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ABSTRACT: Challenges posed by the sacrificial auxiliary
reactions and expensive ion-exchange membranes in conventional
electrosynthesis necessitate developing new electrochemical
processes to enable efficient and sustainable distributed electro-
chemical manufacturing. Modular electrochemical synthesis
(ModES) using a redox reservoir (RR) offers a promising
membrane-free approach to improve energy efficiency and reduce
waste through the pairing of multiple independent oxidative and
reductive half-reactions; however, undesired ion-imbalance and
induced pH changes in the existing ModES process limit sustained
production. Here we present Ni(OH)2 as a heterogeneous RR that
can selectively store and transport the hydroxide ions involved in
the target half-reactions by reversible conversion with NiOOH to
enable an ion-balanced ModES of two common disinfectants, hydrogen peroxide (H2O2) and sodium hypochlorite (NaClO). This
hydroxide-balanced ModES realizes stable operation without appreciable pH swing to accumulate practically useful concentrations of
H2O2 and NaClO up to 251 and 481 ppm, respectively. These results illustrate additional design principles for electrosynthesis
without sacrificial auxiliary reactions and the need for ion-selective RRs for modular electrochemical manufacturing.

■ INTRODUCTION

Chemical disinfectants, such as sodium hypochlorite (NaClO,
bleach) and hydrogen peroxide (H2O2), are routinely used for
cleaning and disinfection in many public spaces, such as
hospitals and schools, and households.1,2 Conventional
disinfectant production via centralized chemical manufacturing
produces highly concentrated chemicals at central plants,
which are then distributed to multiple points-of-use by external
supply chains and diluted to relatively low concentrations for
disinfection applications.3−6 However, fragile supply chains
that arise from relatively high transportation costs and
inflexible manufacturing conditions of these disinfectants
struggle to cater to their fluctuating demand, and thus have
motivated distributed chemical manufacturing with dispersed
facilities close to their end-use destinations.7−11 Distributed
on-site production could also provide opportunities to meet
the increased local demand for disinfectants during the
coronavirus disease (COVID-19) pandemic. In fact, electro-
chemical devices for producing bleach are commercially
available, such as the on-site electrochemical NaClO
generators (SANILEC) by De Nora for offshore oil extraction
facilities.12,13 In such a conventional device, hydrogen
evolution reaction (HER, 2H2O + 2e− → H2 + 2OH−)
works as the sacrificial half-reaction to supply OH− for the
NaClO generation (Cl− + 2OH− → H2O + ClO− + 2e−). Even

though hydrogen gas could be industrially useful, it is
comparatively less valuable and undesired as a byproduct
during disinfectant production and may cause explosion
hazards in point-of-use settings. Therefore, a new electro-
chemical strategy to pair the useful electrochemical half-
reactions for disinfectant production without wasted by-
products is desirable.
Modular electrochemical synthesis (ModES) using a redox

reservoir (RR)14 is promising for next-generation distributed
electrochemical manufacturing by pairing two half-reactions
with the RR reduction or oxidation to decouple the
simultaneous electrolysis and avoid the product crossover
without the use of a membrane. RRs allow temporary storage
of the electrons and ions to redirect them for carrying out
different electrochemical half-reactions, possibly at different
times, locations, rates, and scales of the reactions. Solid-state
RRs are energy storage materials that could serve as
interchangeable counter electrodes for either anodic or
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cathodic half-reactions. Recent reports have demonstrated
decoupling water electrolysis using homogeneous15−20 or
heterogeneous redox mediators21−26 to improve product
separation. ModES using a heterogeneous RR could have a
broader impact on on-site electrosynthesis beyond water
splitting14 by pairing half-reactions that are incompatible in
conventional membrane electrolysis.27 Recently, we have
demonstrated the coproduction of H2O2, sodium persulfate
(Na2S2O8), and active chlorine (Cl2, NaClO) in a proof-of-
concept ModES system using a nickel hexacyanoferrate
(NiHCF) RR.14 The NiHCF RR could transport Na+ ions
to maintain the charge balance in such coproduction processes;
however, the half-reactions either involve OH− (H2O2 and
ClO− production) or solely electron transfer (persulfate
production, 2SO4

2− → S2O8
2− + 2e−). Even though the RR-

enabled ModES strategy could couple two useful half-reactions
and avoid product crossover, the mismatch between the ion
generation/consumption of the paired half-reactions and the
ion transport by the RR results in the imbalance of desired ions
and inevitable pH swing.28 Because of such poor control over
ion balance, the previous ModES system could only produce
chemicals (H2O2, NaClO, and Na2S2O8) with limited
concentrations, preventing sustained productions and practical
applications.
An ideal sustainable electrochemical production process can

avoid the sacrificial half-reactions and allow the transport of the
desired ions between the two half-reaction processes to
maintain the balance of ion carriers. With such an issue in
mind, we need to develop an ion-balanced ModES using a
better designed RR for sustainable production of disinfectants.
Importantly, the cathodic and anodic half-reactions should
generate or consume the same ions to maintain the ion
balance. The other key is developing and using RR materials
that can selectively transport the desired ions to balance the
ion generation and consumption involved in the paired half-
reactions in ModES. This way, ion balance could be
maintained to allow the sustained ModES production of the
chemicals enabled by the RR. Here we specifically develop an

ion-balanced ModES process using a hydroxide-ion selective
Ni(OH)2 RR to produce two widely used disinfectants, H2O2
and NaClO, without undesired byproducts and appreciable pH
swing. The OH−-consuming oxidation of Ni(OH)2 to NiOOH
is coupled with the cathodic H2O2 production reaction (HPR)
that releases OH−, while the reduction of NiOOH to Ni(OH)2
generates the OH− ions for the anodic hypochlorite
production reaction (HCR). Redox cycle of the Ni(OH)2
RR effectively transports the OH− ions from the cathodic cell
to the anodic cell to balance the ion generation and
consumption associated with the paired half-reactions. We
carefully match the OH−-releasing HPR, the OH−-consuming
HCR, and the Ni(OH)2 RR to realize an ion-stable
electrochemical operation and demonstrate a sustained
coproduction of H2O2 and NaClO with practically useful
concentrations and a high voltage efficiency.

■ RESULTS AND DISCUSSION

Ion-Balanced ModES System Design and Operations.
To overcome the limitation of the current ModES production
due to the imbalanced ion generation and consumption, we
design an ion-balanced ModES process to realize the stable
coproduction of two widely used disinfectants H2O2 and
NaClO. A previous study has demonstrated simultaneous HPR
[O2 + 2H2O + 2e− → H2O2 + 2OH−, E° = 0.267 V at pH = 7
vs standard hydrogen electrode (SHE)]29 and HCR (Cl− →
Cl2 + 2e−, E° = 1.36 V vs SHE, followed by Cl2 + 2OH− →
H2O + Cl− + ClO−)30 in a membrane device,31 but the
crossover of ClO− ions leads to its reaction with H2O2 and
results in low Faradaic efficiency (Figure 1a).31 As illustrated in
Figure 1b, the ion-balanced ModES system decouples the
simultaneous electrosynthesis into two electrochemical cells
and pairs the two individual half-reactions with a RR electrode.
The RR electrode, balancing the desired ions associated with
the paired half-reactions, requires careful material selection and
evaluation. The ideal RR electrodes must meet several criteria:
hydroxide-balancing ability, proper redox potential, chemical
and electrochemical stability in alkaline and neutral solutions,

Figure 1. Schematic illustration of ion-balanced ModES production of H2O2 and NaClO enabled by an ion-selective RR in comparison with the
membrane electrolysis process. (a) In the membrane electrolysis, HPR occurs on the cathode and generates hydroxide ions, along with the
hydroxide-consuming HCR on the anode. An anion exchange membrane (AEM) that separates the cathodic and anodic chambers transports OH−

to minimize the pH swing, but ClO− could also diffuse across the AEM and reacts with H2O2 produced at the cathode, which will reduce the overall
efficiency. (b) In an ion-balanced ModES system, cathodic and anodic processes are decoupled to produce H2O2 and NaClO in different cells. The
Ni(OH)2 RR could effectively transport OH− via the reversible redox conversion with NiOOH to pair up sequentially with the HPR and HCR
reactions in two separate cells, denoted as the CellH2O2

(left) and CellNaClO (right). This ion-balanced ModES system can allow sustained
coproduction of H2O2 and NaClO with stable pH in a batchwise fashion.
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high capacity, and fast redox kinetics. All the above
considerations point to Ni(OH)2/NiOOH electrodes, which
have been widely used in alkaline batteries since the end of the
19th century due to their high capacity and good stability.32 In
addition, H2O2 solution shows high chemical stability even
when mixed with Ni(OH)2 powder (Figure S1). The redox
chemistry of Ni(OH)2/NiOOH electrodes follows this
equation: Ni(OH)2 + OH− → NiOOH + H2O + e−, E° =
0.49 V vs SHE.33−35

During a typical ion-balanced ModES cycle, HPR generates
OH− in the cathodic CellH2O2

, while the RR oxidation from
Ni(OH)2 to NiOOH consumes OH− simultaneously; in the
anodic CellNaClO, the RR reduction from NiOOH to Ni(OH)2
generates OH− as the feedstock for the HCR process (Figure
1b). Like an ion-exchange membrane, Ni(OH)2 RR could
maintain the charge balance by consuming or generating OH−

during the redox cycle, thus effectively transporting the OH−

ions from the cathodic cell to the anodic cell. Compared with
the paired membrane electrolysis, such a ModES system using
an ion-selective RR not only is membrane-free but also avoids
the side reactions arising from the product crossover across the
membrane. Furthermore, the ion-balanced ModES using an
ion-selective RR electrode could minimize the pH shift in
electrochemical cells and enable a sustained coproduction of
H2O2 and NaClO in a batchwise fashion.
Synthesis and Electrochemical Performance of Ni-

(OH)2 as a Solid-State Redox Reservoir. We synthesized
nanostructured Ni(OH)2 via a hydrothermal method without
further aging or annealing (see details in Materials and
Methods in the Supporting Information).36 Scanning electron
microscopy (SEM) images show the uniform flower-like
morphology of Ni(OH)2 with diameters of about 6.4 μm,
where each Ni(OH)2 flower is composed of nanoflakes with a

thickness around 36 nm (Figure 2a). Powder X-ray diffraction
(PXRD) pattern of the as-synthesized Ni(OH)2 (Figure S2a)
displays the characteristic (003), (101), and (015) diffraction
peaks that match well with the standard pattern of α-Ni(OH)2
(JCPDS no. 38-0715).
We then systematically studied the electrochemical behavior

of the as-synthesized α-Ni(OH)2 in 1 M NaOH solution using
a three-electrode configuration with a Pt wire counter
electrode and a Hg/HgO reference electrode (RE). Before
each electrochemical test, we run 20 cycles of galvanostatic
charge−discharge (GCD) tests at a 1 C rate to activate the
Ni(OH)2 electrodes (Figures S3 and S4). The 1 C rate is
defined as 289 mA g−1 based on the theoretical capacity (289
mAh g−1) of Ni(OH)2. Note that the α-Ni(OH)2 converts to
β-Ni(OH)2 after 20-cycle activation (Figure S2b), and the
redox conversion from β-Ni(OH)2 to β-NiOOH can show
good reversibility.37 Cyclic voltammograms (CV) of the
Ni(OH)2 electrode at different scan rates from 0.5 to 5 mV
s−1 (Figure 2b) reveal the excellent reversible redox chemistry
arising from NiII/NiIII redox couple with a formal potential
around 0.425 V vs Hg/HgO. The galvanostatic discharging
curves of the Ni(OH)2 electrode at different current densities
yield the flat discharge plateaus at ∼0.38 V vs Hg/HgO and
promise a stable energy output during the reduction process
(Figure 2c). Evaluation of the rate capability of the Ni(OH)2
electrode shows that Ni(OH)2 has a high capacity of 225 mAh
g−1 at 1 C rate with a Coulombic efficiency (CE) above 94%,
and the capacity is still 80 mAh g−1 at even 50 C with ∼99%
CE (Figures 2d and S5). Considering that the oxygen
evolution reaction (OER) could occur during the Ni(OH)2
oxidation,26 the less ideal CE could be attributed to OER
during the Ni(OH)2 oxidation process. Galvanostatic cycling
tests of the Ni(OH)2 electrode confirm the long-term cycling

Figure 2. Structural and electrochemical characterizations of the Ni(OH)2RR material. (a) SEM images of the as-synthesized Ni(OH)2 materials.
(b) Cyclic voltammograms of the Ni(OH)2 electrode in 1 M NaOH solution at different scan rates from 0.5 to 5 mV s−1. (c) Representative
galvanostatic discharge curves of the Ni(OH)2 electrode in 1 M NaOH solution. (d) Rate performance of the Ni(OH)2 electrode (capacity based
on active materials). (e) Galvanostatic charge curve of the Ni(OH)2 electrode in 1 M NaOH solution and its galvanostatic discharge curve in 1 M
NaCl solution at 10 C rate (2.89 A g−1). Capacity is normalized based on the charging capacity in 1 M NaOH solution. (f) Galvanostatic charge−
discharge tests of the Ni(OH)2 electrode with charging in 1 M NaOH solution and discharging in 1 M NaCl solution at 10 C rate (2.89 A g−1).
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stability at different C rates (Figure S6). Significantly, 0.064%
decay per cycle was observed at a 10 C rate with an initial
capacity of 140 mAh g−1, showing decent durability at a high C
rate. Furthermore, the oxidation and reduction of the RR
electrode in different electrolytes was evaluated. Ni(OH)2
electrode could be oxidized in alkaline solution but in neither
neutral solution nor weak alkaline solution (pH 9−10) (Figure
S7 and Figure S8). However, it could be reduced in neutral
solution (Figure 2e,f and Table S1). GCD tests with charging
in alkaline solution and discharging in neutral solution also
show good cycling stability (Figure 2f), suggesting that
Ni(OH)2 is suitable as the RR for the ModES production
across the neutral and alkaline solutions.
Ion-Balancing Ability of the Ni(OH)2 RR. To evaluate

the hydroxide-balancing ability of the Ni(OH)2 RR, we
performed three-electrode electrochemical measurements and
monitored the pH values of the electrolytes in two distinct cell
configurations: the undivided beaker-type cell vs the divided
H-cell (left vs right in Figure 3a). The beaker-type cell contains

a commercial dimensionally stable anode (DSA) as the WE, a
saturated calomel electrode (SCE) as the RE, and a Ni(OH)2
RR electrode as the counter electrode. A glass frit divides the
H-cell into two chambers: the left chamber with a Ni(OH)2
RR electrode as the counter electrode, and the right chamber
with a DSA electrode as the WE and a SCE as the RE. Notably,
the microporous glass frit could slow down the ion movement
and primarily allow the major ions (e.g., Na+ and Cl− in NaCl
solution) to transport between two chambers and maintain the

charge balance, which could result in temporary pH shifts in
both chambers if the half-reactions on WE and counter
electrode involve OH−. In contrast to the H-cell, all ions,
including the minor ions (e.g., OH− in NaCl solution), could
diffuse freely in the beaker-type cell.
We chose two OH−-consuming half-reactions on the DSA

electrode, the OER in 1 M Na2SO4 solution and HCR in 1 M
NaCl solution, as the model half-reactions to study the OH−-
balancing ability of the Ni(OH)2 RR. Before running the
electrochemical tests of OER (or HCR) paired with RR
reduction in 1 M Na2SO4 (or 1 M NaCl) solution, the
Ni(OH)2 electrode was first oxidized to NiOOH in 1 M
NaOH solution (Table S2). Figure 3b,c compares the pH
shifts after the OER or HCR processes paired with RR
reduction in two cell configurations. Both separated OER and
HCR processes lead to a pH decrease (Figure 3b,c, red),
suggesting OH− consumption during these half-reactions. The
RR reduction leads to a pH increase (Figure 3b,c, blue),
consistent with the following electrode reaction, NiOOH +
H2O + e− → Ni(OH)2 + OH−. Importantly, we only found a
minor pH change from 10.94 to 10.82 in the beak-type cell
(Figure 3b, black), where the OH−-generating RR reduction is
paired with the OH−-consuming OER. Note that the slight pH
swing from 5.36 to 7.36 during the HCR process in the beaker-
type cell (Figure 3c, black) could be attributed to the
hydrolysis of the formed ClO− and possibly Cl2 leak. Because
HClO is a weak acid with partial dissociation, and the
hydrolysis of the generated ClO− could generate a little OH−.
The comparison between the small pH shift in the undivided
electrolysis and the significant pH decrease in the separated
OER and HCR processes demonstrate that the Ni(OH)2 RR
could balance the OH− generation and consumption for the
proposed ModES process.

Optimization of Operating Conditions for HPR and
HCR. We investigated the H2O2 and NaClO production in 1
M NaOH solution (pH = 13.44) and 1 M NaCl solution (at
various pH modified by NaOH and HCl), respectively,
because of the high activity of the alkaline H2O2 production

4

and the effect of pH on the OER activity38 and the dissociation
of ClO− (Figure S9).6 For the HCR process, we chose a DSA
electrode widely used in the chlor-alkali industry12,39,40 with
reasonable chlorine selectivity41 as the catalytic electrode. We
first tested the HCR in an undivided cell paired with HER to
minimize the pH swing and Cl2 leak due to local pH decrease
(Figure S10). CV curve of the DSA electrode shows the
current density increased rapidly with the increasing applied
voltage or pH (Figure 4a). When the pH is up to 13.3, the
onset potential drops to ∼0.75 V vs SHE, suggesting that OER
becomes the primary reaction rather than HCR (Figure 4a and
Figure S11). Figure 4b summarizes the Faradaic efficiency at
various pH and applied potentials obtained by chronoamper-
ometry (CA) and followed titration methods (Figure S11,
Materials and Methods in the Supporting Information). At the
same applied potential, the FE increases from pH = 6.0 to 8.5
and decreases when pH is above 8.5. Specifically, the increased
applied potential contributes to a higher FE, with 95.7% at 1.44
V vs SHE and 96.3% at 1.49 V vs SHE in 1 M NaCl solution
with a pH of 8.5. These results confirm that the DSA electrode
can enable effective HCR process in near-neutral pH.
Among various catalysts for two-electron oxygen reduction

reaction (2e− ORR), carbon-based nanomaterials are well-
known for low cost and electrochemical stability in neutral and
alkaline solutions.42,43 To boost the HPR activity of the

Figure 3. Ion-balancing ability of the Ni(OH)2RR. (a) Illustration of
two electrochemical configurations in the beaker-type cell (left) and
the H-cell (right) to evaluate the OH−-balancing ability of the
Ni(OH)2 RR. All RR electrodes were charged in 1 M NaOH solution
before testing the ion-balance ability. (b) pH shift after the OER
process in 1 M Na2SO4 solution, including the RR reduction (blue)
and OER (red) in the H-cell, as well as after the undivided electrolysis
in a beaker-type cell (black). (c) pH shift after the HCR process in 1
M NaCl solution, including the RR reduction (blue) and OER (red)
in the H-cell, as well as after the undivided electrolysis in a beaker-
type cell (black).
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pristine carbon nanotube (CNT), we modified commercial
multiwalled carbon nanotubes (MWCNTs, ∼10 nm width,
Figure S12) via an Fe-atom decoration method (Fe-decorated
CNT noted as Fe-CNT),44 because it was reported that the
Fe−C−O motif is more favorable to the 2e− ORR than 4e−

ORR. No atomic clusters were observed in the transmission
electron microscopy (TEM) images (Figure S12), and no
obvious transition metal signals were detected in these CNT
samples by X-ray photoelectron spectroscopy (XPS, Figure
S13), suggesting low Fe-mass loading and well-dispersed metal
atoms.44 The Fe-CNT electrode was prepared on the Teflon-
treated carbon fiber paper (1 cm2 area) with a mass loading
around 0.2 mg by a drop-casting method and then evaluated in
a divided H-cell filled with 1 M NaOH solution (Figure S10).
The linear scanning voltammetry (LSV) curve of the Fe-CNT
electrode shows a high current of −308 mA at 0.39 V vs RHE
(Figure 4c), corresponding to a mass activity, 1544 A g−1 at
0.39 V vs RHE. This is 2 times higher than that of the pristine
CNT electrode (−109 mA, Figure S14), revealing the
improved ORR activity after the atomic decoration. The FE
of HPR is determined by chronoamperometry and a chemical
titration method (Figure S15, Materials and Methods in the
Supporting Information). Both Fe-CNT and CNT electrodes
show high FE above 90% in the potential range from 0.39 to
0.69 V vs RHE (Figure 4c and Figure S16). Moreover, stable
bulk electrolysis is demonstrated by the CA curves of the Fe-
CNT electrode for the cumulative HPR (Figure 4d),
confirming the excellent activity and stability of the Fe-CNT
catalysts.
Ion-Balanced ModES Production of H2O2 and NaClO.

We then demonstrated an ion-balanced ModES system using a

Ni(OH)2 RR in two electrochemical cells for the sustainable
production of H2O2 and NaClO. Both ModES processes were
performed in the undivided beaker-type cell with a three-
electrode configuration (see details in Materials and Methods
and Figures S17−18). The typical two-step ModES cycle is
investigated by the chronopotentiometry method with an
applied current of 60 mA. As shown in Figure 5a, in the
CellH2O2

, HPR on the Fe-CNT electrode exhibits an average
potential of ∼ −0.27 V vs SHE, and the RR electrode is
oxidized from RRred to RRox until 0.8 V vs SHE. After washing
with NaCl solution, the RRox is reduced back to RRred to finish
one ModES cycle in the CellNaClO, while HCR on the DSA
electrode shows an average potential of ∼1.48 V vs SHE. The
Faradaic efficiencies of HPR and HCR are calculated based on
the produced H2O2 and NaClO in each cell (Materials and
Methods). During the coproduction, the average potential
difference between the catalytic electrodes and the RR
electrode determines the average cell voltages (Ecell). To
describe the energy utilization of the ion-balanced ModES, we
use the voltage efficiency (VE) defined for the aqueous
electrosynthesis system14 based on the following equation:

= ×

= + − Δ +

×

E E

E E V E E

VE(%) / 100%

( )/( )

100%

DIR ModES

NaClO H O NaClO H O2 2 2 2

where EDIR is the potential difference between the HPR on the
Fe-CNT electrode and HCR on the DSA electrode,
respectively (EDIR = ENaClO + EH2O2

− ΔV = 1.71 V); ΔV is
the potential difference between the average potential of RR

Figure 4. Investigation of the separated electrochemical H2O2 and NaClO production in conventional cells. (a) Cyclic voltammograms of the DSA
electrode at a scan rate of 10 mV s−1 in 1 M NaCl solution with different pH. (b) Faradaic efficiency of HCR by DSA electrode at various pH and
applied potentials in 1 M NaCl solution (interpolated from 12 data points). (c) Linear scanning voltammetry (LSV) curve of the Fe-CNT
electrode with an electrode area of 1 cm2 at 10 mV s−1 in O2-saturated 1 M NaOH solution and the corresponding potential-dependent Faradaic
efficiency for HPR. (d) Chronoamperometry (CA) curves of the Fe-CNT electrode for the H2O2 production at various applied potentials in O2-
saturated 1 M NaOH solution.
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oxidation and that of the RR reduction. Specifically, the EModES
is 1.93 V for this coproduction, and total VE is up to 88.6%
even under a large applied current.
Considering the natural H2O2 decomposition due to

unstable peroxide chemistry,45,46 we optimized the HPR
production with the RR oxidation under various theoretical
product concentrations. After changing the charge input
(Qinput) for HPR using the RR electrodes with different mass
loading, we found the theoretical concentration increased
linearly with increasing Qinput (Figure S19). The same trend
occurs when the actual H2O2 concentration is from 0 to 250
ppm with a FE above 95%. However, the FE drops to 50%
when the theoretical concentration is 550 ppm, reflecting the
inevitable H2O2 decomposition in a highly concentrated H2O2
solution. To further understand the H2O2 oxidation reaction,
CV and LSV of the Ni(OH)2 electrodes are carried out in 1 M
NaOH solutions containing various concentrations of H2O2.
The increased anodic area from CV curve in 1 M NaOH
solution with 300 ppm of H2O2 than that in 1 M NaOH
solution indicates the H2O2 decomposition, and the smaller
cathodic area also suggests the electrocatalytic oxidation
(Figure S20a). As the H2O2 concentration increases, the iR-
corrected LSV profiles exhibit an increasing trend at a fixed
applied potential, indicating a faster decomposition rate at
higher H2O2 concentration (Figure S20b). The relatively low
CE from GCD tests also confirms the undesired H2O2
oxidation. As a result, keeping the H2O2 concentration below

300 ppm could effectively minimize the electrochemical
decomposition of H2O2.
We then investigated the continuous ModES production of

H2O2 and NaClO at 60 mA by cycling the same RR electrode
(60 mg, 45 Coulombs per cycle). During the 10-cycle
production in 30 mL solution, the average RR potential
(ERR) in the CellH2O2

stays at 0.66 V vs SHE with a fluctuation
of ±0.03 V (Figure 5b, top, red, and Figure S21), which is
likely due to oxygen bubbling in 1 M NaOH solution. The ERR
in the CellNaClO remains at 0.42 V vs SHE with a variation of
±0.04 V (Figure 5b, top, black, and Figure S21), which is
perhaps influenced by the local pH swing during HCR. The
corresponding Ecell shows average values of 0.97 and 1.02 V in
the CellH2O2

and CellNaClO (Figure 5b, bottom). Over the 10-
cycle production, the ion-balanced ModES system delivers an
average CE of RR about 89.5% and VE of 89.5% (Figure 5c),
in agreement with the representative ModES cycle above
(Figure 5a). Significantly, we found a repeatable pH increase
from ∼8.44 to ∼10.57 during each HCR cycle rather than a
pH decrease (Figure 5c), confirming the OH−-balance ability
of the Ni(OH)2 RR. The pH increase also indicates that HCR
did not entirely consume the OH− generated by the RR
electrode, which could be possibly due to the Cl2 leak resulting
from the low local pH around the DSA electrode. The larger-
scale ModES production in 60 mL solution (using a larger RR
electrode with a mass loading of 136.9 mg and 90 Coulombs
per cycle) also showed a high CE, VE, and repeatable pH

Figure 5. Sustained modular electrosynthesis of H2O2 and NaClO in an ion-balanced ModES system enabled by a Ni(OH)2RR. (a)
Chronopotentiometry curves of the electrodes in the CellH2O2

and CellNaClO at 60 mA. The RR oxidation (red) was paired with HPR (blue) in 1 M
NaOH solution, and the RR reduction (black) was paired with HCR (green) in 1 M NaCl solution with pH = 8.5. The ΔV represents the average
potential difference between the RR oxidation and RR reduction. (b) Average potential of the RR electrode (ERR, top) and the corresponding
average cell voltages (Ecell, bottom) of the CellH2O2

and CellNaClO in 10-cycle ion-balanced ModES processes in 30 mL solution. (c) CE of RR, VE,
and pH shift in the CellNaClO over ten ModES cycles in 30 mL solution. Modular coproduction of H2O2 and NaClO at (d) 30 mL (for 50 cycles
using a 61 mg RR electrode) and (e) 60 mL scale (for 5 cycles using a 136.9 mg RR electrode), showing the product concentration up to 251 ppm
(red column) and 481 ppm (gray column), as well as the Faradaic efficiencies (red and black scatters) for each ModES cycle (selected cycles for the
50-cycle process).
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increase (Figures S22 and S23), consistent with the small-scale
production.
Furthermore, Figure 5d shows the 50-cycle continuous

ModES production of the two disinfectants in a 30 mL
solution (using a 61 mg RR electrode, 45 Coulombs per cycle)
(complete details in Figures S24 and S25). Figure 5e shows the
ModES processes in a 60 mL solution for 5 cycles without
appreciable degradation in the FE and product concentration
(complete details in Figures S22 and S23). The Ni(OH)2 RR
also shows a high utilization of capacity up to 96.6% over the
ModES processes (Figure S24 and Table S3). Note that after
50 cycle ModES processes, the Ni(OH)2 RR has the β-
Ni(OH)2 structure and shows no obvious structural change,
which further confirms the good stability of the Ni(OH)2 RR
(Figure S2b). The small fluctuations of FE and product
concentration between these cycles perhaps result from the
variation of the charge passing through each electrochemical
cell and the potential changes of the catalytic reactions arising
from the oxygen bubbling and small local pH swing.
Consequently, this ion-balanced ModES system could produce
practically useful H2O2 and NaClO with concentrations up to
251 and 481 ppm, respectively, confirming the sustained
electrochemical synthesis without sacrificial auxiliary reactions.
Design Principles of Effective Ion-Balanced ModES.

The ion-balanced ModES coproduction of H2O2 and NaClO is
successfully demonstrated based on the following design
principles. First, just like the conventional anode−cathode
coupled electrolysis, suitable half-reactions are the basis for
establishing a successful ion-balanced ModES process,
especially considering that different half-reactions often require
various reaction conditions (e.g., solvent and the solution pH).
To achieve sustained electrosynthesis, we must carefully
consider the ion generation and consumption involved in the
two half-reactions. Electrochemical half-reactions, such as
cathodic/anodic reactions and RR half-reactions, are either
proton/hydroxide-coupled or non-proton/hydroxide-coupled.
The HPR and HCR processes here both involve OH−: O2 +
2H2O + 2e− → H2O2 + 2OH−,47 and Cl− + 2OH− − 2e− →
ClO− + H2O.

6 When these ion-matched reactions are paired in
ModES, the HPR process generates OH− to balance the OH−-
consuming HCR, contributing to a byproduct-free paired
electrosynthesis: O2 + H2O + Cl− → H2O2 + ClO−.
More importantly, the key to ion-balanced ModES process is

developing and employing ion-selective RRs to decouple the
desired half-reactions and selectively transport the target ion
carriers between these half-reactions. The ion selectivity of RR
materials always depends on their redox mechanism. For
example, porous carbon with the capacitive behavior48 shows
weak ion selectivity, while Bi and Ag with a conversion
mechanism exhibit high selectivity on halide ions.49 The
Ni(OH)2 RR electrode demonstrated here shows OH−-
consuming oxidation from Ni(OH)2 to NiOOH, while the
reduction of NiOOH to Ni(OH)2 generates OH

−. Based on
the redox conversion between Ni(OH)2 and NiOOH,35 the
Ni(OH)2 RR could effectively transport the OH− ions and
enable the OH−-balanced coproduction of H2O2 and NaClO.
Therefore, RR materials that could selectively transport the
desired ions to balance the ion generation and consumption
are crucial to successful ion-balanced ModES processes.
To ensure an efficient ModES process, it is necessary to

study the stability of targeted electrosynthesis product
chemicals because they are often electrochemically sensitive
and could be reduced or oxidized in practical electrolysis.50

Here we examined the concentration threshold of the H2O2
produced from HPR to reduce possible oxidation of it,
achieving a high FE in the ModES processes. Moreover, the
average potential difference (ΔV, or the voltage hysteresis)
between the RR oxidization and reduction should be small to
maximize the VE. Here we used around 100% state-of-charge
(SOC) of the RR electrode with a 0.22 V ΔV and achieved an
88.6% VE during the ion-balanced ModES processes.
Generally speaking, the RR material with an excellent rate
capability will have a small ΔV,51 suggesting a promising way
to improve VE by enhancing RR’s redox kinetics. Another
important principle for an effective ModES process is to match
the current passing through the electrocatalysts and the RR
materials. The battery electrode-like RR materials display
decreasing capacity and larger voltage hysteresis as the current
increases, resulting in a smaller VE. On the other hand, varying
current by changing the applied potential can also influence the
FE of the electrosynthesis half-reactions (Figure 4c). There-
fore, low current does not necessarily guarantee a high overall
energy efficiency for the ModES process because the half-
reactions could suffer from a low FE under such conditions.
Thus, effective ion-balanced ModES processes could be
designed based on a proper current matching between the
half-reactions and the RRs. The ion-balanced ModES
demonstrated here is limited to aqueous electrosynthesis,
especially the OH−-related chemistry.30,47 With the exploration
of more energy storage materials as ion-selective RRs and
additional electrosynthesis reactions, ion-balanced ModES
processes can be suitable for distributed electrochemical
manufacturing of a broader range of chemicals. Given that
physically moving the RR electrodes among different cells is
not very practical for industrial applications, developing a
continuous-flow ModES system beyond the laboratory
demonstration based on batch processing will be desir-
able.14,22,24,26

■ CONCLUSION
In conclusion, we demonstrated an ion-balanced ModES
strategy by integrating the electrochemical productions of two
widely used disinfectants, H2O2 and NaClO, using Ni(OH)2 as
the ion-selective RR. Because the Ni(OH)2 RR could
selectively balance the OH− generation and consumption
associated with the paired HPR and HCR processes, we
achieved sustained coproduction of these chemicals with stable
operation and nonappreciable pH swing, which allowed the
accumulation of H2O2 and NaClO up to practically useful
concentrations of 251 and 481 ppm, respectively. In contrast to
the conventional electrosynthesis of disinfectants, the ion-
balanced ModES system pairing two otherwise incompatible
half-reactions could produce two valuable chemicals without
sacrificial auxiliary reactions and unwanted byproducts. In
addition, following the design principles illustrated here, the
voltage efficiency of the ModES could be further boosted by
choosing RRs with faster redox kinetics or optimizing the
current matching between the electrosynthesis half-reactions
and the RRs. To facilitate and further improve such ion-
balanced ModES processes, it is crucial to develop and evaluate
new heterogeneous RRs tailored for the targeted ModES
production of chemicals. Furthermore, the ion-balanced
ModES strategy using an ion-selective RR could facilitate
process intensification by making use of both the oxidative and
reductive equivalents in an electrochemical process without
lengthy process optimizations. Such a modular approach could

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c01157
ACS Cent. Sci. 2021, 7, 2083−2091

2089

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01157/suppl_file/oc1c01157_si_002.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


facilitate on-demand distributed electrochemical manufactur-
ing of a diversity of chemicals at different scales.
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