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ABSTRACT: The two-electron water oxidation reaction (2e− WOR)
provides an option for on-site production of the valuable chemical hydrogen
peroxide (H2O2). A major challenge for the 2e− WOR is the need to improve
its selectivity toward H2O2 over O2 production through the oxygen evolution
reaction. Electrolyte engineering has shown great promise in improving the
selectivity and production rates toward H2O2. However, experimental e!orts
in optimizing the electrolyte only yield results at discrete conditions, which
does not provide a complete picture of performance over the entire
parameter range. Here, we apply a machine learning assisted prediction to
map out the performance of electrochemical H2O2 production over the
continuous parameter space of electrolyte composition and applied potential.
We collected experimental data of faradaic e"ciencies (FEHd2Od2

) and current densities toward H2O2 (JHd2Od2
) as functions of the applied

potential and carbonate ion mole fractions (HCO3
− and CO3

2−) in the electrolyte. The data were then used to train a support vector
regression model with 5-fold cross-validation. The accuracy of the model was verified against additional experimental results. The
model identified that a maximum H2O2 current density of 2.16 mA/cm2 can be achieved from an optimized bicarbonate ion mole
fraction of 0.225 at an applied potential of 3.25 V vs RHE. Lastly, the continuous model enables us to evaluate the thermal e"ciency,
H2O2 electricity cost, and time needed to produce a set amount of H2O2 over a broad range of electrolytes and applied potential
conditions. This work demonstrates how machine learning enables the use of discrete experimental points to construct a continuous
picture of electrochemical H2O2 production with high accuracy.
KEYWORDS: electrolyte engineering, two-electron water oxidation, machine learning, sustainable chemical production,
electrochemical hydrogen peroxide production, H2O2

■ INTRODUCTION
Hydrogen peroxide (H2O2) has been widely used for
disinfection,1 chemical processing,2,3 water treatment,4−6 and
bleaching7,8 in industry, research laboratories, hospitals, and
households. Recently, distributed electrochemical production
of H2O2, in place of the centralized anthraquinone process,9
has attracted growing attention as a candidate for sustainable
chemical processes10 and energy storage.11 Electrochemical
production of H2O2 through the two-electron water oxidation
reaction (2e− WOR)9,12 only requires water as the reactant to
produce H2O2. However, 2e− WOR competes with a
thermodynamically more favorable reactionthe oxygen
evolution reaction (OER). Thus, improving selectivity toward
the 2e− WOR has been one of the major challenges in the
electrochemical production of H2O2.13
The performance of the 2e− WOR is influenced by various

factors including the catalyst material, electrolyte ions, applied
potential, and temperature.13 Among those, the e!ect of the
electrolyte had not been thoroughly investigated until recently.
An electrolyte composed of bicarbonate (HCO3

−) ions is
known to promote H2O2 production in electrochemical
systems,14−16 and it has been reported that tuning carbonate

ionic species (i.e., HCO3
− and CO3

2−) can improve selectivity
toward H2O2 production by 9-fold.16,17 Electrolyte engineering
for the 2e− WOR has shown exciting promise, yet the
theoretical foundation and mechanism behind the e!ect of
carbonaceous electrolytes for H2O2 production have not been
fully understood.16 Thus, the e!ect of the electrolyte on the
2e− WOR is not easily predicted through traditional
approaches, such as the computational or physical/chemical
model-based approach. Instead, a data-driven approach, which
utilizes data to investigate a system, is unexplored and yet
suitable to study and optimize the electrolyte for 2e− WOR.18
In this work, we demonstrate how machine learning enables

the use of discrete experimental points to construct a
continuous picture of the e!ect of the applied potential and
electrolyte mole fraction on the electrochemical production of
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H2O2 via the 2e− WOR with high accuracy. To demonstrate
the new approach, we chose two independent parameters of
the electrochemical system. First, the total current density
(Jtotal), faradaic e"ciency (FEHd2Od2

), and current density toward
H2O2 production (JHd2Od2

) were collected experimentally at

various applied potentials and electrolyte ion mole fractions.
We then used the data to train a support vector regression
(SVR) model19 with radial basis function (rbf) as the kernel
function. The trained model accurately predicts the values of
Jtotal, FEHd2Od2

, and JHd2Od2
at applied potentials and electrolyte ion

Figure 1. Data-driven optimization and analysis process for electrochemical production of H2O2 via 2e− WOR. (a) Total current density (Jtotal),
faradaic e"ciency (FEHd2Od2

), and current density toward H2O2 production (JHd2Od2
) were collected from 2e− WOR with di!erent potential and

carbonate ionic ratios in the electrolyte. (b) We trained a support vector regression (SVR) model to predict Jtotal, FEHd2Od2
, and JHd2Od2

in the given
potential−HCO3

− fraction (x1−x2) space. (c) Data-driven predictions provide us with continuous maps showing Jtotal, FEHd2Od2
, and JHd2Od2

changes
and trends in the feature space. The prediction results were also used for cost, production time, and e"ciency analyses for further applications.

Figure 2. Prediction of total current density (Jtotal) (a, b), faradaic e"ciency (FEHd2Od2
) (c, d), and current density toward H2O2 production (JHd2Od2

)
(e, f). In contour plots and scattered plots, black scatters indicate data points assigned in the training sets, and red scatters indicate data points
assigned in the test sets.
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mole fractions domains that were not measured previously,
which we verified by newly obtained experimental data. The
experimental verification results clearly show that our ML
assisted process can predict results of unseen experimental
conditions, provide a complete picture of the current densities
and faradaic e"ciencies in the parameter space, and confirm
the optimum conditions to maximize FEHd2Od2

or JHd2Od2
. Lastly, we

demonstrate that the model enables us to evaluate the
electrolyte impact on thermal e"ciency, electricity cost for
H2O2 production, and H2O2 production time.

■ RESULTS AND DISCUSSION
Figure 1 illustrates our overall ML assisted process for
electrochemical H2O2 production, which involves experimental
data collection, ML model training, and optimization and
analysis steps. For electrochemical H2O2 production, we focus
on anodic production through the 2e− WOR.13,20 Our
independent input parameters are the applied potential (x1)
and electrolyte composition in terms of the HCO3

− mole
fraction (x2) as shown in Figure 1a. Our output parameters of
interest are Jtotal, FEHd2Od2

, and JHd2Od2
(Figure 1a). Next, we used

the data to train an SVR model with x1 and x2 as features
(Figure 1b). The trained SVR model predicts changes in Jtotal,

FEHd2Od2
, and JHd2Od2

in two-dimensional feature space (x1−x2;
potential and HCO3

− mole fraction) (Figure 1c). We then
went back and experimentally confirmed random results
predicted by the model. Finally, because these predicted
contours are continuous functions of x1 and x2, we use them to
estimate thermal e"ciency, H2O2 electricity cost, and H2O2
production time in the two-dimensional feature space. The
prediction and analysis results can be used in finding the
optimized conditions for the greatest H2O2 production rate,
highest thermal or faradaic e"ciency, lowest H2O2 electricity
cost, or fastest H2O2 production.
We experimentally measured Jtotal, FEHd2Od2

, and JHd2Od2
at 28

conditions in the potential range from 2.6 to 3.25 V and the
HCO3

− mole fraction range from 0 to 1 (where a HCO3
− mole

fraction of 0 is an electrolyte of pure K2CO3 and a HCO3
−

mole fraction of 1 is an electrolyte of pure KHCO3). To utilize
those data for our subsequent SVR training, we define the
applied potential in V vs RHE as x1 and the mole fraction
HCO3

− in the electrolyte mixture of KHCO3 and K2CO3 as x2.
We used the 28 data points with features of x1 and x2 to train
an SVR model and evaluate the trained model (Table S1). We
used the coe"cient of determination (R2) as the model
evaluation metric, and a perfectly accurate prediction would

Figure 3. Experimental verification of the trained SVR model. Additional eight experimental conditions were selected to verify the predicted values
of Jtotal (a−c), FEHd2Od2

(d−f), and JHd2Od2
(g−i). Trained models successfully predicted the experimental verification data points with high R2 scores of

0.86 for Jtotal, 0.89 for FEHd2Od2
, and 0.95 for JHd2Od2

prediction. In panels c, f, and i, error bars indicate 1 standard deviation on average of three
measurements.
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yield an R2 value of 1. We tried di!erent data set splitting
strategies and chose the best model to maximize the R2 values
(Figures S4 and S5). As shown in Figure 2, the experimental
data are scattered yielding discrete points of Jtotal, FEHd2Od2

, and
JHd2Od2

(black dots for training data points and red dots for test
data points), while the trained SVR model yields continuous
values and trends of Jtotal, FEHd2Od2

, and JHd2Od2
in the given feature

space (color contours). Figure 2a shows that the total current
density Jtotal generally increases with increasing applied
potential (x1) and shows little dependence on the HCO3

−

mole fraction (x2). Only when the applied potential reaches
above 3.1 V, Jtotal is slightly a!ected by the HCO3

− mole
fraction, which could be attributed to experimental errors or
more likely changes in the surface chemistry at the electrode/
electrolyte interface.16,21−23 Figure 2b shows that the predicted
Jtotal values are close to their measured values (Figure 2b) with
high R2 scores (train R2 = 0.99; test R2 = 0.89).
Figures 2c and 2e show that both FEHd2Od2

and JHd2Od2
depend

strongly on the applied potential (x1) and HCO3
− mole

fraction (x2). FEHd2Od2
and JHd2O can vary vastly with the HCO3

−

mole fraction at a fixed applied potential and relatively
consistent Jtotal values. For example, at an applied potential of
3.25 V, the predicted JHd2Od2

values varied from 0.4 to over 2.4
mA/cm2, which supports the importance of optimizing
electrolyte mole fraction for the 2e− WOR.16,17 Moreover,
the maximum FEHd2Od2

peak occurs around the applied potential
of 3.15 V and a HCO3

− mole fraction of 0.3, which is di!erent
from the maximum JHd2Od2

conditions (3.25 V, 0.232 HCO3
−

mole fraction). This di!erence in optimized conditions does
not come as a surprise considering JHd2Od2

is a function not only
of the FEHd2Od2

but also of Jtotal (refer to eq 5 in the Experimental
Methods section). Specifically, FEHd2Od2

often reaches a
maximum at an applied potential <3.25 V,12,24−26 while Jtotal
continues to increase with an increasing applied potential.
Thus, the maximum JHd2Od2

may not occur at the same condition
as the highest FEHd2Od2

. The maximum values of predicted Jtotal,
FEHd2Od2

, and JHd2Od2
and their experimental conditions are

presented in Table S3.
After training an SVR model, we demonstrate that the model

can predict the experimental conditions necessary to achieve a
desired current density or faradaic e"ciency. We selected eight
additional combinations of applied potentials and HCO3

−

mole fractions. The eight points are marked as red dots and
labeled from 1 to 8 on the contour plots of Jtotal, FEHd2Od2

, and
JHd2Od2

in Figures 3a, 3d, and 3g, respectively. The additional
points include untested points distributed in the feature space
(#1−6), the highest predicted FEHd2Od2

point (#7), and the
highest predicted JHd2Od2

point (#8). The values and conditions
of eight data points used in the experimental verification are
presented in Table S2. Figure 3 shows that the measured
values of Jtotal, FEHd2Od2

, and JHd2Od2
of those eight points agree well

with the predicted ones. These results demonstrate the great
potential of our approach for inverse-design applications.
As the model provides the prediction values of Jtotal, FEHd2Od2

,
and JHd2Od2

over the entire applied potential and HCO3
− mole

fraction parameter space, we can further evaluate the impact of
those two parameters on the thermal e"ciency of the system,

electricity cost of H2O2 production, and time needed to
achieve a desired quantity of H2O2 (e.g., 10 mg), as shown in
Figure 4.

First, for the thermal e"ciency calculation, we used lower
heating values (LHV) to estimate the amount of energy stored
in H2O2 and H2 per mole and assumed that H2 production at
the cathode yields 100% e"ciency (see the Supporting
Information for details). Thermal e"ciency shows a strong
dependence on the applied potential and weak dependence on

Figure 4. Thermal e"ciency analysis (a), cost analysis (b), and
production time estimation (c) of our system, based on predictions.
(a) A red arrow points to our highest JHd2Od2

condition (η = 40.2%).
The electricity cost of H2O2 production (b) diverges at a lower
potential range as FEHd2Od2

approaches zero. (c) A yellow arrow points
at our shortest H2O2 production time (t = 3.8 min).
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the electrolyte composition. Higher thermal e"ciency of over
45% can be achieved in the lower potential range (<2.8 V). At
our highest JHd2Od2

condition, the thermal e"ciency is 40.2% (red
triangular mark in Figure 4a).
Second, Figure 4b shows the predicted electricity cost for

producing 1 kg of H2O2 by assuming that the electricity price is
∼$40/MWh from renewable energy sources (see the
Supporting Information for details). The H2O2 production
electricity cost is approximately inversely proportional to
FEHd2Od2

. The minimum electricity cost of <$1 per kg of H2O2

occurs when the applied potential is between 3.0 and 3.1 V and
the HCO3

− mole fraction between 0.25 and 0.4.27,28
Finally, Figure 4c shows the predicted time needed to

produce 10 mg of H2O2 assuming a 100 cm2 anode (see the
Supporting Information for details). The shortest time needed
is only 3.8 min, which occurred at 3.25 V and a HCO3

− mole
fraction of 0.23 (yellow triangular mark in Figure 4c). While,
unsurprisingly, much longer production times are needed at
lower applied potentials. The cost and time needed for H2O2
production are important parameters for the future imple-
mentation of the technology. Which parameter is valued most
will depend on the application and will determine the
conditions applied to the system. By using the predictions
from the model as inputs, the e"ciency, cost, and production
time can be easily determined from these complete, continuous
contour plots without the need for additional experiments.
The findings of our study demonstrate the e!ectiveness of

incorporating machine learning in the field of experiment-
based electrolyte engineering for H2O2 production. By utilizing
discrete experimental data, the machine learning assisted
approach allowed for the construction of continuous perform-
ance functions across the entire range of parameters examined.
These functions can then be leveraged to optimize electrolyte
conditions and to conduct further analysis of the electro-
chemical system. However, it is important to acknowledge that
there are limitations to this approach. One significant
constraint is the need for a large data set to train the machine
learning models, which may require significant and sometimes
unfeasible experimental e!ort. For instance, we conducted
more than 100 experiments in this study to gather su"cient
data to train and verify our models. To facilitate the application
of machine learning assisted approaches in experimental
studies, standardized experimental protocols and collaborative
e!orts to establish a database of experimental data will be
crucial.

■ CONCLUSIONS
In conclusion, we have successfully demonstrated the e"cacy
of using machine learning to accelerate the optimization
processes and to predict various performance parameters of
electrochemical H2O2 production through the 2e− WOR. We
used 28 discrete experimental data points to train an SVR
model that produces maps of Jtotal, FEHd2Od2

, and JHd2Od2
in our

feature space (x1−x2) with high accuracy. This two-dimen-
sional continuous information onfers us a continuous picture
of the current density and e"ciency trends, which predict
optimized conditions and provide some insights into the e!ect
of the electrolyte on the 2e− WOR. The machine learning
prediction also enables us to evaluate the system, including
thermal e"ciency, electricity cost of the H2O2 production, and
H2O2 production time, which can improve the design of these
systems for practical applications. We believe such machine

learning assisted analyses will become a powerful tool in
providing complete pictures and means of evaluating systems
using discrete experimental data, especially for more complex
systems with a higher-dimensional feature space with multiple
factors.

■ EXPERIMENTAL METHODS
Electrochemical Data Collection. We prepared 1.7 cm × 5 cm

fluorine-doped tin oxide coated glass (FTO, 7−8 ohm/sq, TEC 7,
MSE Supplies LLC) for the working electrodes. The samples were
sonicated in acetone, isopropyl alcohol, and then deionized (DI)
water before being rinsed with DI water and dried. Copper tape was
attached to the FTO, and a silver paste was painted over the
connection. Teflon tape was wrapped tightly around the electrical
contact. The geometric area of the exposed FTO was measured using
ImageJ software and was used to normalize the current densities.

All electrolytes were prepared with a total dissolved inorganic
carbon concentration of 1.5 M. The following equations were used to
calculate the individual concentrations of KHCO3 and K2CO3
depending on the desired HCO3

− mole fraction:

◊ = [ ]X 1.5 M KHCOHCO 33 (1)

◊ = [ ]X(1 ) 1.5 M K COHCO 2 33 (2)

where XHCOd3
is the HCO3

− mole fraction and [KHCO3] and [K2CO3]
are the molar concentrations in mol/L of KHCO3 and K2CO3,
respectively. After the correct amounts of KHCO3 and K2CO3 were
added to DI water, the solution was shaken and sonicated in an ice
bath. The pH of the electrolyte was measured using a pH meter
(Mettler-Toledo FP20) to convert the desired potential versus the
reversible hydrogen electrode (vs RHE) to the experimental, applied
potential versus the reference electrode (vs Ag/AgCl) via the
following equation:

= ◊E E (0.059 pH) 0.199 V
Ag/AgCl RHE (3)

where 0.199 V is the potential of the Ag/AgCl reference electrode vs
RHE provided by the manufacturer (Gamry Instruments). EAg/AgCl is
expressed in V vs Ag/AgCl, and ERHE is expressed in V vs RHE. A
three-electrode configuration was used with FTO-coated glass as the
working electrode, carbon paper as the counter electrode (Fuel Cell
Store), and Ag/AgCl as the reference electrode. A potential (EAg/AgCl)
was applied to the working electrode, and the current was measured
using a potentiostat (Gamry Interface 1000). All results were
collected in an electrochemical H-cell (Pine Research) immersed in
an ice bath. Both chambers of the electrochemical H-cell were filled
with the same electrolyte. The electrolyte in the anodic chamber was
stirred using a magnetic stir bar to prevent a H2O2 concentration
gradient. The uncompensated resistance was measured using a single
point, high-frequency impedance measurement, which was then used
to apply a positive-feedback iR compensation during the chro-
noamperometric tests. After a chronoamperometric test of 10 min, an
aliquot was taken from the anodic chamber of the H-cell, and the
amount of H2O2 was quantified using UV−visible (UV−vis)
spectrophotometry (Agilent Cary 6000i) via the cobalt−carbonate
assay20 with an absorption feature at 260 nm. The calibration line
used to convert UV−vis absorption to the amount of produced H2O2
is available in Figure S1. The FEHd2Od2

and JHd2Od2
were calculated using

the following equations:

=
[ ] ◊ ◊ ◊

◊
◊FE

V

q

H O 2 96485

34
100H O

2 2
C
mol

g
mol

2 2
(4)

where FEHd2Od2
is the faradaic e"ciency toward H2O2 expressed as a

percentage, [H2O2] is the measured concentration of H2O2 in g/mL,
V is the electrolyte volume in mL, 2 is the stoichiometric number of
electrons transferred for H2O2 production via water oxidation, and q is
the charge passed in coulombs.
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= ◊J J
FE
100H O total
H O

2 2

2 2

(5)

where JHd2Od2
is the current density toward H2O2 in mA/cm2, Jtotal is the

total current density in mA/cm2, and FEHd2Od2
is the faradaic e"ciency

toward H2O2 expressed as a percentage.
Machine Learning Training. We used support vector regression

(SVR)19 with radial basis function (rbf) as a kernel function to predict
Jtotal, FEHd2Od2

, and JHd2Od2
. We set aside about 10% of the data set (3 data

points) as a test set and used the rest (90% of the data set, 25 data
points) as a training set. To avoid potential overfitting, we used 5-fold
cross-validation in the training process. Details of cross-validation and
training processes are available in the Supporting Information. We
first trained SVR models using our initial data set (raw data available
in Table S1).17 In the verification of the prediction, we collected
experimental data from 8 additional conditions (raw data available in
Table S2) and used the newly obtained data as a new test set for
evaluation using the coe"cient of determination (R2) score shown in
Figure 3.
Prediction-Based Analysis. We demonstrated prediction-based

analysis of the system with thermal e"ciency analysis, cost analysis,
and production time estimation. We used prediction results of Jtotal,
FEHd2Od2

, and JHd2Od2
and relevant equations for the analysis. Equations

and assumptions related to the calculation are available in the
Supporting Information.
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