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Graphical abstract: an organic molecule of 2,2’,5,5'-tetrahydroxybiphenyl (BP40OH)

with controllable redox state is firstly reported as the new cathode for Li-ion batteries.
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ABSTRACT: For the first time, a small organic molecule of 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH)
is synthesized as a new organic cathode for Li-ion batteries. After setting reduction in the 1 cycle
in Li-ion half cells (reduction—>oxidation), BP4OH can be in-situ transformed to its salt of lithium
2,2’-bis[benzene-1,4-bis(olate)] (BP40OLi) on Al foil. The resulting BP4OLi is a Li-rich organic cathode
and exhibits very good cell performance. For example, the average capacity of ~155 mAh g for
the BP4OLi electrode is realized during 600 cycles (500 mA g1). On the other hand, after setting
oxidation in the 15t cycle (oxidation—>reduction), BP4OH can be in-situ tuned to its oxidized state

of 2,2’-bis(1,4-benzoquinone) (BBQ). Interestingly, the resulting BBQ can be still redox-active and
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show satisfactory cell performance. For instance, the average capacity of ~101 mAh g'! for the BBQ

electrode can be obtained for 600 cycles (500 mA g). This work reveals very interesting redox

behaviors of organic electrodes.

1. INTRODUCTION

Due to the outstanding merits like high energy density and low cost, organic redox-active

compounds have opened the new horizon for development of the next-generation rechargeable

batteries, particularly for Li-ion batteries (LIBs) [1-6]. On the cathode side, organic moiety of 1,4-

benzoquinone (BQ) with very clear two-electron mechanism can realize the maximum (max.)

specific capacity of 496 mAh g1 in LIBs, which is one of the best organic cathodes reported to date

[7-12]. To be a qualified electrode material with Faraday mechanism, an organic electrode material

must simultaneously possess stable reduced and oxidized states (redox couple) [12, 13]. And 1,4-

benzoquinone (BQ) basically exists as oxidized state while its reduced state is the metal salt of

[benzene-1,4-bis(olate)]?*, where the cation of the related metal salt is Li ion in LIBs [14]. Notably,

both the reduced state [lithium benzene-1,4-bis(olate) (BP20Li)] and the oxidized state (BQ) are

highly stable in electrochemical environment.

To construct Li-ion full batteries, the redox state of a cathode must match with the redox state

of an anode. For instance, BQ of oxidized state on the cathode side must be coupled with a material

of reduced state on the anode side (such as Li metal) during battery fabrication [15-17]. Notably,

the kinds of such reduced-state anodes are currently very scarce. On the other hand, the electron-

rich organic anion moiety of [benzene-1,4-bis(olate)]?* is very sensitive to oxygen (O,), which

makes [benzene-1,4-bis(olate)]?* and its derivatives air-unstable and difficult to purify at lab

conditions. Currently, very few Li salts of [benzene-1,4-bis(olate)]?* and its derivatives have been



reported as the organic cathodes for LIBs [14, 18]. Notably, the Li salts of [benzene-1,4-bis(olate)]?*

and its derivatives can be regarded as the Li-rich organic cathodes in LIBs [19].

In our previous study, we initially unveiled that the active proton (H*) in -COOH group of

terephthalic acid (H,TP) could be electrochemically changed to hydrogen gas (H,) below certain

reduction potential (vs. Li*/Li) in Li-ion half cells and thus the resulting -COOLi salt (Li,TP) was

successfully realized [20]. Currently, there are very few reports that this effective strategy can be

widely applied to -OH group of organic aromatic moieties [19]. In this article, we synthesized and

initially used 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH) as the starting organic electrode material to

prove that the aromatic -OH group could also be in-situ converted to lithium salt (-OLi group)

through electrochemical synthesis. As a consequence, the resulting lithium 2,2’-bis[benzene-1,4-

bis(olate)] (BP4OLi, ;=443 mAh g1) could be in-situ employed as the Li-rich organic cathode for

LIBs. For example, the resulting BP4OLi electrode could deliver the max. discharge capacity of ~432

mAh g1 with the average discharge potential of ~2.5 V (vs. Li*/Li) in LIBs. Consequently, an

impressively high energy density (>1000 Wh kg) could be realized for the Li-rich BP4OLi.

More interestingly, we simultaneously proved that the oxidized state [2,2’-bis(1,4-

benzoquinone), BBQ] of 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH) could also be in-situ synthesized

above certain oxidation potential (vs. Li*/Li) in Li-ion half cells. Notably, four equivalents of active

proton (H*) were released during the 15 oxidation process. And the in-situ formed BBQ could be

used as the oxidized-state organic cathode in LIBs. Indeed, the BBQ electrode could still deliver the

max. discharge capacity of 473 mAh g with the average discharge potential of ~2.5 V (vs. Li*/Li).

And the average discharge capacity was ~204 mAh g for the BBQ electrode during 100 cycles (50

mA g1).



2. Experimental section

2.1 General information: All reagents commercially available were used as received. For example,

1-bromo-2,5-dimethoxybenzene, (2,5-dimethoxyphenyl)boronic acid, BBr; (boron tribromide) and

polyacrylonitrile copolymer (La133) were from Shanghai Aladdin Bio-Chem Technology Co., LTD..

The carbon additives of CMK-3 and Super P (SP) were provided by XFnano CO., LTD..

2.2 Synthesis of 2,2',5,5'-tetramethoxybiphenyl: A mixture of 2-bromo-1,4-dimethoxybenzene

(9.4 ml, 62.6 mmol), (2,5-dimethoxyphenyl)boronic acid (13.5 g, 74.2 mmol), K,CO5 (12.0 g, 87.0

mmol), NaF (42 mg, 1 mmol) and tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)4, 5 mg) was

dissolved in 120 ml 1,4-dioxide and 30 ml water under nitrogen atmosphere. The mixture was

refluxed at 100 °C for 48h. After back to room temperature, 200 ml ethyl acetate was added and

the mixture was washed three times with 100 ml water each. The organic layer was then separated

and dried with Na,SO,4. The product of 2,2',5,5'-tetramethoxybiphenyl was obtained by using

column chromatography with the eluent of petroleum:ethyl acetate=5:1 (v:v) as a white crystalline

solid (15.5 g, 56.6 mmol). The yield was 90%. 'H NMR (400 MHz, ppm, CDCls, §): 6.92-6.90 (d, J =

8.0 Hz, 2H), 6.88-6.87 (d, | = 4, 2H), 6.85-6.84 (m, 2H), 3.78 (s, 6H; OCHs), 3.73 (s, 6H; OCHs).

2.3 Synthesis of 2,2’,5,5’-tetrahydroxybiphenyl (BP4OH): 1096 mg (4 mmol) 2,2'5,5'-

tetramethoxybiphenyl was first dissolved in 40 ml anhydrous dichloromethane (DCM). After the

solution was cooled down to 0 °C, 1.7 ml BBr3 (18 mmol) was slowly dropped into the solution [3].

After 4 hours, 5 ml deionized water was added and then the mixture was dried under diminished

pressure. Afterwards, 40 ml ethyl acetate was added and the solution was washed three times by

50 ml water. The organic layer was separated and dried with Na,SO,. BP4OH was obtained by using

column chromatography with the eluent of petroleum:ethyl acetate = 1:1 (v:v) as a white powder.



The yield was 90% (785 mg, 3.6 mmol). 'H NMR (400 MHz, ppm, DMSO): 8.74 (s, 2H; OH), 8.60 (s,

2H; OH), 6.72-6.68 (m, 2H), 6.58-6.54 (m, 4H).

2.4 Preparation of BP4OH electrode: The electrode was composited by BP4OH and CMK-3 with

the optimized weight ratio of 4:5 after heavy attempts and the preparation details were as follows:

BP40OH was dissolved in tetrahydrofuran (THF) and CMK-3 was added to the BP4OH solution. After

ultrasonic treatment for 30 min, the mixture was placed in oven to remove the solvent at 80 °C.

Then BP4OH and CMK-3 composition was ground and evenly mixed before the addition of La133

and no further modifications were carried out. Due to the dissolution concern, the neat loading of

BP40OH on Al foil was in the range of 1.2-1.6 mg cm2.

2.5 Preparation and test of Li-ion cells: The composition slurry was casted on an Al foil (the Al foil

was then punched into Al disk with diameter of 12 mm) and then dried in the vacuum oven at 60

°C for 24 h. In Li-ion half cells, the counter electrode was Li-metal slice; the electrolyte was 2 M

lithium bis(trifluoromethane)sulfonamide (LiTFSI Shanghai Aladdin Bio-Chem Technology Co., LTD)

in the mixture solvents of 1,3-dioxclane (DOL) and 1,2-dimethoxyethane (DME) with volume ratio

of 1:1; and the separator was poly(propylene) (PP, Celgard 2400) membrane. All cells were

assembled in the Ar-filled glove box. The galvanostatic charge-discharge tests and galvanostatic

intermittent titration technique (GITT) were performed on a Land test system (CT2001A, China).

Cyclic voltammograms (CVs) for half cells were tested at a scan rate of 0.1 mV s between 0.35V

and 3.7 V using the Bio-logic electrochemical workstation (VMP3-128). The electrochemical

impedance spectroscopy (EIS) was measured by CHI660E electrochemical workstation with a

frequency range from 0.01 Hz to 100 kHz.

3. Results and discussions



3.1 Synthesis and characterizations
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Figure 1. (a) The modified synthetic route for 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH); (b) *H NMR
of 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH).

As shown in Figure 1a, a modified synthetic route was developed to realize 2,2’,5,5'-

tetrahydroxybiphenyl (BP4OH) with gram scale by starting from 2,2',5,5'-tetramethoxybiphenyl

[20]. See details in Experimental section. Impressively, the production yield of BP4AOH was

significantly improved from 34% to 90% after raising the temperature from -78 °C to 0 °C. The

organic molecules were well characterized by 'H NMR spectroscopy (Figure 1b) [21, 22].

3.2 Reduction->oxidation cycle
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Figure 2. (a) CV curves of BP40OH from reduction—>oxidation process in the 1%t cycle. The scan rate
was 0.1 mV s7L. The voltage window was 0.35-3.7 V in the 1%t cycle and 1.5-3.7 V in the following
cycles; (b) The detailed mechanism for the reduction—>oxidation process of BP4OH.

By setting reduction to 0.35 V during the 15t cycle, the cyclic voltammograms (CVs) were carried

out for BP4OH in Li-ion half cells. And the cell fabrication details were demonstrated in



Experimental section. The electrode composition was prepared by BP4OH/Super P (SP)/binder

with the weight ratio of 40:50:10, and the binder was optionally selected to be LA133. Importantly,

the minimum potential of 0.35 V with cathodic scan direction in the 1% cycle was to confirm that

the H* proton of BP4OH could get reduced to H, as well as the formation of a thick solid-electrolyte

interface (SEl). The resulting CVs curves of BP4OH were shown in Figure 2a. In the 1%t cathodic

(reduction) scan, there was only one obvious reduction peak located at ~1.45 V (vs. Li*/Li). When

the 1t reduction potential was below 1V, a thick SEl was usually constructed be the side reactions

of tiny impurities and decompositions of electrolytes. But in the back 1% anodic scan, one clear

oxidation peak located at the relatively-high potential of ~3.2 V could be observed. Interestingly,

in the 29 cathodic scan, a new reduction peak appeared at ~2.7 V while the back oxidation peak

in the 2" scan still located at the high potential of ~3.5 V. Therefore, the reduction peak at ~1.45

V (vs. Li*/Li) should be the H* reduction from -OH group of BP4OH [19]. As a result, the related

lithium 2,2’-bis[benzene-1,4-bis(olate)] (BP4OLi, ;=443 mAh g) could be in-situ synthesized on

Al foil. Meanwhile, the reversible redox couple at ~2.7/3.2 V should be attributed to the

electrochemical transformation between BP4OLi and its oxidized state (BBQ). Notably, BP4OLi

could be more hardly dissolved when compared to the neutral BBQ molecule because of its four

strong O-Li ionic bonds. Summarily, the detailed mechanism for the reduction->oxidation cycle of

BP40OH was shown in Figure 2b.

3.2.2 Li-ion half cells

Subsequently, the cell performance based on BP4OH electrode was tested, where Super P as

the carbon conductive additive was still used. However, the BP40OH/SP electrode only exhibited

fair capacities in Li-ion half cells. The discharge capacity in the 2" cycle was merely 335 mA h g1



(50 mA g1), along with quick capacity fading in the following cycles. Obviously, the fading was
largely caused by the dissolution of BP4OH (inset of Figure 3a)[23]. After many attempts for
electrode compositions, CMK-3 was chosen as the carbon additive, since the mesoporous CMK-3
with chemically-active sites could effectively absorb small organic molecules like BP4OH [3, 24-
26]. Expectantly, the dissolution of BP4OH was obviously delayed by compositing with CMK-3.
Basically, the different weight ratio of between BP4OH and CMK-3 has been tried in our previous
study [27]. And only the case with the weight ratio of 4:5 could display the best battery
performance since the full impregnation of small organic molecules into the CMK-3 scaffold. The
charge-discharge curves of the BP40OH/CMK-3 electrode was shown in Figure 3a. In the 15t cycle,
the specific discharge capacity for the resulting BP4OLi electrode was much higher than its
theoretical capacity (G;:=443 mAh g?), since it contained the capacity contribution from the
formation of solid-electrolyte interface (SEI) and the reduction capacity of H*->H,. Notably, the
resulting BP4OLi/CMK-3 electrode delivered the improved discharge capacity of 432 mAh glin the
2"d cycle when compared to the one with Super P (335 mAh gl@2" cycle). The specific capacity
contribution from CMK-3 was measured under the same conditions and estimated to be ~84 mAh
g1 (¥67 mAh g x 1.25). In addition, small organic molecules will occupy many chemically-active
sites of CMK-3 [28, 29], thus indicating that the specific capacity contribution from CMK-3 should

be less than ~84 mAh g1
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Figure 3. (a) The selected charge-discharge curves for BP4OLi electrode; (b) The 100 cycles for
BP4OLi electrode at 50 mA g1; (c) Rate performance of BP4OLi electrode; (d) The long cycles for
BP4OLi electrode at 500 mA g2.

Furthermore, the resulting BP4OLi/CMK-3 electrode exhibited the improved cycle stability at
low current density. As shown in Figure 3b, the BP40Li/CMK-3 electrode could fulfill the average
capacity of ~266 mAh g during 100 cycles (test for one month at least) and still remained ~230
mAh g at the 100t cycle at a low current density of 50 mA g. However, the capacity of the
BP40OLi/CMK-3 electrode declined slowly in the first few cycles for the dissolution problem. Indeed,
the BP4OH dissolution from BP40Li/CMK-3 electrode could be observed by the naked eye (inset
of Figure 3a). For comparison, the BPAOH/SP electrode only showed unsatisfactory specific
capacity of ~216 mAh g at the 30t cycle (50 mA g1). The rate performance of the BP4OLi/CMK-3
electrode was shown in Figure 3c. At the current densities of 100/200/300/400 mA g!, the
BP40Li/CMK-3 electrode could realize the specific capacities of ~298/250/225/210 mAh g7,
respectively. At the high current density of 500 mA g, the capacity value of the BP4OLi/CMK-3
electrode still remained to be ~198 mAh g1. The long-cycle profile of the BP40OLi/CMK-3 electrode
was depicted in Figure 3d. And the average capacity of ~155 mAh g for the BP4OLi/CMK-3
electrode was realized during 600 cycles at the high current density of 500 mA g1.

3.3 Oxidation->reduction cycle

3.3.1 CV test
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Figure 4. (a) CV curves of BP4OH by oxidation—>reduction process. The scan rate was 0.1 mV s2,
The voltage window was 1.5-3.7 V; (b) The detailed mechanism of BP4OH by oxidation>reduction
process in Li-ion cells.

Based on the previous study, BP4OH can be oxidized to 2,2’-bis(1,4-benzoquinone) (BBQ) by

chemical oxidants. Herein, we initially proved that BP4OH can also be in-situ oxidized to BBQ on

Al foil through electrochemical route. To confirm our hypothesis, the CV test was carried out by

setting oxidation to 3.7 V during the 15 cycle. Therefore, the anodic scan was starting from 1.5-3.7

V (vs. Li*/Li) in the 15t cycle. And this procedure was called oxidation—>reduction cycle. As shown

in Figure 4a, it was impressive that a distinctive anodic peak (oxidation peak) located at ~3.1 V

could appear for the BP4OH electrode in the 15t cycle. More importantly, its back reduction process

was reversible and appeared at ~2.8 V. At the same time, in the following cycles, the two redox

peaks were stable and located at ~3.2/2.7 V, respectively. Therefore, the detailed mechanism for

this process could be summarized in Figure 4b. During the 1t oxidation scan, BP4OH could be

oxidized to BBQ by electrochemical process on Al foil, along with the release of four equivalents

of active proton (H*). Subsequently, BBQ and its reduced state (BP4OLi) played the redox couple

for the following scans.

3.3.2 Li-ion half cells

The selected charge-discharge curves for the resulting BBQ electrode were shown in Figure 5a.

The discharge capacity in the 15t cycle for the BBQ electrode was 473 mAh g1, also quite close to



the theoretical capacity of BBQ (G;=501 mAh g?). As shown in Figure 5b, the resulting BBQ

electrode fulfilled the average capacity of ~204 mAh g during 100 cycles and remained ~160 mAh

gl@100t" cycle under the low current density of 50 mA g. The rate performance of the BBQ

electrode was shown in Figure 5c. At the current densities of 100/200/300/400 mA g1, the specific

capacities of the BBQ electrode were ~298/250/225/210 mAh g, respectively. And at the high

current density of 500 mA g1, the capacity value of the BBQ electrode still remained to be ~204

mAh g1. The long-cycle profile of the BBQ electrode was also depicted in Figure 5d. And the

average capacity value realized for the BBQ electrode was ~101 mAh g1 during 600 cycles at the

high current density of 500 mA g1
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Figure 5. (a) The selected charge-discharge curves for the BBQ electrode by the
oxidation—>reduction process; (b) The 100 cycles for the BBQ electrode at 50 mA g%; (c) The rate
performance of the BBQ electrode; (d) The 600 cycles for the BBQ electrode at 500 mA g.

3.4 Two-case comparisons

3.4.1 Cell stability
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Figure 6. The SEM images for (a) BP4OH/CMK-3 electrode by reduction—>oxidation cycle; (b)
BP40OH/CMK-3 electrode by oxidation—>reduction cycle.
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By detailed comparisons, it seemed that the reduction—->oxidation case of BP4OH could exhibit

better cell stability than the oxidation>reduction case in Li-ion half cells (120 mAh g1 vs. 91 mAh

gl @600 cycle). As shown by the scanning electron microscopy (SEM) images, the BP4OH/CMK-

3 electrode with the reduction—>oxidation process after cycling displayed a smooth and intense

surface (Figure 6a) while the oxidation—>reduction one (Figure 6b) showed the obvious large

cracks on the surface. Therefore, the intense surface for the reduction->oxidation case may be

indicative of the formation of thick solid-electrolyte interface (SEl) under low reduction potential

[30, 31]. And the SEl could be protective to the dissolution of organic redox materials, thus leading

to its better cycle stability. As further confirmed by the EIS tests after cycling in Figure 7, a small

semicircle could appear in the real axis of high frequency for the reduction->oxidation case (inset

of Figure 7a) when compared to the oxidation->reduction one (inset of Figure 7b), which was

clearly indicative of SEI formation [30, 31].
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3.4.2 Li-ion diffusion
On the other hand, it seemed that both the reduction>oxidation case and the
oxidation—>reduction case exhibited the similar rate performance (198 mAh g vs. 204 mAh g

1@500 mA g1). Consequently, the GITT tests were carried out to compare Li* diffusion coefficient

for two cases.
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Figure 8. The GITT curves and the realized Li-ion diffusion coefficient for (a) BP4OH/CMK-3
electrode by reduction—->oxidation process; (b) BP4AOH/CMK-3 electrode by oxidation—>reduction
process.

According to the above formula, the GITT curves were measured by using a constant current

density of 0.5 C for 5 min and then resting for 10 min at open circuit (1 C corresponds to the current

density of 443 mA g) [32, 33]. And in the above formula, tis 3.14; t is 600s (10 min); L is the

average electrode thickness measured by SEM images (inset of Figure 8al and b1); AEs is potential

difference between the previous relaxation and the current relaxation; AEt is potential difference

before and after each constant current. The GITT curves and the obtained results for two cases

were shown in Figure 8a2 and b2, respectively. As expected, the electrode with the

reduction—>oxidation cycle showed similar Li-ion diffusion coefficient (~2.74 x 108 cm? s'1) with the

oxidation—>reduction one (~1.88 x 108 cm? s1). Therefore, from the EIS and GITT results, it was

confirmed that the BP4OH/CMK-3 electrode with different electrochemical pathways could still

show the similar electron and ion conductivity.

4. Conclusions

In summary, a small organic molecule of 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH) is exploited as

the new organic cathode for Li-ion batteries. For the first time, we demonstrate that the redox

states of BP4OH can be well in-situ manipulated on Al foil. For example, by reducing in the 1%t cycle

(reduction—>oxidation), its related lithium 2,2’-bis[benzene-1,4-bis(olate)] (BP4OLi) is formed on

Al foil. By oxidizing in the 15 cycle (oxidation—->reduction), BPAOH can be oxidized to 2,2’-bis(1,4-

benzoquinone) (BBQ). Both formed BP40OLi and BBQ are proved to be active in the following

battery tests. This work reveals very interesting redox behaviors for organic electrodes.
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Highlights:
A new organic cathode of 2,2’,5,5’-tetrahydroxybiphenyl (BP40OH) is reported.
BP40OH can in-situ get reduced to BP4OLi in Li-ion cells.
Average capacity of 155 mAh g for BP4OLi is realized for 600 cycles.
BP40OH can in-situ get oxidized to 2,2’-bis(1,4-benzoquinone) (BBQ).

Average capacity of 101 mAh g1 for BBQ is obtained for 600 cycles.



