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Abstract
We demonstrate the electrochemical oxidation of an anthracene derivative to a redox-active
anthraquinone at room temperature in a flow cell without the use of hazardous oxidants or noble
metal catalysts. The anthraquinone, generated in sifu, was used as the active species in a flow
battery electrolyte without further modification or purification. This potentially scalable, safe,
green, and economical electrosynthetic method is also applied to another anthracene-based
derivative and may be extended to other redox-active aromatics.
Introduction

Aqueous redox flow batteries (ARFBs) represent a class of devices for storing electrical energy
that are especially well suited for large-scale stationary deployment.!: > Vanadium redox flow
batteries, the most developed ARFB technology, have been limited by the high and fluctuating
price of vanadium.?

Anthraquinone-based aqueous redox flow batteries are considered as one class of the most
promising alternatives to vanadium redox flow batteries because they can be composed of earth-
abundant elements such as C, H, O, and N while providing comparable electrochemical

performance.*° However, reducing the production cost of anthraquinone-based electrolytes and


mailto:gordon@chemistry.harvard.edu
mailto:maziz@harvard.edu

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Green Chemistry

improving their chemical stability are two major challenges preventing them from being cost-
competitive.”!* Many factors can influence the synthesis cost of an organic molecule, including
the number, duration, complexity, and yields of the reaction steps, the reaction conditions (time,
temperature, and pressure), solvent and precursor costs, the cost of waste disposal, and economies
of scale. Likewise, a host of factors contributes to the stability, and by extension the long-term
viability, of redox-active organics including the chemical structure, solvent conditions, applied
potentials, and state of charge. Only through careful consideration of all of these factors can
commercial-scale organic ARFBs be viable storage solutions. Therefore, not only is the
development of a stable anthraquinone important, but the design of a potentially economical,
scalable, and green synthetic route toward targeted molecules is equally significant.!! 13
Electrochemically-mediated synthesis (electrosynthesis) enables the replacement of hazardous
oxidizing and reducing agents by electric current, or “clean” electrons, through an electrode and
has attracted considerable attention for both laboratory and industrial applications in multiple
fields of research.!%2! Compared to traditional thermochemical synthesis, electrosynthesis can be
significantly more environmentally benign due to reduced waste production and alternative
chemicals consumed.?? 2> However, the necessity of using specific solvents combined with
supporting electrolytes, along with their subsequent separations, are some of the primary hurdles
limiting the feasibility of electrosynthesis compared to thermochemical processes in many cases.!®
As an example, anthraquinone is typically produced from anthracene, an inexpensive and
abundant component of coal tar and petroleum.?* Typically, hazardous oxidants such as
cerium(IV), chromium(VI), and vanadium(V) compounds dissolved in strong acids, sometimes at
elevated temperatures, are used to facilitate this thermochemical conversion.?> To minimize the

use of hazardous materials, often these consumed oxidants are electrochemically regenerated and
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reused for chemical oxidations,?-3 that is, a mediated or indirect electrochemical oxidation.
However, in both thermochemical conversion and mediated (indirect) electrochemical conversion,
isolating anthraquinone from these hazardous solutions can be time- and capital-intensive. Electro-
oxidations of anthracene and its derivatives at ~1 mM concentration have been performed
previously; however, the low concentrations of anthracene substrates and poor selectivity of the
reactions have prevented the method from being synthetically useful.3!-3¢

Using a scalable flow cell setup,’’” we demonstrate the capability to electrochemically oxidize
water-soluble anthracenes directly to anthraquinones in electrolytes without the use of strong
oxidants or catalysts, producing the desired negolyte (negative electrolyte) and ferrocyanide
posolyte (positive electrolyte) in situ. Compared to conventional thermochemical and
electrochemical methods, the new method is safe and potentially inexpensive because it eliminates
both the use of hazardous oxidants and the necessity of post-synthesis isolation of the products
from the supporting electrolytes. Taking advantage of a flow cell and bulk electrolysis setup, the
demonstrated electrosynthetic method is amenable to both continuous and batch processing.
Furthermore, we confirmed that the electrosynthetic method can also be extended to other
anthracene derivatives.

3,3'-(9,10-anthraquinone-diyl)bis(3-methylbutanoic acid) (DPivOHAQ) was recently reported
as an extremely stable and potentially inexpensive negolyte active species for organic ARFBs.38
However, the use of CrO; in the synthesis can be highly toxic and explosive if produced in large
scale. Figure 1a shows the synthetic route for DPivOHAQ in three steps: 1) Through Birch
reduction, anthracene (AC) is converted to 9,10-dihydroanthracene (DHAC) at room temperature
(Figure S1). 2) After a Friedel-Crafts reaction and subsequent oxidation by air in one pot, two

water-soluble groups are introduced and DHAC is re-oxidized to an AC derivative (Figure S2),
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Green Chemistry Page 4 of 18
forming 3,3'-(anthracene-diyl)bis(3-methylbutanoic acid) (DPivOHAC). The DPivOHAC
powder was then dissolved in water by adding KOH to deprotonate the carboxylic acid groups. 3)
Lastly, DPivOHAQ negolyte active species is produced by electrochemical oxidation in an
aqueous electrolyte without the need for further purification. Figure 1b illustrates how
DPivOHAQ and ferrocyanide active species can be produced in situ in the flow cell’s
electrosynthesis mode. These materials can directly serve as the active species in the negolyte and
the posolyte, respectively, of a flow battery in the same cell as illustrated in Figure Ic.

TN, B-4h ;ﬁlgllgHDgM ., N224:h HOOC =
50, air, r.t., 1
anthracene (AC) dihydroanthracene (DHAC) DPivOHAC (2,6-, 2,7- isomers)
KOH H,0

OOC} (jib@)é suppg:gggoizgtrgztgorl‘(/coaa blgnwa(er OOC OO

DPivOHAQ(COO") DPivOHAC(C0O0")
b pump A pump c pump Soure pump
) () O ()

? 0 oN - g CN 3-
OOCV\I\j\ o4 NG, ‘ cN OOC\>l\I OO _— | N, ‘ ON
b ) b = | ]

; N Fe(CN)6*| | opi ° o e Fe(CN)g*/
DPvoNAG opwoRRaC00) L Fe(CN)s* 3.:‘33,'.‘:3{. DPIVOHAG?~(C00") o Fe(CN)g™
electrolyte o electrolyte | | electrolyte PPVOHAGICOO- o 4 electrolyte

tank DPIvOH:C(COO’) ", ‘ o tank tank ( ) \\) ., ‘ on tank

- . CO0 T Fe.
ooc&k:; o T QKCQ?@K v L

X

carbon electrode membrane
Flow battery mode

carbon electrode membrane

Electrosynthesis mode

Figure 1. Preparation of DPivOHAQ and the corresponding flow battery. (a) The
DPivOHAQ synthetic route and conditions starting from anthracene. (b) The setup for
electrosynthesis of DPivOHAQ and ferrocyanide. (c) The flow battery setup with DPivOHAQ
negolyte (generated in situ) and ferrocyanide posolyte (generated in situ). DPivOHAC: 3,3'-
(anthracene-diyl)bis(3-methylbutanoic acid); DPivOHAC(COQ") is deprotonated DPivOHAC.
DPivOHAQ: 3,3'-(9,10-anthraquinone-diyl)bis(3-methylbutanoic acid); DPivOHAQ(COO") is
deprotonated DPivOHAQ.

Figure 2a lists three different oxidation methods for DPivOHAQ synthesis. Conventionally,
anthracene derivatives can be chemically oxidized to their anthraquinone forms by oxidants such

as chromium oxide (CrOs3) in strong acidic media at elevated temperature.3® To minimize the use
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of hazardous oxidants, the strategy of mediated electrochemical oxidation can be performed by
regenerating oxidants such as cerium(IV) compounds.?® 2° However, in both of these
thermochemical and indirect electrochemical oxidation processes, tedious and expensive isolation
of anthraquinone-based products from oxidants and acids is required. Taking advantage of the high
solubility of DPivOHAC in base, we demonstrate a synthetic route via direct electrochemical
oxidation in alkaline electrolyte with a flow cell. This method allows the complete elimination of

hazardous oxidants and costly separation processes.

a H
COOH HOAC
Thermochemical jﬁ = OO +2CrO; + 6 HOAc ———— j— + 2 Cr(OAc); + 4 H,0
oxidation HooC -z 90°C, 1 h HOOC
H

Supporting electrolyte: ~2 M CH3SO3H; anode: platlnum sheet; cathode: 316 stainless steel

Mediated (indirect) j* COOH H,0 } COOH t
electrochemlcal HOOC +6 Ce( CH3803)2(0H)2 +6 CH3SOzH “ian T HOOC +6 Ce(CH3S03); + 10 H,0

oxidation
. A Supporting electrolyte: 1-3 M KOH; anode/cathode: carbon S
Direct - S o0 6 OH" - JL S 000 4h046e
electrochemical 00C—~ {__ * o 0oc— 2
oxidation
H o)
b No waste » High atom efficiency
Advantages of direct electrochemical oxidation: + No purification * Room temperature reaction
No toxic oxidants - Safe, green, and economical chemistry

Figure 2. Comparison of DPivOHAQ synthetic methods. (a) Thermochemical, mediated
(indirect) electrochemical, and direct electrochemical oxidation reactions to synthesize
DPivOHAQ. (b) Advantages of direct electrochemical oxidation in situ.

Experimental

Cell hardware

Glassy carbon was used as the working electrode for all three-electrode cyclic voltammetry (CV)
tests with a 5 mm diameter glassy carbon working electrode, an Ag/AgCl reference electrode
(BASI, pre-soaked in 3 M NacCl solution), and a graphite counter electrode. Both undivided cell
and divided cell were built for electrosynthesis. Flow battery experiments were constructed with

cell hardware from Fuel Cell Tech (Albuquerque, NM) assembled into a zero-gap flow cell

configuration. Pyrosealed POCO graphite flow plates with serpentine flow patterns were used for
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both electrodes. Each electrode comprised a 5 cm? geometric surface area covered by AvCarb
HCBA woven carbon fiber without pretreatment, or Pt-coated Toray carbon paper without
pretreatment. The membrane is pre-soaked (1 M KOH for 24 hours) Nafion 212.

Undivided electrolytic cell setup (electrochemical oxidation vs. the HER)

Working electrode: carbon felt, where DPivOHAC(COO") was oxidized to DPivOHAQ(COQO");
counter electrode: carbon rod, where water was reduced to hydrogen gas. While the electrolyte
was stirred, a constant potential (1.1 V vs. Ag/AgCl) was applied to the divided electrolytic cell
until 120% of the required coulombs were extracted from the working electrode.

Divided electrolytic cell setup (electrochemical oxidation vs. the ORR)

Anode: Commercial AvCarb HCBA (woven carbon cloth), where DPivOHAC(COO~) was
oxidized to DPivOHAQ(COQ"); cathode: platinum coated Toray carbon paper, where humidified
air/oxygen was reduced to hydroxide. A constant voltage (1.8 V) was applied to the divided
electrolytic cell until the current decreased to 2 mA/cm?. The number of extracted electrons was
~1.2 times higher than the theoretical value.

Divided electrolytic cell setup (electrochemical oxidation vs. the reduction of ferricyanide)
Anode: AvCarb HCBA (woven carbon cloth), where DPivOHAC(COOQO™) was oxidized to
DPivOHAQ(COO"); cathode: AvCarb HCBA (woven carbon cloth), where potassium
ferricyanide was reduced to potassium ferrocyanide. A constant current density (20 mA/cm?) was
applied to the divided cell for at most 1.5 hours with a 1.2 V voltage cutoff; when either time or
voltage reached the limit, the potential was held (1.2 V vs. ferro-/ferricyanide) until the current
decreased to 2 mA/cm?. The number of extracted electrons was ~1.2 times higher than the

theoretical value.
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An aliquot (~250 pL) was transferred from the as-prepared anolyte to an Eppendorf® tube
(capacity: 1.5 mL) and acidified by a drop of concentrated HCI to obtain DPivOHAQ precipitate.
The final DPivOHAQ precipitate was re-dissolved in DMSO-dg for 'H NMR measurement. The
yield was determined by peak integrations of spectrum. Faradaic efficiency (%) = yield (%) / 1.2.
More detailed information can be found in the Supplementary information.
Results and Discussion

In an electrolytic cell, an anodic oxidation half reaction must be accompanied by a cathodic
reduction half reaction. As shown in Table 1, we devise three different reduction half reactions to
be coupled with direct DPivOHAC electrochemical oxidation, i.e., the hydrogen evolution
reaction (HER), the oxygen reduction reaction (ORR), and the Fe(CN)¢*~ to Fe(CN)g* reduction
reaction. The corresponding oxidation or reduction potentials for these reactions are listed in Table

1.

For the electrochemical oxidation of DPivOHAC to DPivOHAQ, two cell types are used, as
diagramed and described in Figures S3 and S4. A divided cell uses an ion exchange membrane to
separate the two half reactions, resembling the architecture of traditional fuel cells and ARFBs.
Anundivided cell employs two electrodes suspended in electrolyte without the use of a membrane,
reflecting a bulk electrolysis cell.

Comparing these three overall reactions, the first one paired with the HER requires the highest
voltage; the second one paired with the ORR is known to have slow reaction kinetics and a high
overpotential;3® the third one paired with Fe(CN)4*>~ to Fe(CN)g*~ reduction exhibits the lowest
overall reaction cell voltage, suggesting the least amount of energy will be required for
electrosynthesis. Another merit of the third reaction is the in situ generation of the desired negolyte

active species (DPivOHAQ) and posolyte active species Fe(CN)g*~ simultaneously. The
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disadvantage is that at least six equivalents of ferricyanide and hydroxide are used. Given the
similar reduction potentials of the ORR and of ferricyanide to ferrocyanide, an important direction
for future research is the concurrent reduction of oxygen and ferricyanide in order to achieve high
yields as well as lower ferricyanide usage. By using the same full cell configuration without
changing electrolyte reservoirs, carbon-based electrodes, or ion-exchange membranes, we can
immediately switch from electrosynthesis mode to flow battery mode for electrochemical energy
storage. In this configuration, neither hazardous oxidants nor purification steps are needed, nor is
waste generated. Furthermore, the reaction may proceed at room temperature with high atom

efficiency. The new synthesis is therefore potentially safe, green, economical, and scalable.

Table 1. Anodic, cathodic, and overall reactions for direct electrochemical oxidation.

Reactions Potential at pH 14 (V vs SHE) /
Cell voltage (V)
Anodic DPivOHAC(COO") + 6 OH~ —DPivOHAQ(COO0") + 4 H,0 + 6 &~ 1.14*
6HO0+6e —3H,+60H" (divided or undivided cell) -0.83
Cathodic 1.5 0, +6 ™ +3 H,0— 6 OH- (divided or undivided cell) 0.40
6 Fe(CN)e> +6 & — 6 Fe(CN)g* (divided cell) 0.44
DPivOHAC(COO") + 2 H,0 —~ DPivOHAQ(COO") + 3 H, 1.97
Overall DPivOHAC(COO") + 1.5 O, — DPivOHAQ(COO") + H,O 0.74
DPivOHAC(COO") + 6 OH™ + 6 Fe(CN)>~ ——DPivOHAQ(COO") + 6 Fe(CN)g* + 4 H,0 0.70

*: The electro-oxidation potential at peak current

The cyclic voltammogram (CV) of DPivOHAC at pH 14 (Figure 3a) indicates a peak oxidation
current at 1.14 V vs. SHE. This value is more positive than the standard redox potential of 0.40 V
vs. SHE for the oxygen evolution reaction (OER), and we expect that the OER will be a major side
reaction of electrosynthesis.

We then assembled a flow cell with DPivOHAC as the anolyte and K;Fe(CN)g as the catholyte.
Galvanostatic electrolysis with a potentiostatic hold after reaching a potential limit of 1.2 V was

performed for ~4.5 hours to complete the electrosynthesis. The OER side reaction, evidenced by
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the observation of bubbles generated in the anolyte, precludes a faradaic efficiency of 100%. Thus,
the number of electrons extracted from the anolyte was ~1.2 times higher than the theoretical
number for complete conversion. A plateau appears at ~0.8 V against K3Fe(CN)4 (0.44 V vs. SHE)

in the voltage profile (Figure 3b).

Reaction time (h)

1 2 3456
a ‘ ‘ ‘ ‘ b 430 ‘ rrT— o
0.7 bpivOHAC 114V 1.2 8
0.6 - electro-oxidation potential 11 &
_os5lat peak current 1.0 16 &
T S0 “E
2 o4 007 12 5
$ 03 806 1102
3o02f s 05 18 2
0.4 16 &
0.1} 0.3 14 E
0.0 0.2 o
: 0.1 12
-0.1 | | | | | | 0.0 | | | | | | o
02 04 06 08 10 12 14 0 100 200 300 400 500 600 700
Potential (V vs SHE) Charging coulombs (C)
c 0.20 T T T T T T T T T d Electrosynthesized in a divided cell
DPivOHAC(COO"), | 02 L»S
0.15F
0.10 Electrosynthesized in a divided cell J
. DPiVOHAC(COO-), OH- | Fe(CN)s* lg
< 0.05f M.
g Electrosynthesized in an undivided cell
= 000 DPivOHAC(COO"), H,0 A L%
2 005l % —
8 0101 Chemically synthesized DPivOHAQ L
)| —
045r DPivOHAQ DPIVOHAC
-0.20 F Electrosynthesized w/o purification _J "
Chemically synthesized w/ purification
-0.25 L L L L L L L L L
-0.8-0.7-06-0.5-04-0.3-0.2-0.1 0.0 0.1 0.2 "85 83 81 79 77 75 73 29 27 15 13 14
Potential (V vs SHE) f1 (ppm)

Figure 3. Electrosynthesis and characterization of DPivOHAQ. (a) The cyclic voltammogram
(CV) of 0.1 M DPivOHAC in 1.0 M KCI + 1.0 M KOH aqueous solution. Scan rate: 0.1 V/s. (b)
The electrochemical oxidation was conducted by using a constant current (20 mA/cm?) with a
subsequent potential hold (1.2 V) until the current density decreased to 2 mA/cm?. (¢) CV of
10 mM electrosynthesized DPivOHAQ (against Fe(CN)g*") without purification and 10 mM
chemically synthesized DPivOHAQ with purification in 1 M KOH aqueous solutions,
respectively. Scan rate: 0.1 V/s. (d) 'TH NMR spectra of (bottom to top): chemically synthesized
DPivOHAC (black); chemically synthesized DPivOHAQ (red); electrosynthesized DPivOHAQ
in an undivided cell (purple), 17.3% of DPivOHAC remained unreacted according to the
integration, yield: 82.7%; electro-synthesized DPivOHAQ in a divided cell against Fe(CN)g*-
(blue), 7.0% of DPivOHAC remained unreacted according to the integration, yield: 93.0%;
electrosynthesized DPivOHAQ in a divided cell against O, (green), 0 % of DPivOHAC remained
unreacted according to the integration, yield: 100%. The deuterated solvent is DMSO-dg, and the
solvent peaks (DMSO and H,0) were removed to better display the peaks of interest. The
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electrosynthetic details are described under the headings Electrosynthesis I, II, and III in the
Supporting Information.

We compared the CV of DPivOHAQ produced by electrosynthesis against the reduction of
Fe(CN)g*~ to that of the chemically synthesized product at the same concentration to verify that
the reaction products are the same regardless of the synthetic procedure employed (Figure 3¢). The
two CV curves show identical redox peaks and similar peak currents, indicating a high-yield
electrosynthesis process. 'H nuclear magnetic resonance (NMR) spectroscopy was used to further
examine the structure of electrosynthesized DPivOHAQ when using either a divided or undivided
cell (Figure S3) and to compare the spectra with those of the starting material, DPivOHAC, and
the chemically synthesized DPivOHAQ. The top three spectra in Figure 3d are the 'H NMR
spectra from electrosynthesized DPivOHAQ, in which the dominating peaks have the same
chemical shifts as those in the spectrum of chemically synthesized DPivOHAQ, further suggesting
the desired product was achieved.

Slightly different yields of DPivOHAQ were obtained when paired with the HER in an
undivided cell or with Fe(CN)g*~ reduction or the ORR in a divided cell (Figure S4). The 82.7%
yield when paired with the HER in an undivided cell could be explained by a molecular shuttling
effect; i.e., the electrosynthesized DPivOHAQ can first migrate to the cathode where it is reduced,
then diffuse back to the anode for re-oxidation. As a result, double counting of electrons can occur.
When paired with the Fe(CN)g>~ reduction half reaction, a yield of 93.0% was obtained. The
incomplete yield is likely due to the consumption and therefore decreased concentration of both
DPivOHAC and OH™ as the electrosynthesis continues, making further oxidation increasingly

difficult.

10
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The use of the ORR half reaction achieved almost 100.0% yield. This exceptional yield may be
attributed to the as-formed OH~ ions on the cathode (ORR) side crossing over to the anolyte and
compensating for any loss of OH™ ions on the anode side. Overall yields in excess of 80.0% for all

three conditions exceed many conventional reactions and are acceptable for direct flow battery use

without purification or separation.

Cycle number
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= 1.0 _ _ 2775 g
> Theoretical capacity 96.5 C— 3 =
g 09 o ©
© o [9)
5 77 Q
~ 08 ki 2
2 S
0.7 0765 §
06 Fitted fade rate: 0.014%/day 175
PR I I E N S S Y N B 76 L L L L I I
0 10 20 30 40 50 60 70 80 90 100 0 5 10 .15 20 25 30 35
Capacity (C) Time (days)
(o] :
141 d 16 | s | 200
1.2 / = 1.4 § . 5
~ eI N\ b —20% | =
S 1.0k Theoretical capacity 576 C— % : . SOC — 40% £
2 5 1.0 —60% {-200 2
5 08} = —80% g
= 308r —— ~100% ©
06 1-400 5
or 06 3
a
04+ 04| / ‘ 41-600
1 1 1 1 1 1 1 \ 1 1
0 100 200 300 400 500 -400 -200 0 200 400
Capacity (C) Current density (mA/cm?)

Figure 4. Full cell performance evaluation from Electrosynthesis III and IV. (a) A
representative charge—discharge profile with 0.1 M DPivOHAQ. Negolyte: 5 mL of 0.1 M
DPivOHAQ pH =~13.5. Posolyte: 100 mL of 0.1 M potassium ferro-/ferricyanide solution [~0.06
M K4Fe(CN)g and ~0.04 M K3Fe(CN)g] pH = ~13.6. (b) Discharge capacity (C) and coulombic
efficiency (%) vs. cycle number and time (days). Negolyte: 4.5 mL of 0.1 M DPivOHAQ. Posolyte:
100 mL of 0.1 M ferro-/ferricyanide solution [~0.06 M K4Fe(CN)g and ~0.04 M K3Fe(CN)g].
Current density: 30 mA/cm? with potential hold (cutoffs: 0.6 V, 1.2 V) until current decreased to
2 mA/cm?. (¢) A representative charge—discharge profile with 0.5 M DPivOHAQ. Negolyte: 6
mL of 0.5 M DPivOHAQ. Posolyte: 100 mL of 0.5 M potassium ferro-/ferricyanide solution [~0.3

11



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

Green Chemistry

M K4Fe(CN)g and ~0.2 M K3Fe(CN)g]. Current density: 100 mA/cm? with potential hold (cutoff:
0.4 V, 1.4 V) until current decreased to 2 mA/cm?. (d) Polarization curves of the 0.5 M
DPivOHAQ at the SOC of 20%, 40%, 60%, 80%, and ~100% respectively. Descriptions of
Electrosynthesis III and IV can be found in the Supporting Information.

To demonstrate the feasibility of switching from the electrosynthesis mode (when paired with
Fe(CN)g*~ reduction) to flow battery mode, we began charge—discharge cycling immediately upon
completion of the electrosynthesis, without performing any purification. Because other research
has reported that quinones and related compounds can decompose in the presence of light,*0-42 we
wrapped the electrolyte reservoirs with aluminum foil to avoid light-induced decomposition during
cell cycling (Figures S13—S15). Figure 4a shows the charge—discharge profile of a single cycle
with an open circuit voltage of ~1.0 V and a capacity of 84.0 coulombs. Given the 93.0% yield
found from the '"H NMR, the capacity utilization is 93.6%. Long-term cycling was then performed
to determine a temporal capacity fade rate of the full cell. Figure 4b demonstrates the discharge
capacity and coulombic efficiency over 33.2 days and 2271 cycles with a fitted fade rate of
0.014%/day and an average coulombic efficiency of 99.53%. This is consistent with the fade rate
of chemically synthesized DPivOHAQ.3® The extremely low capacity fade rate is attributed to the
chemical stability of the molecular structure. The C—C covalent bond between the anthraquinone
core and the functionalizing chains is more robust in strong base and at elevated temperature than
the C—O bond demonstrated in previous work.* 338 Furthermore, the two branched methyl groups
on the carbon connected to the anthraquinone (AQ) core may increase the stability of the
solubilizing chain even when exposed to harsh conditions.!3

To examine the feasibility of this method for potential industry use, we further conducted
electrosynthesis with a higher concentration (0.5 M) of DPivOHAC at a higher current density

(100 mA/cm?) (See Figure S5). Figure 4¢ shows that 0.5 M electrosynthesized negolyte can deliver

72.9% of the theoretical capacity. We attribute the discrepancy between the delivered capacity and

12
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the theoretical capacity primarily to incomplete conversion (Figure S6). The capacity utilization is
81.9% if we consider that there is 11.0% unreacted DPivOHAC(COO") in the negolyte.
Additionally, the mass transport of active species at 0.5 M concentration may be another issue
limiting the full capacity utilization. The corresponding polarization curve at different states of
charge (SOC) is shown in Figure 4d. The peak power density exceeds 0.2 W/cm? when at ~100 %
of SOC.

Given the total transfer of six electrons during the electrosynthesis of DPivOHAC to
DPivOHAQ, the high yields achieved in this work might be surprising. We hypothesize a three-
step successive two-electron transfer mechanism?3* 33: first, when a potential is applied, anthracene
(AC) may react with three OH™ ions and donate two electrons to produce two water molecules and
the anthrone anion (A~); second, A~ may further react with another three OH™ ions and donate
another two electrons to generate two water molecules and the deprotonated anthrahydroquinone
dianion (AQ?*); third, AQ* may further release two electrons to afford the anthraquinone species
(AQ). Complete electrochemical conversion in the third step has been well-documented at
negative potentials vs. ferro-/ferricyanide!- %4 and should therefore be rapid at positive potentials
vs. ferro-/ferricyanide. The reverse reaction of the second step has recently been identified as a
side reaction in ARFBs, and the forward reaction is chemically feasible when exposed to O, or
air.'% 3% Given the high voltage applied to the cell, it is thus plausible that the forward reactions
(AC to A~ to AQ*/AQ) can electrochemically proceed completely and swiftly.

Our group has also previously proposed a side reaction pathway for anthraquinones,'% 44 where
the anthrone anion (A~) can be oxidatively dimerized to dianthrone (DA) chemically and/or
electrochemically. According to '"H NMR spectra (Figure 3d) and liquid chromatography—mass

spectrometry (LC—MS) results (Figure S7), neither DA nor Kolbe electrolysis-related byproducts*
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were detected (Scheme S1), suggesting that AC/AQ-related side reactions can be negligible when
a sufficient OH~ concentration is present to prevent dianthrone formation and a sufficiently low
voltage cutoff is chosen to prevent Kolbe electrolysis dimer formation. The major competing side
reaction is the OER, which, along with the reactions of AC to A~ to AQ?*~, will consume OH~and
may lead to the formation of DA as a result of insufficient OH™ ions in the DPivOHAC solution
(see Electrosynthesis V in the SI). Interestingly, the dianthrones (Scheme S2), detected by
LC-MS (Figure S11), are surprisingly redox-active when a broad voltage window is applied
(Figures S8 and S9 and Scheme S2). On the one hand, the OER can reduce faradaic efficiency; on
the other hand, the generated oxygen can serve as a mediator and chemically oxidize intermediates
(i.e., A, AQ*) to the final AQ form, i.e., mediated (indirect) electrochemical oxidation. Because
the entire process involves not only electrochemical oxidations, but also chemical oxidations, it is
more appropriate to call it an electrochemical-chemical oxidation process.*

In the proposed mechanism, the anthrone derivative is an intermediate in the electrochemical
oxidation. Anthrone formation has been identified as the major side reaction causing capacity fade
in previous work;'% 38 therefore, it is plausible that lost capacity of anthraquinone flow battery
systems may be recovered and anthraquinone lifetime extended by electrochemically oxidizing

anthrone to redox-active anthraquinone derivatives.
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O,{ned)OH-

OO +3OH’ +3OH’
=

2 HQO
AC

R_fi X 2
T \ _
OH-
H _
R: +$=C(CHz),CH,COO" -e

Scheme 1. Proposed electrochemical oxidation mechanism. Three-step successive two-electron
transfer process from AC to A~, A~ to AQ?~, and AQ?~ to AQ. The generated oxygen from the
OER side reaction may incur chemical oxidation processes including A~ to AQ*, AQ?* to AQ,
and oxidative dimerization (A~ to DA).

To demonstrate that the electrochemical oxidation can be applied to other anthracene
derivatives, we performed electrochemical oxidation of 4,4'-(9,10-dihydroanthracene-
diyl)dibutanoic acid (DBDHAC), where the molecular core is 9,10-dihydroanthracene.’® The 'H
NMR results indicate that DBDHAC can, like DPivOHAC, be electrochemically oxidized to the
final anthraquinone (Figure S12), DBAQ (4,4'-(9,10-anthraquinone-diyl)dibutanoic acid), which
has also been shown to be extremely stable.3®

The shared precursor of DPivOHAQ and DBAQ, anthracene, is abundant in crude petroleum
and coal tar, and can be synthesized from benzene and benzyl alcohol (Scheme S3).47 The
precursor of DPivOHAQ, 3,3’-dimethyl acrylic acid, can be industrially produced from malonic
acid, a food acid; the precursor of DBAQ, succinic anhydride, can be industrially hydrogenated
from maleic anhydride and used as an important intermediate on an industrial scale. Thus, both
DPivOHAQ and DBAQ can be readily synthesized from commodity chemicals. Although the

synthetic cost of DPivOHAQ or DBAQ should be somewhat higher than that of 2,6-
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dihydroxyanthraquinone (DHAQ) due to more steps and more chemicals involved, the capital cost
of AORFBs that utilize finite-lifetime electrolytes can be viewed as including the total active cost,
which is the sum of the initial cost of redox-active materials and the present value of the future
costs of periodic electrolyte replacement.! This can lead to an initial cost—lifetime trade-off in
the choice of electrolytes. Over an extended operational lifetime, the total active cost of

DPivOHAQ or DBAQ may be less than that of DHAQ due to their much longer lifetimes. !4

Conclusion

This work demonstrates a potentially scalable, safe, green, and economical in situ
electrosynthetic method for anthraquinone electrolytes in a flow cell without the use of hazardous
oxidants or precious metal catalysts. The as-generated electrolytes, which are extremely stable,
can be immediately used in a redox flow battery without separation or purification. Other low-cost
compounds may also be amenable to this approach, providing a pathway to lower the cost of
electrochemical grid storage systems, thereby accelerating the development of a renewable energy
economy. The technique extends the opportunities for direct aqueous electrosynthesis to replace
thermochemical synthesis of value-added organics.
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