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Pairing of Aqueous and Non-Aqueous Electrosynthetic
Reactions Enabled by a Redox Reservoir Electrode

Katelyn H. Michaell, Zhi-Ming Sul, Rui Wang?!, Hongyuan Sheng?!, Wenjie Lil, Fengmei
Wang!2, Shannon S. Stahl, Song Jin!

1Department of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, Madison,
Wisconsin 53706, USA.

2State Key Laboratory of Chemical Resource Engineering, College of Chemistry, Beijing
University of Chemical Technology, Beijing, 100029, China

Abstract

Paired electrolysis methods are appealing for chemical synthesis because they generate valuable
products at both electrodes; however, development of such reactions is complicated by

the need for both half-reactions to proceed under mutually compatible conditions. Here, a
modular electrochemical synthesis (ModES) strategy bypasses these constraints using a “redox
reservoir” (RR) to pair electrochemical half-reactions across aqueous and non-aqueous solvents.
Electrochemical oxidation reactions in organic solvents, the conversion of 4-tert-butyltoluene to
benzylic dimethyl acetal and aldehyde in methanol or the oxidative C—H amination of naphthalene
in acetonitrile, and the reduction of oxygen to hydrogen peroxide in water were paired using nickel
hexacyanoferrate as a RR that can selectively store and release protons (and electrons) while
serving as the counter electrode for these reactions. Selective proton transport through the RR

is optimized and confirmed to enable the ion balance, and thus the successful pairing, between
redox half-reactions that proceed with different rates, on different scales, and in different solvents
(methanol, acetonitrile, and water).
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Introduction

Electrochemical synthesis is the focus of increased attention, owing to its ability to avoid
elevated temperatures, pressures, eliminate stoichiometric chemical reagents, and reduce
chemical waste.1~% In typical electrosynthetic reactions, the desired chemical transformation
taking place at the working electrode is balanced by a sacrificial reaction that takes place
at the counter/auxiliary electrode. Anodic oxidations, such as conversion of a primary
alcohol to a carboxylic acid,” are typically balanced by proton reduction to hydrogen

gas at the cathode. Cathodic reductions, such as the dimerization of acrylonitrile to
adiponitrile,® are often balanced by water oxidation to O, at the anode. Smaller scale
electrosynthetic reductions commonly use a sacrificial metal anode, such as Zn or Fe. The
non-productive counter electrode reactions are designed to balance the charge and avoid
interference with the reaction of interest; however, it would be ideal if the non-productive
reaction at the counter electrode could be replaced with a redox reaction that generates

a valuable product.9-11 Such “paired electrolysis” methods can improve the efficiency,
sustainability, and/or economics of large scale applications.6-%-16 A prominent example
of paired electrolysis developed by BASF features the oxidation of 4-£butyltoluene and
the reduction of dimethyl-o-phthalate in methanol solvent (Figure 1a).>17:18 The process
is formally 100% atom efficient owing to its perfect methanol and electron balance.

Both products may be formed at the same rate under the identical reaction conditions
(temperature, solvent, supporting electrolyte, etc.) and rates. This matching of reaction
conditions and rates presents a challenge to the development and widespread adoption of
paired electrochemical reactions, as the optimal conditions and rates of different reactions
are seldom identical 6:11.19

The challenges for achieving paired electrolyses can be alleviated by recently described
redox reservoir (RR) enabled modular electrochemical synthesis (ModES) methods.2% RRs
are solid-state battery materials that temporarily store/release ions and electrons to balance
the ion/electron transfer steps taking place at the working electrode. Therefore, RRs can
serve as a universal counter electrode, capable of pairing alternately with both cathodic
and anodic half-reactions. Implementation of this RR-based ModES concept relaxes the
constraints of paired electrochemical synthesis because the paired half-reactions may be
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carried out in different cells, and at different times, locations, rates, and/or scales, to

align with demand. The promises of the ModES strategy have been demonstrated by the
reports on decoupled water splitting, which can reduce the crossover of oxygen impurity
in the produced hydrogen and provide a means to reduce gas purification costs and safety
hazards.21-27 Moreover, RRs can enable the pairing of many incompatible half-reactions to
synthesize value-added chemicals such as the co-production of several high value oxidants
in aqueous media using an RR,20-28 which was not previously possible due to product and
membrane compatibility. RRs could also enable electrosynthetic reactions to take place in
an undivided cell instead of the commonly used divided cells, bypassing the need for a
membrane or separator. To date, the ModES strategy has only been used to pair two redox
half-reactions in aqueous solutions, but it should be compatible with non-aqueous solvents
commonly used in organic electrosynthesis.3:6:10.28

To expand the flexibility and potential utility of ModES, we elected to investigate the use of
a solid-state RR to pair two electrosynthetic redox reactions conducted in different solvents.
These half-reactions include the methylarene oxidation reaction featured in the BASF
process, conducted in methanol at the anode (Eqg. 1 and Figure 1a), and electrochemical
hydrogen peroxide production via two-electron reduction of O, in water at the cathode (Eq.
2 and Figure 1b).

4 —tBuCgH4CH3 +2 CH30H — 4 — tBuCgH4,CH(OCH3), + 4 H +4e™  (Eq. 1)

0,+2 H)O+2e~ — H)O,+20H™ (Eq. 2)

These important reactions are performed on very different scales industrially, 103 and 10°
tons per year for methylarene oxidation and H,O» production, respectively. Electrochemical
production of H,O5 for disinfection, environmental applications, or as an oxidant for
chemical synthesis is the focus of growing interest as an alternative for the traditional
chemical anthraquinone process that requires high energy consumption, expensive catalysts,
and multiple steps.2%-32 The susceptibility of H,O, to decomposition limits compatible
half-reactions therefore the H,0O, electrolyzer usually has the oxygen evolution reaction
(OER) as the anodic process separated by an expensive ion exchange membrane (Figure 1b).
The use of RRs in a ModES strategy could eliminate the unproductive counter reactions and
the need for ion exchange membranes, but RR electrodes that can transfer the common ions
that are involved in both half-reactions need to be developed to maintain the ion-balance and
realize sustained co-production of chemicals.33:34

Here, we demonstrate the pairing of these two half-reactions across aqueous and non-
aqueous solvents using a carefully designed RR that results in the following overall ModES
reaction (Figure 1c):

20y +4 — tBuCeH4CH3 + 2 CH30H — 2 HyO; + 4 E
— tBuCsH,CH(OCHz), (E6-9
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The anodic methylarene oxidation reaction generates H* in the undivided cell and the

RR undergoes reduction with H* intercalation (Figure 1c, left). Then, the RR electrode

is transferred to a separate undivided cell where it supports cathodic hydrogen peroxide
production by undergoing oxidation and release of H* (Figure 1c, right), which neutralizes
the OH™ produced by H,0, production (Eq. 2, 4).

0, +2 H)O+2H" +2 ¢~ — Hy0, +2 HyO (Eq. 4)

The overall process avoids contact between the supporting electrolytes of the two half-
reactions, while allowing for ion balance between two incompatible processes. We identify
a Prussian blue analogue material, nickel hexacyanoferrate (NiHCF), that is compatible with
both agueous and non-aqueous solvents as the RR to ensure selective transport of protons
across the electrochemical cells. After optimization of the RR material, reaction electrolytes,
and ModES process, continuous proton-balanced ModES cycles with pH stability that yield
complete conversion of methylarene in methanol and the production of H,O, in water

are achieved. To further support the flexibility of the ModES strategy, the amination of
naphthalene in acetonitrile is paired with H,O, production using the same NiHCF RR.

Results and Discussion

Synthesis and electrochemical performance of NiHCF as a redox reservoir

The RR materials for the ModES processes should be selected based on their ability

to transport the balancing ion, chemical and electrochemical stability in the appropriate
electrolytes, their redox potential, cycling capacity, and kinetics. For the ModES pairing
herein, proton is the balancing ion, therefore we selected Prussian blue analogues (PBAS)
because they have been reported as proton battery materials.3=37 The rigid open framework
and large interstitial sites with a three-dimensional diffusion channel along the <110>
crystallographic directions in PBAs make them advantageous for intercalation of ions in
aqueous and non-aqueous solution.37:38 PBAs are also inexpensive and can be synthesized at
scale using a simple co-precipitation method. Various PBAs, including NiHCF and CuHCF,
were tested for stability in a range of solvents commonly used in batteries and organic
electrochemical reactions. First, a small amount of PBA powder was added to the solvents
to check for solubility. If there was no visible dissolution, a cyclic voltammogram (CV) was
taken to find the formal potential of the PBA followed by cycling tests. NiHCF was found to
be the most stable PBA in nonaqueous solvents and undergoes redox in methanol, DMF, and
acetonitrile (Figure S1).

We synthesized the rhombohedral NiHCF crystals with occupied Na* following a

reported co-precipitation method.3° Scanning electron microscopy (SEM) images of the
as-synthesized crystals show well-faceted microcubes with an average size of approximately
2 um (Figure 2a inset). Powder X-ray diffraction (PXRD) pattern displays the characteristic
doublet diffraction peaks of the rhombohedral phase at (220), (440), and (660) compared

to the standard pattern that represents the cubic phase (JCPDS no. 52-1907) (Figure S2).
The as-synthesized rhombohedral phase is preferred due to its slightly higher capacity
compared to the cubic (oxidized) phase and its larger unit cell.2? Inductively coupled

JAm Chem Soc. Author manuscript; available in PMC 2023 December 14.
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plasma optical emission spectroscopy (ICP-OES, Table S1) and thermogravimetry analysis
(TGA, Figure S3) were conducted to determine the compositions of Na, Ni, Fe elements
and the water content in the NaNiHCF sample to confirm the exact formula to be
Nazlngi[Fe(CN)6]1,04-2.2 H,0.

We then studied the electrochemical behaviors of the NiHCF electrode intercalating and
de-intercalating proton in both methanol and aqueous solutions using a three-electrode set
up. The as-synthesized NiHCF was always oxidized before use to allow for intercalation

of proton upon reduction. When NiHCF (cubic phase) is reduced with the intercalation

of proton rather than an alkali metal cation, the crystal structure remains cubic and does
not shift to rhombohedral (Figure S4-5). Before all electrochemical tests, the NiHCF
electrode was reduced and oxidized 10 times (Figure S6) to activate the electrode. The
charge/discharge rate of 1 C (meaning the material is fully discharged in one hour, and a
rate of n C means the battery is fully discharged in 60/n minutes) was determined based on
the capacity of NiHCF in neutral aqueous solutions (65 mAh g=1). The stability tests show
that NiHCF can be cycled repeatedly using proton in methanol with only 1% decay over
50 cycles (Figure 2a) and in water with a 9.76% decay after 50 cycles (Figure 2d). Cyclic
voltammograms (CVs) of NiHCF at different scan rates show reversible redox behavior with
a NiHCF working and counter electrode in an undivided cell (Figure 2b, 2e), following this
reaction:

NaNi(Fe3*(CN)g)+ H + ¢~ = HNaNi(Fe> T (CN)g) (Eq. 5)

With proton intercalation it is common to see multiple CV peaks, which is usually attributed
to the binding of protons with ligand and zeolitic water molecules.*1:42 The potential
window in acidic aqueous solution is =0.3 V to 1.0 V vs. SCE and NiHCF has a formal
potential of 0.5 V (Figure 2e). In methanol, the potential window is —0.9 V to 1.1 V vs.
Fc/Fct with a NiHCF counter electrode (Figure 2b).

With the desired half reactions in mind, the RR stability bounds were tested. Hydrogen
peroxide production can occur over a wide pH range, so the redox performance of the

RR electrode was studied under different pH conditions. NiHCF was found to be stable

to reduction in acidic to neutral conditions, but unstable in alkaline solution (Figure S7).
However, NiHCF was stable to oxidation in weakly alkaline solution. Therefore, we could
select an aqueous H,0, production supporting electrolyte with a pH from 0 to 11, in which
oxidation of NiHCF will take place. For the cell in which NiHCF reduction takes place,

the aqueous supporting electrolytes could be acidic to neutral. When undergoing reduction
in methanol, NiHCF had more severe dissolution. It was reported that excess Ni ions in
solution help stabilize the Prussian Blue structure, preventing Ni dissolution that results in
leaching of the redox active Fe from NiHCF.3 Therefore, we added 20 mM NiNOj into the
methanol solution, which improved the cycling performance. Clear improvement of lattice
stability is evident by the lack of precipitate formation after 50 cycles of reduction and
oxidation in methanol solution and 23 cycles of ModES (Figure S9-10). Due to potential
decomposition of H,O, in the presence of nickel ions, Ni ions were not added in the aqueous
electrolyte, but no color change or precipitate was observed when running H,O, production.

JAm Chem Soc. Author manuscript; available in PMC 2023 December 14.
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NiHCF has worse rate capabilities in methanol than aqueous solutions presumably due

to the reduced hydrogen bonding network.#* After studying different cycling currents,
keeping the C rate as low as possible during cycling in methanol proved to be essential
for maintaining the capacity of NiHCF. A discharging rate not exceeding 1 C was selected
for this half-reaction (Figure S8). In aqueous solutions, the rate capabilities are improved
by stronger intermolecular forces as well as higher solution conductivity compared to
organic solvents.29 This means that aqueous half-reactions can be run at a higher rate than
the non-aqueous half-reactions. A representative galvanostatic discharge curve of NiHCF
(reduction) in methanol from 100% to 25% state-of-charge (SOC) is shown in Figure 2c.
The corresponding galvanostatic charge curve (oxidation) in pH 11 aqueous solution is
shown in Figure 2f.

Optimization of half-reactions

Literature precedents for the organic half reaction, methylarene oxidation reaction, provide
an important foundation for the work conducted here.1845 Cyclic voltammograms, obtained
in acetonitrile solvent, highlight a comparison of redox potentials associated with 4-#
butyltoluene and its corresponding intermediate and product relative to that of MeOH
(Figure 3a). The plots show that the methylarene reagent and methyl ether intermediate
undergo oxidation at potentials below that of methanol, while the product dimethylacetal is
oxidized at a potential higher than that of methanol.

By adapting the previously reported conditions, direct oxidation of 4-#butyltoluene
delivered 68% yield of the corresponding dimethyl acetal in an undivided cell using
graphite for both the working and auxiliary electrode (Figure 3b, entry 1). The reaction was
conducted at a constant current of 20 mA, and the optimal yield was obtained after passing
8 F/mol of charge. The reaction did not reach completion when the theoretical charge of

4 F/mol was passed (40% product yield with 36% unreacted starting material, entry 2). A
modest drop in yield was observed when more charge was passed (56% yield at 10 F/mol,
entry 3), and decreased yields were also observed at lower and higher current densities
(entries 4 and 5). TBAPFg was not as effective a supporting electrolyte as TBACIO, (entry
6). In anticipation of pairing methylarene oxidation reaction with a proton-exchange RR, a
small amount of water was added to the methanol to facilitate proton transport within the
RR. This modification resulted in partial hydrolysis of the dimethyl acetal, but a comparable
overall acetal/aldehyde yield was obtained (64%, entry 7). The influence of added Ni(NO3),
was tested to account for the stabilizing effect of Ni2* jons on the stability of the NiHCF

RR in methanol. The presence of 20 mM Ni(NOs3), in the electrolyte had minimal impact on
the reaction yield (65% yield, entry 8, Figure S11). On the other hand, control experiments
confirmed that moderate quantities of Brgnsted acid in solution (10 and 50 mol% with
respect to the substrate) had a deleterious effect on the reaction, lowering the yield to 58%
and 30%, respectively (entries 9 and 10).

For H,O, production at the cathode, we used carbon based catalysts as the working
electrodes due to their stability and good performance in neutral to alkaline conditions and
their low cost.48 Following previous reports, annealed carbon felt20:2947 and iron decorated
carbon nanotubes*® (10 nm width) (Fe-CNT, Figure S12) were prepared and tested in neutral

JAm Chem Soc. Author manuscript; available in PMC 2023 December 14.
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to weakly alkaline solutions (Figure S13-S15) with linear sweep voltammetry (LSV) in a
divided cell with a Pt counter electrode to measure current density (Figure 3c). We chose

a solution of 1.7 M NaySOy4 solution adjusted to pH 11 with 1 M NaOH for performing
H»0, electrosynthesis due to the high activity of H,O, production, reduced competition
with OER, and the stability of the RR. Under these conditions, the 2 cm? Fe-CNT cathode
shows a current of —100 mA at 0.16 V vs. RHE (Figure 3c). Various applied potentials were
screened using chronoamperometry (Figure S16) and the produced H,0O, was quantified
chemically using titration (see details in the Supporting Information, Figure S17). The best
current density and Faradaic efficiency (FE) was achieved using Fe-CNT electrodes on
hydrophobic carbon fiber paper, similar to what was previously reported.*® A potential of
0.244 V vs RHE was selected to ensure a high FE above 90% when accumulating 200 ppm
of HyO5 ina 30 mL cell.

Proton balancing ability of the RR

The overall ModES reaction requires protons to be transferred from the methylarene
oxidation reaction cell in methanol to the cathodic H,O, production cell in water by the RR
(Figure 1c). Therefore, it is important to study the ability of the RR electrode to transfer and
balance protons. Protons have a smaller mass and ionic radius compared to metal ions and
exhibit the fastest diffusion kinetics via the Grotthuss mechanism which allows protons to
be transferred via a hydrogen bonding network (Figure 4a).354 Under the Grotthuss proton
conduction mechanism, zeolitic water in the PBA cages and ligand water in anion vacancies
can form a continuous hydrogen bonding network that allows for concerted cleavage and
formation of O-H bonds for proton transfer.36

In the beginning of the methylarene oxidation reaction process, there is a large excess of
the supporting electrolyte cation and an absence of protons in solution. If a metal cation
that can be intercalated into NiHCF, such as sodium, is present, it will compete with proton
and result in ion imbalance. Unlike conventional batteries in which there is a large excess
of the ions causing the redox, this ModES system requires the protons produced during
anodic oxidation to be intercalated into the RR electrode. Because the reaction yield of the
methylarene oxidation reaction is affected by high proton concentration (Figure 3b, entries
9 and 10), an acidic electrolyte cannot be used to alleviate ion competition. To manage this
competition, we selected a tetrabutylammonium (TBA) cation based supporting electrolyte,
TBACIQy, to ensure preferred intercalation of protons based on cation size (Figure 4a).
TBA™ has an approximate diameter of 9.9 Angstroms,® which is larger than that of the
NiHCF cage (5.1 A),5! thus ensuring exclusion from the cage. In contrast, the desolvated
ionic diameter of Na* is 1.9 A, allowing it to compete with protons.52

To further improve the proton uptake into the RR, we also varied the water-to-methanol ratio
as the solvent for the methylarene oxidation reaction. The addition of water enhances the
kinetics of proton intercalation by improving the hydrogen bonding network and improves
the solution conductivity compared to a purely methanol solution.>3 Even though adding
water introduces competition between OER and the methylarene oxidation reaction, the
benefits of improved conductivity and kinetics outweigh the slight loss in FE and minimal
decrease in product yield (cf. Figure 3b). We found that the optimal water-to-methanol

JAm Chem Soc. Author manuscript; available in PMC 2023 December 14.
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ratio is 1:20, which retained the methylarene oxidation reaction product yield and Faradaic
efficiency while improving RR performance.

To evaluate the proton (de)intercalation by the NiHCF RR, we ran hydrogen peroxide
production in undivided and divided cells to monitor pH changes with the RR as the counter
electrode. In the divided cell there is a glass frit dividing the working and counter electrode
chambers to slow down ion movement, primarily allowing the supporting electrolyte ions to
pass between the two chambers to maintain charge balance. As a result, pH shifts can be
measured in the two chambers immediately following the electrochemical experiment. The
RR was first reduced in methanol with 1 M H,SO, as the supporting electrolyte. For the
RR oxidation, the supporting electrolyte was a 1.7 M Na,SO,4 and 1 mM NaOH aqueous
solution. In the divided cell, an increase of 1.91 pH units was observed in the working
electrode compartment due to the hydroxide released during H,O, production (Figure 4b,
red trace). In the counter electrode compartment, there was a decrease of 7 pH units from
the protons deintercalated from the NiHCF RR (Figure 4b, blue trace). In an undivided

cell, all ions can diffuse through the cell and the same supporting electrolytes were used

for the RR reduction and oxidation. Only a small pH shift of 0.45 pH units was observed

in the undivided cell (Figure 4b, grey trace) because the proton deintercalated from the
NiHCF neutralizes the hydroxide produced from H,0, production. This demonstrates that
the NiHCF RR is capable of balancing the protons across solvents.

For further support that protons are the ions that are intercalated into the NiHCF RR, we
conducted operando electrochemical quartz crystal microbalance (EQCM) measurements
during CV tests (Figure 4c and d) to monitor the electrode mass change (see details

in Supporting Information). In PBAs, cation (de)intercalation must be charge balancing
the redox process.> The EQCM results (Figure 4c, red trace) show during reduction
(protonation) the electrode experiences a frequency increase indicating a mass loss
according to the Sauerbrey equation:>®

2% fo% Am*n

Afs= - - 1 (Eq. 6)
(Hqpq)2
which simplifies to:
Af=—-Cr*Am (Eq. 7)

where p, is the density of the quartz crystal (2.648 glem3), Hg s the shear modulus of quartz
(2.947 x 101 g/cm*s?), , is the resonant frequency of the fundamental mode of the crystal
in Hz, Cs is the sensitivity factor, n is the overtone, and Am and Af are the mass change and
frequency change, respectively. During oxidation (deprotonation), the frequency change is
reversed for a mass gain. This indicates solvent movement is dominating the mass change

as it is reversibly inserted into the lattice in a movement opposite to that of proton.42:56
Since the mass of a proton is much smaller than that of the solvent molecules assisting

with hydrogen bonding, the slopes are the opposite of what is expected.>6 This was also
observed when measuring NiHCF in acidic aqueous solution (Figure S18). In contrast, when
measuring the frequency and mass change of NiHCF with sodium ions as the intercalating
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ion in methanol, the expected mass change trend is observed (Figure 4c, blue trace). This is
because sodium ions rely on ionic attraction for movement during (de)intercalation and not a
hydrogen bonding network like protons.

The attraction of sodium ions to cyanide groups present in PBA dictates ion movement
and therefore less interstitial water rearrangement is expected.>* In summary, the slope

of the mass change curves measured in acidic methanol solution (Figure 4c, red trace)
indicates that lattice water and solvent molecule rearrangement plays a large role in the

ion intercalation process, rather than being dependent on cation-anion attraction as alkali
metal ions would be (Figure 4c, blue trace). * This is indicative of proton movement into
and out of the NiHCF RR material. This proton (deintercalation) is reversible, indicated by
the electrode having the same mass when fully oxidized and reduced over multiple cycles
(Figure 4c, red trace). Additionally, no mass change was observed when a bare crystal was
measured in the same potential range in the same solution (Figure S19) indicating the mass
changes were due to the behavior of the NiHCF thin film.

Proton balanced ModES production of 4-tert-butyl benzyl acetal/aldehyde and H,0,

The full cycle of ModES involves two half-reactions conducted sequentially in different
electrolytes with the RR switched between the two undivided cells (Figure 5a) with a
three-electrode configuration. Before ModES cycling, the RR electrode (Figure S20) is fully
oxidized in aqueous solution. For the methylarene oxidation reaction step, the RR electrode
is washed in water and then methanol multiple times, then dried (Figure 5a). A current
density of 22 mA/cm? is applied to the graphite rod working electrode while the RR is
reduced to 25% SOC based on its capacity in aqueous solution (34 C) in the optimized
supporting electrolyte of 0.1 M TBACIO,4 and 20 mM NiNO3 in a methanol/water mixture
(20:1; cf. Figure 3b). The average potential on the graphite rod is approximately 2.1 V vs.
Fc/Fc*. For the aqueous hydrogen peroxide production step at pH = 11, the applied potential
was set at 0.244 V vs. RHE and the RR is oxidized back to 100% SOC with an average
current density of 39 mA/cm?2. The same amount of charge was passed for the aqueous and
non-aqueous half-reactions.

After 23 cycles of continuous ModES operation, full conversion of 1 mmol 4-tert-
butyltoluene was achieved, producing the aldehyde/acetal products in 52% yield (Figure
5b and 5c¢, Figure S21). This corresponds to a Faradaic efficiency of 26%, which is similar
to the Faradaic efficiency in the control experiment (34%; entry 8, Figure 3b). Methylarene
oxidation occurs progressively within the same 10 mL cell throughout the ModES process.
Modest solvent loss over time due to the repeated transfer of the RR electrode between

the two reaction cells likely contributes to the yield reduction relative to the single-batch
result in Figure 3b. On the cathodic side, a fresh 30 mL aqueous NaySOy, solution (1.7 M,
adjusted to pH = 11) under continuous bubbling of oxygen gas was used for each ModES
cycle at a constant potential, producing an average of 186 ppm H»05 (5.47 mM) with a

FE of 93.2% (Figure 5e). Such accumulated concentration of H,O, is already useful for
many applications, such as disinfection and water treatment.32 There was only a 0.4-0.7
pH unit increase per cycle during the cathodic reaction (Figure 5d). Approximately 10%
of protons released during the oxidative reaction are not intercalated into the RR. Due to
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the sensitivity of the methylarene oxidation reaction to excess protons, a small amount of
base N,N-diisopropylethylamine (20 (L), was added every 4 cycles to the organic reaction
mixture to neutralize the excess protons. XRD confirmed that the phase and crystallinity of
the NiHCF RR did not change after 23 cycles of ModES, ending in the fully oxidized state
(Figure S22).

Extension to another oxidation reaction (arene C—H amination) and organic solvent
(acetonitrile)

With the understanding that the NiHCF redox reservoir can be used to balance electrons
and protons across half reactions in different solvents, we pursued pairing another
oxidation reaction with a different set of reaction conditions (Figure 6a). Yoshida et al.
have reported an arene C—H amination reaction involving oxidative coupling of arenes

with pyridine to afford arylpyrdinium products, which are then directly converted to

the corresponding anilines upon treatment with piperidine.>” The reported reactions are
performed in acetonitrile using a divided cell configuration. We first conducted the Yoshida
amination reaction under the reported conditions with a Pt counter cathode in divided

and undivided cells to assess the influence of the cell configuration (see experimental
details in the Supporting Information). These reactions afforded 72% and 6% yields of the
1-naphthylamine product, respectively (Figure S23 and S24). The low yield in the undivided
cell is attributed to the facile /in situ reduction of the arylpyridinium product at the Pt
cathode.

We then repeated the reaction in an undivided cell in which the Pt cathode was replaced
with the NiHCF RR as a counter electrode (Figure 6a left side). Under otherwise identical
conditions, the reaction affords 1-naphthylamine in yields up to 67% (Figure 6b, S25,

see full screening details in Table S2). It was necessary to include some cations in the
acetonitrile solution to facilitate the ion transport and support effective cycling of the RR.
Due to the sensitivity of this reaction to water, unlike the methylarene oxidation reaction
described above, water could not be used as a source of H* cations. Addition of 100

mM acetic acid to the reaction mixture led to a 52% yield of product (Figure 6b, Figure
S26). Speculating that acetic acid could hydrogen bond with pyridine in solution and limit
its effectiveness as a nucleophile, we tested sodium cations for improving the reaction.
The optimal yield (66%) was obtained from a reaction mixture initiated with 16 mM
NaClO,. The cell potential evolution during the discharge process (Figure 6b blue RR Na
trace) suggests that sodium ions are readily intercalated into the RR at the early stages

of the reaction, after which protons accumulated from oxidation of naphthalene undergo
intercalation into the RR. This anodic arene C—H amination can proceed in an undivided cell
together with the reduction of the RR electrode because the pyridinium intermediate does
not decompose on the RR electrode. This is supported by CVs on platinum that show an
onset potential of reduction at —0.95 V vs Fc¢/Fc* in the presence of pyridinium (Figure S27).
Figure 6b shows the RR electrode remains at a potential above —0.95 V for the majority of
the electrolysis. In contrast, the reduction of pyridinium has a similar potential to that seen
for hydrogen evolution (Figures S27-S29).
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Furthermore, use of the RR to support the electrosynthesis of H,O, in aqueous solution
(Figure 6a right half), following the oxidative amination of naphthalene in acetonitrile, was
successful and proceeded with a Faradaic efficiency of 85%. This completes the ModES
cycle and demonstrates the pairing of aqueous H,O5 production with another anodic organic
electrosynthesis in another solvent beyond methanol, which was used in the methylarene
oxidation reaction discussed above. These results suggest the potential utility of the ModES
strategy for general organic electrosyntheses and also highlight the advantage that the use

of RR can translate an electrolysis reaction that requires a divided cell under conventional
conditions into a reaction that proceeds effectively in an undivided cell.

Conclusion

In conclusion, we demonstrate the pairing of two electrosynthetic reactions across different
solvents: methylarene oxidation in methanol or naphthalene C—H amination in acetonitrile
with hydrogen peroxide production in water using an ion-balanced ModES strategy. These
ModES processes are enabled by a proton-selective NiHCF RR material that (de)intercalates
protons to maintain pH stability for the electrochemical cells, allowing for effective
methylarene oxidation or arene C—H amination, and the accumulation of H,O,. Careful
experiments ensure and confirm the selective transport of protons through NiHCF RR from
the nonaqueous anodic cell to the aqueous cathodic cell. Not only would these pairings

of electrochemical reactions not be possible without the RR because of the incompatible
reaction media, but also the ModES process eliminates the less productive auxiliary counter
electrode reactions and the need for expensive and cumbersome ion-selective membranes
used in divided electrochemical cells. These pairings show the utility of ModES by enabling
the synthesis of three chemicals (both inorganic and organic) with flexibility in rate, scale,
and reaction conditions.

To increase the utility of ModES in general organic electrosynthesis, the development of RR
materials that have high stability, solvent compatibility, selectivity for ion transport, and high
capacity is crucial. Higher capacity materials improve the practicality of ModES because
many organic electrochemical reactions require large amounts of charge. The emerging
proton battery materials36:°8 would be suitable candidates, but they are commonly reported
in aqueous systems, so their solvent compatibility, stability, and ion selectivity need to be
screened and further improved. Flexible pairing of electrochemical syntheses of products
that have incompatible reaction conditions, different and variable market demand but similar
local applications without sacrificial half-reactions and expensive membranes could enhance
the economic viability of distributed electrochemical production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of RR enabled ModES for paired oxidation of 4-tert-butyltoluene
in methanol and reduction of oxygen to H>O» in water in comparison to conventional electrolysis
processes.

(a) Schematic of the BASF paired electrolysis that takes place in methanol where two
organic products are synthesized simultaneously at both the cathode and anode. (b) In
conventional electrochemical H,O5 production, the non-productive OER takes place on the
anode to charge balance the cathodic reaction. This process requires a membrane to prevent
H,0, decomposition on the anode. (c) In the ModES process, the anodic and cathodic
processes take place in two undivided cells and a RR electrode serves as the counter
electrode for the process of interest, storing ions and charge, and ensuring ion balance. This
allows the two reactions to take place in different solvents, with different scales, rates, and
without a complicated separation process.
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Figure 2. Electrochemical characterizations of the NiIHCF RR material in both aqueous and
methanol solutions.

(a) Galvanostatic charge-discharge tests in a methanol solution containing 0.1 M TBACIOy,
20 mM NiNOg3, and 0.01 M H,SO4 with a NiHCF working electrode (WE) and counter
electrode (CE). Inset shows a representative SEM image of NiHCF crystals. (b) Cyclic
voltammograms of NiHCF in 0.1 M TBACIO,4 and 0.01 M H,SO,4 in methanol at a scan rate
from 0.1 to 5 mV/s. (¢) Galvanostatic discharge curve of NiHCF in methanol with 0.1 M
TBACIOy4, 20 mM NiNO3, and 0.01 M H,SO4. (d) Galvanostatic charge-discharge tests in
aqueous 0.5 M H,SO,4 with a NiHCF WE and CE. (e) CVs of NiHCF conducted in 0.5 M
H,SOy4 at a scan rate of 0.5, 1, and 5 mV/s. (f) Galvanostatic charge curve of NiHCF in 1.7
M Nay,SO,4 and 1 mM NaOH (pH 11) after discharge in MeOH.
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See Supporting Information for experimental details. 2 Yield determined by 'H NMR analysis of
the crude reaction mixture using mesitylene as an internal standard, yields shown in
parentheses are isolated. © Recovered 36% starting material. ¢ Hydrolysis was performed to
convert acetals to aldehydes before isolation, the yield corresponds to isolated aldehydes.

Potential (V vs RHE)

Figure 3. Electrochemical behaviorsand product distributions of the separate electrochemical
half-reactions.

(a) CV data relevant to methylarene oxidation. Conditions: 0.1 M TBAPFg in acetonitrile,
glassy carbon working electrode, Pt wire counter electrode, reference electrode Ag/AgNO3
(10 mM AgNOs5 in acetonitrile) corrected vs. Fc/Fc*. Oxidation of methanol prevents
overoxidation of the acetal and aldehyde to the carboxylic acid. (b) Table for optimizing
the product yield and distributions of methylarene oxidation with graphite rod working and
counter electrode. Entries 1-6 show optimization of the half reaction. Entries 7-8 reflect
conditions used to improve the anticipated performance of the RR. Entries 9-10 show the
sensitivity of the reaction to excess proton concentration. (c) Linear scanning voltammetry
curve (LSV) for the cathodic production of HyO5 using an Fe-CNT electrode with an area of
2 cm? at a scan rate of 10 mV/s in O saturated 1.7 M Na,SO, (adjusted to pH = 11) with a
Pt counter electrode.
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Figure 4. Proton-balancing ability of the NiIHCF RR
(a) Schematic of the Grotthuss mechanism, size of ions, and NiHCF cage illustrating

the role of hydrogen bonding and the need to minimize ion competition. (b) pH shifts
showing proton intercalation and deintercalation ability of the RR. A pH 11 solution was
used in both the undivided and divided cell. The RR was reduced in 1 M H,SQOy in
methanol and then oxidized, releasing protons in the respective cells. H,O, production was
performed at the working electrode to ensure proton release. (c) Electrochemical quartz
crystal microbalance measured mass change of proton (de)intercalation of NiHCF in 1:20
water:methanol solution of 1 mM H,SOy4, 20 mM NiNOg, 0.1 M TBACIO4 in comparison
with sodium (de)intercalation in 0.1 M Na,SQO,4 in methanol. Slope trends are opposite of
each other due to their differing (de)intercalation mechanisms. (d) The corresponding CVs
during the measurements of the mass changes in (c).
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Figure5. Modular electrosynthesis of 4-tert-butylbenzylaldehyde in methanol and HoO5 in
aqueous solution enabled by the proton selective NiHCF RR.

(a) Full schematic of the ModES process for pairing methylarene oxidation reaction

and H,0, production. (b) Reaction schematic of methylarene oxidation to 4-tert-
butylbenzaldehyde and acetal product resulting from 23 cycles of ModES with the product
yields. (c) Potential of the NiHCF RR paired with methylarene oxidation over 23 ModES
cycles. (d) Reaction equation and pH after H,O, production for each cycle. The electrolyte
had a starting pH of 11 and shifted minimally during the production of 200 ppm H,0,
showing pH stability over the course of the ModES cycling. (e) Faradaic efficiency and
concentration of H,O, produced in the aqueous cell for each ModES cycle. A new 30 mL
solution was used each cycle.
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Figure 6. Modular electrosynthesisof 1-napthylaminein acetonitrile and H>O» in aqueous

solution enabled by the NiHCF RR.

(a) Full schematic of the ModES process for pairing the oxidative C-H amination of
naphthalene and H,O5 production. (b) Potential evolution of the NiIHCF RR counter
electrode and carbon felt working electrode during naphthalene amination with NaClO4
(blue and red traces, respectively) and acetic acid (purple and green traces, respectively)
added in the electrolyte. Inset shows the reaction schematic for naphthalene amination and

the resulting product yields.
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