
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Industrial  
Chemistry  
& Materials

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  W. Zhang, Y. Li, Y.

He, S. Zhang, H. Li, H. Zheng and Q. Zhu, Ind. Chem. Mater., 2024, DOI: 10.1039/D4IM00067F.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4im00067f
https://pubs.rsc.org/en/journals/journal/IM
http://crossmark.crossref.org/dialog/?doi=10.1039/D4IM00067F&domain=pdf&date_stamp=2024-08-30


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Membrane-free sequential paired electrosynthesis of 1,4-
hydroquinone from phenol over a self-supported electrocatalytic 
electrode 
Wei-Ling Zhang,abc Ya-Jing Li,ab Yingchun He,b Shao Zhang,*b Haohong Li,ac Huidong Zheng*ac and Qi-
Long Zhu*bd     

The sequential paired electrosynthesis capable of the production of organic chemicals through a series of electrochemical 
reactions that occur consecutively and in pairs are of high significance. Herein, a three-dimensional porous carbon felt-
loaded PbO2 electrode (PbO2/CF) with a self-supported nanostructure was fabricated using a double-cathode 
electrodeposition method, which severed as an efficient electrocatalyst enabling the unique sequential paired 
electrosynthesis of 1,4-hydroquinone (1,4-HQ) from phenol in a membrane-free electrolytic cell. In such exotic paired 
electrolysis system, phenol is first oxidized to p-benzoquinone at the anode, which is subsequently reduced to 1,4-HQ at the 
cathode. The as-obtained PbO2/CF electrode exhibited a remarkable electrochemical performance, achieving impressive 
conversion and selectivity of 94.5% and 72.1%, respectively, for the conversion of phenol to 1,4-HQ. This exceptional 
performance can be attributed to the open porous self-supported structure of the PbO2/CF electrode, which improves the 
active site exposure and substrate adsorption capability and reduces mass and charge transfer resistance. Furthermore, the 
catalyst electrode well maintained its structure integrity even after 140 hours of long-term use, further highlighting its 
promising application for the electrosynthesis of 1,4-HQ. Moreover, this sequential paired electrosynthesis strategy can be 
further extended to other substrates with electron-withdrawing/donating groups over the PbO2/CF electrode. The proof of 
concept in this innovative sequential paired electrosynthesis could provide a sustainable and efficient way to produce 
various desired organic compounds.

Keywords: Phenol; 1,4-Hydroquinone; Electrocatalysis; Sequential paired electrosynthesis; Self-supported electrodes

1 Introduction
1,4-Hydroquinone (1,4-HQ) and its derivatives have great 
industrial importance as they serve as raw materials and 
intermediates in the synthesis of various fine chemicals 
including photographic film developers, dyes, antioxidations, 
and polymer materials.1–3 In the past, 1,4-HQ was mainly 
synthesized by aniline,4 and diisopropyl benzene via classical 
chemical methods.5 However, these methods usually suffer 
from several disadvantages, involving low production efficiency, 
long reaction routes, high consumption of raw materials, and 
serious environmental pollution, which limit the further 
development.5,6 Subsequently, one-step hydroxylation of 
phenol has received great attention. However, the 
hydroxylation of phenol is commonly carried out by 

conventional thermochemical methods utilizing hydrogen 
peroxide (H2O2) as the oxidant,7–9 which increases the cost and 
operational risk. Most importantly, the efficient and para-
selective hydroxylation of the phenolic C-H bond is a challenging 
problem under the reaction conditions and the selectivity of 
reported methods has not been satisfactory.10–12 Generally, 
catechol, a byproduct that has relatively few industrial 
applications, is more easily obtained utilizing thermal catalysis. 
Thus, the efficient processes for green and selective synthesis 
of 1,4-HQ are still highly desired.

Electrosynthesis using water as the oxidant is a sustainable, 
safe, and eco-friendly strategy that facilitates chemical 
synthesis at ambient temperature and pressure.13–16 Up to now, 
there has been some research into the electrooxidation of 
phenol.17,18 Yet, the majority of previous studies have focused 
on the oxidative degradation of phenol.19–22 Likewise, some 
researchers have studied the influence of pH, temperature, and 
concentration on the electrooxidation of phenol on Pt 
electrode.23,24 However, there are only a very limited number of 
investigations on the production of high value-added products. 
For example, in acidic electrolytes, Baravkar et al.25 
demonstrated that surface-modified reticulated glassy carbon 
(RVC) based electrodes can be utilized for the electrooxidation 
of phenol, introducing functional groups like -C-O, -C=O, and -
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COO, which showed resistance to surface poisoning and 
provided good product selectivity. Although the selectivity for 
1,4-HQ can reach up to 87%, the fast reaction rate required the 
additive oxidant (H2O2) to the electrolyte. Besides, the low 
mechanical strength in flow cell is a disadvantage of the RVC 
electrodes.26 Meanwhile, Li et al.27 prepared the NiV-layered 
double hydroxide nanosheets (NiV-LDH-NS) with enriched 
defects and bimetallic synergistic effects for electrochemical 
phenol hydroxylation under alkaline conditions, confirming that 
electron-rich defects accelerated the V4+/V5+ redox to produce 
hydroxyl radicals (·OH) involved in the electrochemical phenol 
hydroxylation. Despite these progresses, it is still a challenge to 
prepare catalytic electrodes for efficient electrochemical 
production of 1,4-HQ from phenol in an aqueous electrolyte 
simultaneously with good selectivity and long-term stability. 

Recently, researchers have conducted the explorations of 
paired electrosynthesis to produce various desired compounds 
through a series of electrochemical reactions that occur in 
pairs,28–32 including the production of 1,4-HQ.33,34 Specially, the 
sequential paired electrosynthesis, where multiple 
electrochemical reactions occur in sequence to yield a single 
product, involves the coupling of both oxidation and reduction 
reactions and allows for the synthesis of desired compounds in 
a controlled and efficient manner.35 For instance, Muchez and 
colleagues36 reported an innovative electrochemical procedure 
for synthesizing α-hydroxy acids from aromatic alcohols, which 
encompasses a two-step reaction within an undivided 
electrochemical cell. Initially, in the presence of a small amount 
of water, aromatic alcohols are efficiently oxidized to ketones 
or aldehydes at the anode, and then converted to α-hydroxy 
acids by coupling with CO2 at the cathode, achieving yields of up 
to 61%. Inspired by these unique merits, we proposed a 
sequential paired electrosynthesis strategy for 
electrochemically converting phenol to 1,4-HQ, which entails 
the electrochemical redox processes involving the oxidation of 
phenol to p-benzoquinone at the anode, followed by the 
subsequent reduction to 1,4-HQ at the cathode. Since p-
benzoquinone is readily to be selectively reduced into 1,4-HQ, 
the selective electrooxidation of phenol to p-benzoquinone at 
the anode is a critical step, which, however, still suffers from 
insufficient activity and selectivity of the electrocatalysts. 
Research has been indicated that the electrode surface is highly 
susceptible to formation of non-conductive polymers during 
electrooxidation of phenol.37,38 Thus, the design of the efficient 
anode electrode is a key to the sequential paired 
electrosynthesis of 1,4-HQ from phenol. PbO2 electrocatalysts 
are low-cost and readily to prepare, and their significantly high 
electrical conductivity and chemical stability make them one of 
the most promising anode materials for electrocatalytic 
applications.39–41

Based on the above considerations, in this work, the self-
supported PbO2/CF anode was facilely obtained through the 
simple double-cathode electrodeposition method, which was 
subsequently applied as an efficient electrocatalyst for the 
membrane-free sequential paired electrosynthesis of 1,4-HQ 
from phenol (Scheme 1). The as-obtained PbO2/CF anode 
displayed exceptional electrochemical performance with high 

activity and selectivity for 1,4-HQ production in this system, 
which can be attributed to the open porous self-supported 
nanostructure of PbO2/CF and the efficient sequential paired 
electrolysis configuration. Additionally, the long lifespan of the 
PbO2/CF electrode and its capacity to oxidize a series of phenol 
derivatives make such sequential paired electrosynthesis 
strategy a potential approach for producing value-added 
compounds.

2 Results and discussion
2.1 Characteristics of the PbO2/CF electrode

As shown in Fig.1a, the self-supported PbO2/CF electrode was 
prepared via a facile one-step double-cathode 

Scheme 1 The traditional synthesis and schematic of membrane-free sequential paired 
electrosynthesis of 1,4-HQ from phenol over PbO2/CF and CC (Note: TS-1 = titanosilicate-
1).

Fig. 1 (a) Scheme illustration of the double-cathode electrodeposited method for the 
synthesis of PbO2/CF and the growth of loaded PbO2; (b) XRD patterns of PbO2/CF, 
PbO2/G and CF substrate with PDF card of β-PbO2; (c) Raman spectra of PbO2/CF and 
PbO2/G; XPS spectra of (d) Pb 4f and (e) O 1s of PbO2/CF and PbO2/G.
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electrodeposition method. According to Fig. 1b, in the XRD 
spectrum of the CF substrate, a distinct diffraction peak appears 
at 2θ = 25.1° assigned to graphitic carbon, while a broad peak 
shows the presence of amorphous carbon in CF. In the XRD 
spectra of PbO2/CF and PbO2/G, the CF broad peak is almost 
completely concealed by those of the PbO2 phase, which 
indicates high crystallinity and compactness of PbO2 on the 
electrode. The strong peaks at 25.4°, 32°, 36.2°, and 49° are 
attributed to the presence of (110), (101), (200), and (211) 
planes of β-PbO2 (JCPDS No. 41-1492), respectively. 
Nonetheless, the two very weak peaks at 23.3° and 28.6° are 
related to α-PbO2 (JCPDS No. 45-1416). The sharp diffraction 
peaks of β-PbO2 suggest that it is the main phase. The Raman 
spectra of the PbO2/CF and PbO2/G samples show the same 
peaks at 163, 385, 518, and 663 cm-1, which are attributed to 
the feature of β-PbO2 (Fig. 1c).42,43 The XPS survey spectra (Fig. 
S1) demonstrate that both PbO2/CF and PbO2/G contain only Pb 
and O elements. Accordingly, the detailed electronic structures 
of Pb 4f and O 1s spectra are presented in Fig. 1d-e. The typical 
XPS peaks of Pb 4f (Fig. 1d) with binding energies at 137.2 and 
138.3 eV are assigned to Pb 4f7/2, and the peaks at 142 and 142.9 
eV are identified as Pb 4f5/2.44 Meanwhile, the O 1s peak (Fig. 
1e) can be matched with two peaks at 529.8 and 531.6 eV, 
which are associated with the Pb-O and O-H groups, 
respectively.45 These results confirmed that the β-PbO2 phase 
has been successfully deposited onto the surface of carbon felt.

The surface morphology of the CF substrate is presented in 
Fig. 2a1-a3, showing that the bare CF substrate is composed of 
a three-dimensional network of long cylindrical fibers with 
rough grooves, which is beneficial for the adhesion of Pb2+ to 
the substrate with a strong bonding effect. According to Fig. 
2b1-b3, after the PbO2 electrodeposition, all the carbon fibers 
are uniformly and completely coated by the PbO2 nanocrystals 
without any crack in the form of pyramidal particles. Also, as 
observed in the inset of Fig. 2b1, the surface-modified CF 

reveals a noticeable color change from black to grey. The porous 
structure of PbO2/CF displays a higher active surface area which 
could enhance the mass transfer in comparison with the 2D 
PbO2/G electrode (Fig. S2). The EDX mapping and spectra 
images of PbO2/CF are presented in Fig. 2c and Fig. S3a, 
respectively. It can be seen that lead (Pb) and oxygen (O) 
elements are uniformly distributed on the CF. Fig. 2d-e further 
show the morphology of the PbO2 nanocrystal stripped from 
PbO2/CF, verifying the nanocrystal nature of PbO2. In Fig. 2f, the 
lattice fringes of 0.344 and 0.285 nm are identified in the high-
resolution TEM (HRTEM) image, corresponding well with the 
(110) and (101) lattice planes of β-PbO2, which is consistent with 
the XRD analysis result.

2.2 Electrochemical characterization of the PbO2/CF electrode

The cyclic voltammetry (CV) analyses were conducted in a 
three-electrode system. In Fig. S4, the oxidation and reduction 
of phenol on the PbO2/CF and PbO2/G anodes were tested in 0.1 
M H2SO4 with or without the presence of 20 mM phenol. In the 
acidic aqueous electrolyte, phenol molecules can be adsorbed 
onto the PbO2 electrode surface and oxidized by losing one 
electron and proton to form phenoxy radical. The intermediate 
species can be activated on the electrode surface to efficiently 
react with water to form the o- or p-benzoquinone. As 
illustrated in Fig. S4a, a stronger adsorption oxidation peak is 
visible at 1.59 V (vs. Ag/AgCl) over PbO2/CF compared to that of 
PbO2/G (Fig. S4b), which confirms that the 3D self-supported 
electrode has a higher electrochemical activity.46 The transfer 
kinetics of electrons between the electrode and electrolyte was 
analyzed through electrochemical impedance spectroscopy 
(EIS). Fig. S5 shows that PbO2/CF exhibits a lower ohmic 
resistance (Rs) compared to PbO2/G (6.66 vs. 9.75 Ω), suggesting 
that PbO2/CF has higher conductivity, leading to the enhanced 
electrochemical performance. Additionally, PbO2/CF presents 
faster interfacial charge transfer kinetics during the 
electrochemical process, as evidenced by a lower charge 
transfer resistance (Rct) in contrast to PbO2/G (32.37 vs. 592.7 
Ω). Meanwhile, owing to the 3D self-supported structure, the 
PbO2/CF electrode offers a larger surface area and exposes 
more active sites compared to PbO2/G. This observation is in 
line with the analysis of the porous nanostructure and the 
electrochemical activity of the PbO2/CF electrode.

2.3 Electrocatalytic performance for sequential paired 
electrosynthesis of 1,4-HQ from phenol

The electrosynthesis of 1,4-HQ from phenol was conducted via 
the sequential paired electrosynthesis system with PbO2/CF and 
carbon cloth as the anode and cathode, respectively, in a 
membrane-free two-electrode electrolysis cell under a 
galvanostatic mode. Through this unique paired 
electrosynthesis, phenol is first selectively oxidized to p-
benzoquinone at the anode, which is subsequently reduced to 
1,4-HQ at the cathode. Since the second-step reduction of p-
benzoquinone to 1,4-HQ at the cathode is relatively readily and 
selective, the selective oxidation of phenol to p-benzoquinone 
and the avoidance of excessive oxidation at the anode are 

Fig. 2 SEM images of (a1-a3) bare CF substrate and (b1-b3) PbO2/CF; (c) EDX elemental 
mapping images of PbO2/CF; (d) SEM, (e) TEM, and (f) HRTEM images of the PbO2 
nanocrystals stripped from PbO2/CF.
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decisive. The concentrations of reactants and products were 
quantitatively evaluated via nuclear magnetic resonance (NMR) 
spectroscopy (Fig. S6). The electrolysis of phenol to 1,4-HQ was 
first studied at various current densities ranging from 5 to 20 
mA cm−2, with an applied charge of 290 C. The results shown in 
Fig. 3a and 3b were obtained, when PbO2/CF and PbO2/G were 
respectively used as the anodes. As depicted in Fig. 3a, it is 
evident that the electrosynthesis with the PbO2/G electrode 
yielded small amounts of 1,4-HQ product. By contrast, the yield 
of 1,4-HQ was significantly improved to 68.2% at 10 mA cm−2, 
with Faradaic efficiency (FE) of 55% and small amount of by-
products, when the reaction was carried out with the PbO2/CF 
electrode (Fig. 3b). Furthermore, the conversion of phenol at a 
given charge condition remained above 90% upon increasing 
the applied current density, whereas the selectivity for 1,4-HQ 
was initially rosed but later declined, indicating that higher 
current densities are more prone to favor the undesired side 
reactions, resulting in a decrease in the desired product 
quantity. This could be attributed to the fact that, at the higher 
current densities, the phenol substrate was quickly oxidized at 
the anode without adequate time for the intermediates to leave 
the electrode before further oxidation occurrence. Based on the 
results, the current density of 10 mA cm−2 achieves the highest 
selectivity and thus was applied for further study. In addition, 
the optimization of sulfuric acid concentration in the electrolyte 
solution was performed (Fig. S7a) within a measured range from 
0.1 to 1 M. As the acid concentration increased, the selectivity 
of the desired 1,4-HQ product decreased. This phenomenon can 
be ascribed to the heightened susceptibility of the cathode to 
competing HER in the solution with elevated acid concentration. 
Furthermore, the p-benzoquinone generated by anodic 
oxidation was not promptly reduced at the cathode, resulting in 
further oxidation and corresponding a decrease in the yield of 
the 1,4-HQ product. The optimization of amount of the charge 
was also performed (Fig. S7b). It was observed that applying a 
charge of 290 C at a constant current density of 10 mA cm−2 
yielded the highest selectivity for 1,4-HQ, with a concentration 
of approximately 13.6 mM. Therefore, according to the optimal 
reaction conditions, the electrosynthesis was conducted in 0.1 
M H2SO4 solution at the current density of 10 mA cm−2 under 
the charge of 290 C. When compared to other chemical 
methods (Table S1), such electrosynthesis method 
demonstrated here delivers much superior conversion and 
selectivity towards 1,4-HQ under mild reaction conditions.

The trends in substrate conversion rate are shown in Fig. 3c, 
with a gradual decrease from 0.8 to 0.6 mmol L−1 h−1 at the 
PbO2/CF electrode. This may be due to the rapid consumption 
of the substrate and subsequent decrease in phenol 
concentration during electrolysis, resulting in a decline in the 
reaction rate. On the other hand, the conversion rate at the 
PbO2/G electrode was around 0.28 mmol L−1 h−1, much lower 
than that at the PbO2/CF electrode. The generation rate of 1,4-
HQ product is displayed in Fig. 3d, with the PbO2/CF electrode 
exhibiting a rate almost twice as high as that of the PbO2/G 
electrode. The long-term galvanostatic tests of the PbO2/CF and 
PbO2/G electrodes were further investigated at the current 
density of 10 mA cm−2 with 45 mM phenol in 0.1 M H2SO4 

electrolyte solution (Fig. 3e, S8). As time progressed, the actual 
electrode potential remained steady at around 3.0 V. The 
PbO2/CF anode exhibited a 1,4-HQ yield of 55% after 60 hours, 
while the PbO2/G anode only showed 28%, half that of PbO2/CF. 
More visually, the product generation kinetics constant (k) for 
PbO2/CF (0.999 h−1) was 2.45 times higher than that for PbO2/G 
(0.408 h−1) under the same conditions (Fig. S9). Satisfyingly, the 
service life of the PbO2/CF anode is longer than 144 hours, 
demonstrating excellent durability in the reactions. This 
remarkable stability was further confirmed by characterizing 
the recycled electrode with XRD and SEM techniques, which 
indicate that the crystalline structure of PbO2 in the electrode 
was well-preserved (Fig. S10a). The SEM images (Fig. S10c) show 
that the PbO2/CF electrode still had a compact and uniform 
structure after long-term use. However, slight decomposition of 
the PbO2/G electrode was observed during the reaction process, 
as evidenced in Fig. S11. Additionally, the CF substrate was 
found to be unsuitable for use as the anode electrode (Fig. S12). 
In comparison to the 2D PbO2/G, the 3D structure of the 
PbO2/CF electrode offers a larger catalytic surface and more 
active sites, which could be the main factors for its remarkable 
performance for 1,4-HQ production.

2.4 Reaction mechanisms for sequential paired electrosynthesis of 
1,4-HQ from phenol

To better insight into the reaction mechanisms, the pathways of 
the sequential paired electrosynthesis of 1,4-HQ from phenol in 
the membrane-free electrolysis system were further 

Fig. 3 (a) phenol conversion, 1,4-HQ selectivity and yields at various current densities  in 
0.1 M H2SO4 with an applied charge of 290 C over PbO2/G; (b) phenol conversion, product 
selectivity, yields, and FEs at various current densities in 0.1 M H2SO4 with an applied 
charge of 290 C over PbO2/CF;  (c) phenol conversion rates and (d) 1,4-HQ production 
rates over PbO2/CF and PbO2/G; (e) long-term stability test of PbO2/CF with 45 mM 
phenol in 0.1 M H2SO4 solution (75 mL) at 10 mA cm−2.
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investigated. Based on previous research on the 
electrochemical conversion mechanisms of phenol to various 
products in an undivided cell, the possible involved reactions 
are shown in Scheme S1.47,48 During the electrolysis process, 
phenol is oxidized on the anode, resulting in the formation of 
three types of phenoxy radical.49 Extensive research has 
documented that the radical situated at the para position is 
comparatively more stable than the radical located ortho to the 
carbonyl, and the former can undergo hydration to yield p-
benzoquinone, while the latter can be hydrated to form o-
benzoquinone.50 Therefore, it is probable that the 
electrooxidation of phenol is more likely to produce the 
intermediate of p-benzoquinone, which subsequently receive 
electrons and protons to become 1,4-HQ at the cathode.

To verify the fact that the actual reactions follow the 
established pathways, diverse electrolysis configurations were 
set up to study the reaction pathways and 1H NMR was used to 
analyze the products (Fig. 4). In an undivided cell, the sequential 
paired electrolysis of phenol occurred, and the predominant 
outcome was manifested to be 1,4-HQ (Fig. 4a,b). Subsequently, 
comparative reactions were conducted in an H-type cell with 
the membrane separator, where p-benzoquinone was the 
predominant anodic product when phenol was used as the 
substrate (Fig. 4c, 4d). On the other hand, 1,4-HQ was the 
exclusive cathodic product when p-benzoquinone was used as 
the substrate (Fig. 4e, 4f). Furthermore, the conversion, 
selectivity, yield, and current efficiency were quantified (Fig. 
S13). These results certainly endorse that the reaction pathways 

in such membrane-free sequential paired electrosynthesis 
follow the oxidation of phenol to p-benzoquinone and then the 
reduction to 1,4-HQ.

2.5 Substrate extension through sequential paired electrosynthesis

Finally, in order to gain a better understanding of the 
compatibility of this paired electrosynthesis strategy, our study 
was expanded to include other phenolic compounds under the 
same conditions (Table 1 and Fig. S14-16). The reactivity of 
phenols with electron-donating alkyl substitutions, such as 
ortho, dimethyl, and trimethyl cresols, was tested. It was 
observed that nearly all of the substrates exhibited the 
conversion exceeding 90%, with the exception of 2b. 
Additionally, we also screened the influence of the electro-
withdrawing groups in phenols (e.g., ortho-chlorophenol and 
ortho-fluorophenol) on their reactivity, noting minimal variance 
in conversion ratio. However, an increase in electron-donating 
groups diminishes product selectivity, this phenomenon can be 
attributed to the spatial site-barrier effect caused by the 
increase in the number of methyl groups. This resulted in lower 
final yields, with the ortho isomer being the most productive, 
yielding 42.7% of 2b and 38.5% of 2c. The yield of 2d, which 
contains the highest number of methyl groups, is the lowest at 
16.2%. Among substrates with electron-withdrawing groups, 
we noted a difference in product selectivity between 2-
chlorophenol and 2-fluorophenol, likely due to the stronger 
ortho-para localization effect of the -F over the -Cl group. 
Specifically, ortho-chlorophenol afforded a higher yield of 40.1% 
for 2e, compared to ortho-fluorophenol’s product 26.8% (2f). 
The results from our substrate scope analysis indicate that the 
phenols with few electron-donating groups or weaker electron-
withdrawing groups tend to yield higher amounts of the 
corresponding 1,4-HQ derivatives (Fig. 5).

Table 1 Substrate extension through sequential paired electrosynthesis.a 
Molecular structures of the desired phenolic compounds and corresponding 
conversion, selectivity and yields.

2a, 94% b, 
72% c, 68% d

2b, 76% b, 
56% c, 43% d

2c, 98% b, 
39% c, 39% d

2d e, 96% b, 
17% c, 16% d

2e, 76% b, 
53% c, 40% d

2f, 69% b, 
39% c, 27% d

[a] The reaction conditions: primary phenols (20 mM); 30 mL of 0.1 M H2SO4 as 
the electrolyte; constant current of 10 mA cm−2 at room temperature; applied 
charge of 290 C; PbO2/CF electrode and carbon cloth as the anode and cathode, 
respectively. The products were determined by GC analysis. [b] conversion (%); [c] 
selectivity (%); [d] yield (%); [e] the electrolyte solution (0.1 M H2SO4 in H2O/MeCN 
(v:v = 24:6)).

Fig. 4 Reaction pathways in diverse electrolysis configurations and corresponding 1H 
NMR spectra of substrates and products. (a, b) membrane-free sequential paired 
electrosynthesis of 1,4-HQ from phenol; (c, d) membrane-separated phenol oxidation 
reaction coupling with HER (e, f) membrane-separated p-benzoquinone reduction 
reaction coupling with OER.
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3 Conclusion 
In summary, a three-dimensional PbO2/CF electrode was 
prepared using a facile one-step double-cathode 
electrodeposition method, which can serve as an efficient 
anodic electrocatalyst for the membrane-free sequential paired 
electrosynthesis of 1,4-HQ from phenol in an acidic electrolyte. 
The PbO2/CF electrode, with its 3D porous structure, exhibits a 
high catalytic surface to sufficiently expose the active sites, 
improving the charge and mass transfer and enhancing the 
activity. Consequently, the PbO2/CF electrode achieved the 
boosted catalytic performance for the sequential paired 
electrosynthesis with a phenol conversion of 94.5% and a 1,4-
HQ selectivity of 72.1%, greatly surpassing the performance of 
the 2D PbO2/G counterpart. Meanwhile, the efficiency of the 
PbO2/CF electrode was well maintained for over 140 hours. 
Furthermore, the studies on the reaction pathways of this 
unique sequential paired electrosynthesis were well conducted. 
We also evaluated the compatibility of this electrosynthesis 
method with electro-withdrawing/donating phenols using the 
PbO2/CF electrode. In conclusion, this study demonstrates the 
high potentials of the self-supporting electrocatalytic 
electrodes and the sequential paired electrosynthesis strategy 
for producing value-added chemical compounds.

4 Experiment
4.1 Electrode preparation

PbO2/CF electrodes were prepared using a facile one-step 
double-cathode electrodeposited method. Typically,51 the 
carbon felt (CF) was firstly cleaned by ultrasonicating 
sequentially in deionized water, 40% NaOH solution, and 
HNO3/H2SO4 (v/v=3:1) aqueous solution for 30 min to increase 
surface oxygen functional groups. The cleaned CF substrate was 
rinsed several times with deionized water and anhydrous 
alcohol, and then dried in an oven at 60 °C. In a typical synthesis 
procedure, 12 mmol of Pb (NO3)2 and 6 mmol of HNO3 were 
dissolved in 60 mL of deionized water. The resulting solution 
was then transferred into a single-compartment 
electrochemical cell that was equipped with three electrodes, 
all possessing identical dimensions. The cleaned CF sheet (2 cm 

× 3 cm) serving as the anode was positioned between two 
stainless steel (SS) meshes, with a separation distance of 1.5 cm. 
The electrodeposition was carried out at a constant current 
density of 60 mA cm−2 for 60 min at room temperature. The as-
deposited PbO2/CF was rinsed with deionized water several 
times and dried in an oven at 60 °C. As a comparison, the 
PbO2/G electrode was prepared using the same 
electrodeposition method. For pre-treatment of graphite 
substrate, the surface was first sanded with emery paper and 
cleaned with 40% NaOH solution and HNO3/H2SO4 mixture. 
Electrodeposition on the graphite was performed at a current 
density of 20 mA cm−2 for 120 min.

4.2 Electrode characterization

X-ray diffraction (XRD) patterns were collected on Rigaku 
Miniflex 600 X-ray diffractometer with Cu Kα radiation. The 
morphology and element distribution of the samples were 
obtained on a ZEISS SIGMA 300 field emission scanning electron 
microscope (SEM) and FEI Tecnai F20 transmission electron 
microscope (TEM). X-ray photoelectron spectroscopy (XPS) was 
examined using Thermo Fisher ESCALAB 250Xi with C 1s peak 
(binding energy = 284.8 eV) as the internal standard. The Raman 
spectra were acquired by Horiba Jobin Yvon LabRAM HR Raman 
spectrometer equipped with a 25 mW 633 nm laser. 1H NMR 
spectra were recorded on the ECZ600S spectrometer (600 MHz).

4.3 Electrochemical experiments and analytical methods

All the electrochemical characterizations were performed with 
a CHI660E electrochemical workstation in an undivided cell with 
a three-electrode set-up. The as-prepared porous electrode 
(1.0×1.0 cm2) and carbon cloth (CC) (1.0×1.0 cm2) were used as 
the anode electrode (WE) and cathode electrode (CE), 
respectively. The Ag/AgCl (saturated KCl) was used as the 
reference electrode (RE). Cyclic voltammetry (CV) scans were 
recorded at a scan rate of 100 mV s−1. The electrochemical 
impedance spectroscopy (EIS) was recorded with a frequency 
ranging from 0.01 to 105 Hz at the AC amplitude of 5 mV. All 
paired electrosynthesis measurements were performed using a 
two-electrode system in an undivided cell under constant 
current mode. The typical electrolyte contains 30 mL of 0.1 M 
H2SO4 aqueous solution with 20 mM phenol. After electrolysis, 
the liquid products were detected using 1H nuclear magnetic 
resonance (NMR) with DMF serving as the internal standard or 
extracted by ethyl acetate and quantitatively analyzed by gas 
chromatography (GC, Shimadzu 2010 with an HP-5 column and 
an FID detector). The conversion of phenol (X) and the 
selectivity of its products (S) were calculated by the following 
equations, respectively.

𝑋 =
 𝑛0

𝑝ℎ𝑒𝑛𝑜𝑙 ― 𝑛𝑝ℎ𝑒𝑛𝑜𝑙

𝑛0
𝑝ℎ𝑒𝑛𝑜𝑙

× 100%

𝑆 =
𝑛𝑀

𝑛0
𝑝ℎ𝑒𝑛𝑜𝑙 ― 𝑛𝑝ℎ𝑒𝑛𝑜𝑙

× 100%

where 𝑛0
𝑝ℎ𝑒𝑛𝑜𝑙is the initial phenol concentration, 𝑛𝑝ℎ𝑒𝑛𝑜𝑙 and 𝑛𝑀  

are the concentration of phenol and 1,4-HQ, catechol, p-
benzoquinone after electrolysis, respectively.

Fig. 5 Yield distribution of phenols with different functional groups.
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Faradaic efficiency (FE) was calculated according to the 
following expression:

𝐹𝐸 =
𝑛𝑧𝐹

𝑄 × 100%

where n is the amount of target product (moles), z is the number of 
electrons transferred to produce a target product molecule (z = 4 for 
p-benquinone; 2 for 1,4-HQ and catechol), F is Faraday constant 
(96485 C mol-1), and Q is the total applied charge.
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