the reaction is insensitive to electrode material (surface structure and chemical composition). Conversely, inner-electron transfer involves the interface reaction, in which chemical-bond formation or rearrangement is consistent with electron transfer [31]. It is highly sensitive to electrode material. Although the mechanism presents significant differences, phenomenological rate equations Butler–Volmer have been commonly developed to model the kinetics of inter- and outer-sphere transfer, as depicted in Eqs. s(1) and s(2) [31].
 s(1)
 s(2)
in which ,  and  denote the anodic current, cathodic current and equilibrium exchange current. T, F, and R denote temperature, Faraday constant and ideal gas constant.  and  denote applied kinetics overpotential and symmetry factor.  denotes the empirical anodic transfer coefficients, and  denotes the cathodic transfer coefficients.
It is reported that reorganizational energy greatly affects kinetics of inner-sphere [32]. However, the competitive adsorption between reactants and solvents/electrolytes should be considered for inner-sphere reaction, indicating that required activation energy by adsorption is crucial in term of whole reaction kinetics [33]. Notably, Butler–Volmer expression Eq. (20) merely applies to outer-sphere single-electron transfer reaction. Conversely, Eq. (21) can be employed for both inner- and outer-sphere reaction with more than one electron [31]. It is worthy mentioned that equilibrium exchange current is associated with the height of the kinetic barrier [31]. In other words, activation energy of reaction is strongly affected by current density. By altering the applied current density, the cleavage of various chemical bonds can occur. The activation energy () for elementary electrochemical reactions (ignoring the contribution of non-Faradaic processes) and apparent activation energy () for a multistep reaction process can be acquired by Eqs. (3) and (4) [34,35].
 (3)
 (4)
in which  denotes the electrode potential,  denotes the reactant concentration, and  denotes the pressure constant.  and  denotes the current density of single chemical reaction and total current density for the overall reaction.
In electrochemical reaction,  or  is considered as the function of current density or overpotential etc. For elementary electrochemical reaction,  and  are regarded as identical. On the contrary, the determination and interpretation of  for a multistep electrochemical reaction are still huge challenge since each step has independent activation energy  [34]. Thus, the relationship between of  and  needs to be dissected. Also, the pre-exponential factor is another vital parameter to describe the reaction kinetics [35]. It can be assured that current density or overpotential is important parameter to preliminary explanation the reaction kinetics in electrochemical reaction, but the contribution from temperature cannot be ignored either (thermodynamics). In-depth understanding on kinetics and thermodynamics feature of lignin electrochemical conversion is necessary to acquire the information on reaction mechanism at an atomistic level. However, the relevant works associated with kinetics (like  or pre-exponential factor) and thermodynamics is rare on lignin valorization via electrochemical reaction. As such, such information aims to give more enlightenment on lignin electrochemical conversion, future works about kinetics and thermodynamics for lignin electrochemical conversion should be continuously promoted.
4. Electrochemical technique for upstream and downstream process of lignin biorefinery
Traditional extraction methods of isolating lignin from lignocellulose like alkaline and acidic extraction are usually performed in the working condition with high temperature (> 100 °C). Additionally, sulfur may also be incorporated into lignin fragments and thus causes lignin contaminant. For example, sulfur would be incorporated on the side-chain of phenolic moiety as thiol groups in Kraft pulping [36,37]. Likewise, during sulfite pulping, sulfonic group is introduced on the aliphatic side chain or reactive α position of phenolic moiety to form benzyl sulfonate groups [10,38,39]. To cope with these issues, electrochemical technique suggested a viable pathway to extract lignin from lignocellulose because of the advantages of milder condition and no sulfur contaminant. Sun et al. successfully extracted 66.7% of lignin from lignocellulose via electrochemical treatment using [Bmim]OAc/GVL as solvent with a low operating temperature (below 80 °C) [40]. During delignification, the produced hydroxyl radical plays a very vital role on delignification efficiency. Notably, hydroxyl radical formation varies with solvent. Compared with the organosolv, the amount and rate of hydroxyl radical formation are faster in inorganic solvent (NaCl/water) [41]. Additionally, the contribution of solvent for lignin extraction is unignore. More works should be conducted to identify the mechanism of electrochemical extraction and the interaction effect between electrochemical conversion and solvent on lignin extraction to further guide the lignin extraction from lignocellulose for more extensive application.
Another vital application of electrochemical technique on lignin valorization is separation, which involves lignin separation from the mixture containing lignin and high value-added products separation from electrochemical oxidation or reduction process. Lignin separation was divided into electrolysis and electrodialysis [42–44]. Concretely, for electrolysis, mixture containing lignin was acidified at the anode chamber caused by H+ generated by OER. Na+ contained in mixture migrated from anodic chamber to cathodic chamber through cation-exchange membrane. Then, acidified lignin was recovered [44]. For electrodialysis, lignin was acidified by bipolar membrane dissociation reaction (Fig. S2). More detailed information about lignin separation by electrodialysis process can be found in previous literatures [43]. For the high value-added products separation, it has been introduced in the Section 5 of this manuscript.

Fig. S2. Schematic of lignin separation by electrodialysis [43]. 
In term of lignin biorefinery, the process is categorized as extraction, depolymerization, upgrading and products separation, which are most frequently considered as physically separated, consecutive processes. Taking the traditional model as an example, lignin is first extracted by Kraft pulping. Then, depolymerization occurs via lignin pyrolysis. Lastly, depolymerization products are upgraded and separated via hydrodeoxygenation and various separation techniques respectively. Alternatively, two steps of these processes can be simultaneously carried out in a single operating unit such as reductive catalytic fractionation. For lignin biorefinery via electrochemical technique, electrochemical technology has been extensively used for subprocess of these processes. Despite the application of electrochemical technology for lignin extraction and product separation is not as common as depolymerization and upgrading, it gives the successful cases and implication on electrochemical extraction, depolymerization, upgrading and separation in term of whole biorefinery route. Enlightenment of such many embodiments for continued work in this field should be to design strong reactor or novel strategies to simultaneously achieve multi-steps in electrochemical biorefinery in a single operating unit.
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Table S3. Summary of the lignin ECO in recent publications.
	Substrate
	WE | CE | RE
	Device
	Electrolyte
	Operating parameters
	Aromatic monomers
	Ref.
	Year

	Lignin model molecule
	Pt foil | Pt foil | n.s.
	Undivided electrochemical cell
	1.0 mmol nBu4NOH, 1.0 mL THF and1.0 mmol tert-butyl hydroperoxide
	I: 30 mA, t: 3h, room temperature, atmospheric pressure
	Aromatic aldehydes and phenols
	[45]
	2021

	Lignin derivatives
	MnCoOOH catalyst supported on nickel foam | Pt foil | n.s.
	Undivided electrochemical cell
	1 mol·L−1 KOH
	E: 1.5 V vs RHE, t: 12 h
	Products yields: 91.5% for benzoate and 64.2% for adipate
	[46]
	2021

	Lignin model molecule (2-phenoxy-1-phenylethanol)
	Pt1/N-CNTs | GC (glassy carbon) | n.s.
	Undivided electrochemical cell
	0.2 mmol nBu4NOH, 0.5 mmol TBHP and 1.0 mL MeCN
	I: 20 mA, t: 5 h
	Benzaldehyde (yield: 81%, F.E.: 5.6%, X: 99%)
	[47]
	2021

	Lignin from black liquor collected from a pulp and paper mill
	TiO2 | Pt | Al/AlCl3
	Three-electrode cell
	1.0 mol·L−1 NaOH
	J: 4 mA·cm−2, t: 16 h, T: 0–30 °C
	Specific products were not detected
	[48]
	2020

	Ethanol organosolv lignin
	Commercially purchased nickel foam | Pt wire | Hg/HgO
	Three-electrode configuration
	1.0 mol·L−1 KOH
	E: 0.5 V vs Hg/HgO, t: 1 h
	Total yield of 17.5% for vanillin and syringaldehyde
	[49]
	2020

	Lignin isolated from poplar
	RVC foam | spiral platinum wire | Ag/AgCl
	Undivided electrochemical cell
	H2O/MeCN
	E: 0.80 V vs Ag/AgCl, T: 100 and 110 °C, t: 12 and 24 h, rotation: 600 rpm
	Monomeric aromatic compounds (30 wt% yield)
	[50]
	2019

	Wheat straw lignin
	Pb/PbO2 | alloyed Steel | n.s.
	500 mL reactor with an overhead mechanical stirrer
	NaOH (pH: 12.0–13.0)
	J: 10–50 mA·cm−2, T: 20–60°C
	Products yields: 1.134 g·kg−1-lignin for guaiacol and 1.248 g·kg−1-lignin for acetovanillone (FeW9Cr4V5Co3 as the cathode)
	[51]
	2019

	Purified lignin extracted from the corn stover via C2H5OH-H2O solution with a volume ratio of 3:1
	Pb/PbO2 | Cu/Ni-Mo-Co | saturated calomel electrode
	Three-electrode beaker cell
	1 mol·L−1 NaOH
	J: 10–45 mA·cm−2, T: 20–70 °C, t: 0–4 h
	Products yields: 22.40 g·kg−1-lignin for trans-ferulic acid, 11.09 g·kg−1-lignin for vanillin, 2.37 g·kg−1-lignin for 3-hydroxy-4-methoxyphenyl-ethanone, 10.04 g·kg−1-lignin for syringaldehyde, 6.95 g·kg−1-lignin for acetosyringone and 38.83 g·kg−1-lignin for 4-methoxy-3-methyl-phenol
	[52]
	2018

	Alkali lignin
	Ni, Co and Ni-Co | Pt | Hg/HgO
	Three-electrode
cell
	1 mol·L−1 NaOH
	E: 0.598 V, t: 16 h (room temperature)
	Products yields: 10.7–31.6 g·kg−1-lignin for vanillin, 2.1–4.2 g·kg−1-lignin for apocynin, and 4.9–22.6 g·kg−1-lignin for 3-methylbenzaldehyde
	[53]
	2018

	Kraft lignin
	Ni foam for anode and cathode | RE: n.s.
	Electrochemical reactor equipped with 3D nickel electrodes
	1 mol·L−1 NaOH
	E: 3.5 V, j: 40 mA·cm−2), t: 7 h (room temperature)
	Main products: vanillin and vanillic acid etc.
	[54]
	2018

	Alkali and Organosolv lignin
	Reticulated vitreous carbon for anode and cathode (distance: 5 mm) | RE: n.s.
	n.s.
	Ionic liquid: [Emim][OTf] and TMS (3,4-dihydroxybenzaldehyde)
	E: 2.5 V, T: 65 °C, t: 24 h
	Vanillin, apocynin, homovanillic acid, vanillic acid, 3,4-dihydroxybenzaldehyde, 2-
hydroxycyclopenta-decanone
	[55]
	2017

	Bamboo lignin
	Pb/PbO2 anode | Cu cathode | n.s.
	An undivided
cell
	1 mol·L−1 NaOH
	J: 20 mA·cm−2, T: 40 °C, t: 2 h
	Products yields: 36.06 g·kg−1-lignin for vanillin, 57.30 g·kg−1-lignin for syringaldehyde and 29.64 g·kg−1-lignin for p-coumaric acid
	[56]
	2017

	Lignin model substrates
	Carbon anode | Fe plate cathode | n.s.
	Beaker-type undivided cell
	0.15 mmol NaI and 15 mL of CH3OH
	J: 6 mA·cm−2, T: 0 °C
	2,2-dimethoxy-2-arylacetaldehyde, 2,2-dimethoxy-2-phenylacetaldehyde, etc.
	[57]
	2017

	Kraft lignin

	Nickel for WE and CE | Ag/AgCl
	An undivided
cell (three-
electrode
configuration)
	Deep eutectic solvents consisting of ethylene glycol–choline chloride with the mole ratio of 1:2
	E: 0.5–1 V, t: 24 h (room temperature)
	Relative yields: 30–38% for guaiacol, 34–37% for vanillin, 9% for apocynin and 12% for syringaldehyde, Mw = 2598–6077 g·mol−1 (after 24 h)
	[58]
	2016

	Kraft lignin

	Nickel (plate, wire, fleece, foam) for WE and CE | RE: n.s.
	Dual-chamber reactor
	1 mol·L−1 NaOH
	I: 2–8 A, t: 4 h (room temperature)
	vanillin, apocynin and syringaldehyde
	[59]
	2016

	Lignin
	Co core/Pt partial shell | Pt ring | Hg/HgO
	n.s.
	1 mol·L−1 KOH
	E: 0.598 V, t: 83–2700 min, rotation: 200–1700 rpm
	Vanillin, phenol and apocynin
	[60]
	2016


Note: WE corresponds to the working electrode, CE corresponds counter electrode and RE corresponds reference electrode. I denotes input current value and J denotes current density. E denotes electrode potential. T denotes temperature and t denotes reaction time. SR denotes stirring rate. F.E. denotes faradaic efficiency. X denotes substrate conversion. n.s. denotes not specified.

Table S4. Summary of the ECH of lignin or its derivatives in recent publications (Note: partial references originated from [25]).
	Substrate
	WE | CE | RE
	Device
	Electrolyte
	Operating parameters
	Aromatic monomers
	Ref.
	Year

	Guaiacol
	RhPtRu/carbon felt | Pt mesh | n.s.
	Dual-chamber
H-cell
	Catholyte: 0.2 mol·L−1 HClO4, Anolyte: 0.2 mol·L−1 HClO4
	E: 0.35 V, J: 50 mA·cm−2
	Methoxy-cyclohexanes, selectivity: 91.2%, F.E.: 62.8%
	 [61]
	2022

	Lignin isolated from hybrid poplar via the copper-catalyzed alkaline peroxide method
	Reticulated vitreous carbon (RVC) | Pt | n.s.
	H-cell
	Catholyte: DMF,
Anolyte: phosphate buffer (pH 8)
	I: 20 mA, J: 2.5 mA·cm−2, at room temperature, t = 7 h
	38 wt% for insoluble residue, 36 wt% for Ethyl acetate soluble fragments and 26 wt% for aqueous soluble fragments
	 [62]
	2021

	Guaiacol
	PtRhAu | Ir black | n.s.
	Three-electrode H-cell
	Catholyte: 0.2 mol·L−1 HClO4, Anolyte: 1 mol·L−1 NaOH
	J: 0.2 A·cm−2, t: 5 h
	2-methoxycyclohexanol, F.E.: 58%, selectivity: 76%
	 [63]
	2021

	Phenol/guaiacol
	Pt gauze (2.5 cm × 1.1 cm) | Pt wire | Ag/AgCl/ 3 mol·L−1 KCl
	Jacketed H-cell
	Catholyte: H2SO4 and NaCl, Anolyte: H2SO4 (0.5 mol·L−1)
	SR: 240 rpm, T: 50 °C, t: 4 h
	Cyclohexanol and cyclohexanone
	 [64]
	2021

	Deoxidized bio-oil generated from corn stover via catalytic fast pyrolysis assisted by microwave-
	Ru supported on activated carbon fiber | n.s. | n.s.
	H-cell
	n.s.
	I: 500 mA, t: 9 h, atmospheric temperature and pressure
	Relative content reduced for acids, phenols, sugars, esters, carbonyls and furans, relative content enhanced for alcohols
	 [65]
	2020

	Phenolic compounds
	Graphite rod | Pt mesh | Ag/AgCl
	H-cell with a dual catalyst
	Catholyte: SiW12 (0.1 mol·L−1), CH3OH/H2O with a volume ratio of 1:9 added in some situations (i.e., more complex reactants)
Anolyte: H3PO4 (1 mol·L−1)
	J: 0.1~0.8 mA·cm−2, T: 35–75 °C, t: 20–25 min, SR: 800 rpm (air at the cathode was removed via N2 purge)
	Cyclohexanol, Cyclohexanone, Cyclohexane (F.E.: 30%–99%, X: 77%–100%)
	 [66]
	2020

	Benzaldehyde

	Metal (Pd, Cu, Zn and Ru etc.) supported on carbon felt | Pt paper | Ag/AgCl

	Fixed-bed continuous-flow cell
	Catholyte: Mixture with 5% of acetic acid, 47.5% of isopropanol and 47.5% H2O, Anolyte: 1 mol·L−1 KOH in 10% CH3OH solution
	E: 0.6–1.4 V, I: 0.05–0.7 A, T: 25 °C, t: 0–100 min, feed rates for anolyte and catholyte: 2 cm3·min−1
	Benzyl alcohol and hydrobenzoin (F.E.: 7%–53%, ECH rate (mmol·g−1 cat·h−1): ~4.5 (over Pd), ~3 (over Cu)
	 [67]
	2020

	pine pyrolysis
oil
	Vulcan Carbon Black | Ti sheets with a Pt coating | n.s.
	Dual membrane
H-cell
	Catholyte: Oil Center compartment: Na2SO4 (1 mol·L−1)
Anolyte: Purified water
	I: 10–50 mA, E: 4 > 10 V, T: 35 °C, t: 1–15.5 h, Flow rate: 2 mL·min−1
	Number decreased for
total acid and carboxylic acid
	 [68]
	2020

	Guaiacol, Phenol

	Pt gauze, Ti gauze, or Ni gauze | Pt mesh | Ag/AgCl
	Jacketed H-cell and non- Jacketed H-cell
	Catholyte: 0.2–1 mol·L−1 H2SO4, 0.5 mol·L−1 NaCl, 0.2–0.5 mol·L−1 HClO4 and 0.2 mol·L−1 NaOH, Anolyte: 0.2 mol·L−1 H2SO4, 0.5 mol·L−1 NaCl, 0.2–0.5 mol·L−1 HClO4 and 0.2 mol·L−1 NaOH
	E: 1.0–2.5 V,
J = 109–255 mA·cm−2, T: 23–60 °C, t: 2–5 h, SR: 350–500 rpm
	Cyclohexanol, cyclohexanone,
Phenol and methanol
(F.E.: 0–94%, X: 0–100%)
	 [69]
	2020

	Bio-oil extracted from rice husk via fast pyrolysis
	Pt foil | Pt wire | n.s.
	Undivided cell
	0.1 mol·L−1 LiCl
	E: 10 V, t: 12 h, atmospheric temperature and pressure
	Peak area reduced for phenol, Creosol, 2- methoxy-phenol and 2-methoxy-3-propenyl-phenol etc.
	 [70]
	2019

	Benzaldehyde
	Metal (Pd, Ru, Cu, Ni and Zn etc.) supported on carbon felt | Pt paper | Ag/AgCl
	Fixed-bed continuous-flow cell
	Mixture with 5% of acetic acid, 47.5% of isopropanol and 47.5% H2O
	E: 0.6–1.6 V, I: 25–250 mA, T: 25 °C, feed rates for anolyte and catholyte: 2 cm3·min−1
	Benzyl alcohol, hydrobenzoin (F.E.: 25%–100%, TOF: 125–650 h−1 (over Pd), 50–300 h−1 (over Cu)
	 [71]
	2019

	Phenolics and aromatics
	Ru/ACC | Pt wire |
	H-cell
	Catholyte: 0.2 mol·L−1 HCl Anolyte: 0.2 M Phosphate buffer
	I: 100 mA, T: 80 °C, t: 2–10 h
	Cyclohexanol and methoxycyclohexanols etc.
(F.E.: 4%–46%, X: 50%–100%)
	 [72]
	2019

	Guaiacol
	PtNiB/CMK-3 | IrO2/C | n.s.
	H-type cell
	Catholyte: 0.2 mol·L−1 HClO4, Anolyte: 0.2 M HClO4
	E: 1.7–2.0 V, I: 40 mA, T: 60 °C, t = 5 h
	KA oil. Conversion rate: 80.1%, selectivity: 96.7%, F.E.: 86.2%
	 [73]
	2019

	Crude bio-oil
	Ru@OMC | graphite felt | n.s.
	Dual-chamber H-cell
	Catholyte: upgraded water-soluble bio-oil, WSBO, Anolyte: wastewater or lignin
	n.s.
	Hydrogen content enhanced for WSBO, alcohol carbon content enhanced for oil, F.E.: 24.4%
	 [74]
	2018

	Pyrolysis oil derived from pine
	A metal-free carbon catalyst | n.s. | n.s.
	Two-chamber electrolysis cell
	Catholyte: Mixture with 3 wt% of FA and 5 wt% of AA, Anolyte: purified water
	T: 35 °C (± 2 °C)
	Number reduced for total acid, pH increased from 2.6 to over 4, concentration reduced for the carbonyl
	 [68]
	2018

	Benzaldehyde
	Pd supported on graphitic carbon felt | Pt paper | Ag/AgCl
	Fixed-bed continuous-flow cell
	Catholyte: a mixture of deionized water and acetic acid with a mole ratio of 32:1 added with alcohols, Anolyte: 1 mol·L−1 KOH in CH3OH/H2O solution with a mass ratio of 1:9
	I: 50–150 mA, T: 25 °C, feed rates for anolyte and catholyte: 2 cm3·min−1
	Benzyl alcohol (F.E.: 25%–100%, TOF: 100–900 h−1)
	 [75]
	2018

	Phenol
	Carbon felt connected
to a graphite rod | Pt wire | Ag/AgCl
	Two-compartment galvanostatic cell
	Catholyte = Anolyte: Acetate buffer (50 mmol·L−1)
	E: 0.4–0.9 V, J: 0.02–0.25 mA/cm2, T: 23 °C, t: 3.5 h
	Cyclohexanol and cyclohexanone
(F.E.: 20–66%, X: 100%)
	 [28]
	2016

	Phenol
	Rh/C on carbon felt | Pt wire | Ag/AgCl
	Dual-chamber cell
	Catholyte = Anolyte: Acetate buffer (50 mmol·L−1)
	E: 0.15–0.45 V, T: 23–60 °C, t: 1–2 h
	Cyclohexanol and cyclohexanone
(F.E.: n.s., X: 55–95%)
	 [76]
	2016


Note: WE corresponds to the working electrode, CE corresponds counter electrode and RE corresponds reference electrode. I denotes input current value and j denotes current density. E denotes electrode potential. T denotes temperature and t denotes reaction time. SR denotes stirring rate. F.E. denotes faradaic efficiency. X denotes substrate conversion. n.s. denotes not specified.
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