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A B S T R A C T

Electrochemical oxidation offers a sustainable alternative to conventional oxidant production. Yet, the electro
synthesis of sodium perborate (SPB) has remained difficult due to its narrow stability window in aqueous so
lution and competition of oxygen evolution reaction under high potential. Although boron-doped diamond 
(BDD) electrodes are well known for enabling high-potential anodic reactions, their applicability to perborate 
synthesis has previously been questioned. Here, we demonstrate a robust, reproducible, and practical one-step 
electrochemical route to sodium perborate monohydrate (SPB-1) that directly yields a stable crystalline prod
uct using a BDD anode in concentrated carbonate/bicarbonate electrolytes. Systematic variation of operating 
parameters reveals that low temperature (3.5 ◦C), moderate-to-high current density (0.825–0.875 A cm⁻²), 
controlled amount of the applied charge (24–26 F), and sufficient post-electrolysis mixing (>20 min) are 
essential for efficient perborate formation. Under optimized conditions, the process achieves an isolated yield of 
79 ± 3%, an active oxygen content of 14.0 ± 0.6%, and a current efficiency of 26 ± 1% across five independent 
runs, demonstrating excellent reproducibility and product quality comparable to commercial SPB-1. Cyclic 
voltammetry and galvanostatic anode potential measurements reveal that carbonate oxidation on BDD occurs at 
highly positive potentials overlapping with the oxygen evolution region, rationalizing the narrow optimal cur
rent density window and the superior performance of BDD relative to platinum anodes. FTIR analysis confirms 
the formation of SPB-1, with all characteristic vibrational features matching those of authentic material. Overall, 
this work establishes a reliable electrochemical strategy for SPB-1 synthesis, supported by mechanistic insight 
and quantitative benchmarking, and highlights the potential of BDD-based electrolysis for sustainable and 
scalable oxidant production.

1. Introduction

Sodium perborate (SPB) is a cyclic disubstituted peroxide widely 
used as a stable and solid alternative to hydrogen peroxide due to its low 
cost, long shelf life, safety, and ease of handling [1–3]. It finds broad 
industrial applications in bleaching, household and medical cleaning 
agents, toothpaste, and cosmetics [3–7]. More recently, SPB has 
attracted attention for emerging uses in hydraulic fracturing, fuel cells, 
batteries, and aquaculture [7]. Since the 1980s, it has also become 
increasingly important in organic synthesis—typically in acetic or other 
carboxylic acids [8]—where it enables diverse oxidation reactions, 
including sulfide oxidation [9], N-hydroxylation of azoles [10], 

conversion of oximes to carbonyl compounds [11], and oxidation of 
organoboranes [2].

Industrial SPB production is well established. In the conventional 
route [12–14], borax (Na₂B₄O₇⋅10H₂O) is converted in alkaline media 
into soluble metaborate species, which are then oxidized with hydrogen 
peroxide or sodium peroxide to produce SPB tetrahydrate. However, this 
process is energy-intensive because hydrogen peroxide is itself produced 
via the anthraquinone process [15]. The synthesis additionally requires 
strict temperature control (<15 ◦C) to maintain product quality during 
the highly exothermic reaction [16]. Handling concentrated oxidizers 
and managing the resulting wastewater streams introduce further safety 
and environmental concerns [13]. These drawbacks highlight the need 
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for a greener, more direct, and sustainable pathway for SPB production.
Electrochemical synthesis experiences currently a renaissance and 

considered because of valorization by intermittent electricity from 
renewable resources a future technology [17]. The electrosynthetic 
approach offers such a possibility and has been explored for more than a 
century. In 1916, Arndt [18] demonstrated electrochemical SPB for
mation from borax and sodium carbonate. Subsequent studies by Lieb
knecht [19], Regner [12], Mollard [20], and Mohan Rao and 
Rachavendran [21–22] investigated electrolyte composition, pre
treatments, and operational parameters such as temperature and current 
density. However, these works consistently reported challenges in 
obtaining stable perborate and relied predominantly on platinum an
odes [3,12,20–22].

Although platinum is widely used due to its conductivity, catalytic 
activity, and apparent stability [23–24], these same properties can be 
disadvantageous in oxidative systems. Its high catalytic activity pro
motes oxygen evolution and non-selective oxidation reactions [25–26], 
lowering selectivity and current efficiency. Moreover, platinum is not 
entirely stable: at high anodic potentials it undergoes surface oxidation 
and gradual dissolution in both, acidic and alkaline media [27–30]. 
Trace metal impurities such as Mn, Fe, or Cu—commonly present in 
commercial borax—can further deposit on Pt surfaces and inhibit ac
tivity [31]. Regner [12] observed significant losses in current efficiency 
under such conditions, and Mollard [20] showed that stabilizers such as 
magnesium nitrate and urea can partially mitigate Pt consumption. 
Although commercial borax nowadays is typically of high purity 
(>99%) and contains only trace iron impurities (≤0.0005 wt%), which 
reduces impurity-driven degradation. Despite the high purity of com
mercial borax, platinum anodes are not well suited for sustained and 
scalable perborate electrosynthesis due to their scarcity and supply risk 
[32], limited durability under high anodic polarization [33], and strong 
competition from OER.

Semi-conducting diamond has emerged as a highly promising elec
trode material due to its exceptional hardness, chemical inertness, and 
tunable conductivity [34–37]. Advances in chemical vapor deposition 
(CVD) now allow the fabrication of boron-doped diamond (BDD) thin 
films, where heavy boron incorporation imparts semi-metallic behavior 
[36–37]. By contrast to Pt, BDD electrodes are composed of abundant 
elements (B and C) and can be produced at scale using CVD techniques, 
offering improved availability and scalability for industrial applications 
[34–35]. In addition, BDD electrodes offer several advantages over 
conventional materials, including an ultra-wide potential window 
[38–41], outstanding chemical stability even in strongly acidic envi
ronments [36–38,42–44], very low background currents [39,45], and 
long operational lifetimes owing to minimal adsorption and excellent 
resistance to surface deactivation [39,46]. Oxidation processes at BDD 
proceed primarily via weakly adsorbed hydroxyl radicals, which provide 
strong yet non-destructive oxidizing power [44,47–51]. This unique 
reactivity enables highly selective oxidation without significant elec
trode degradation, making BDD particularly effective in advanced 
oxidation processes and electro-peroxide synthesis [47–55].

Owing to these properties, BDD anodes have attracted increasing 
attention for high-potential electrochemical oxidation and the genera
tion of inorganic peroxide and peroxy-species. Recent authoritative re
views have highlighted BDD as a benchmark platform for such 
transformations, particularly in the electrosynthesis of peroxodicar
bonate and related oxidants with emerging green industrial relevance 
[56]. Mechanistic studies have demonstrated that •OH radicals play a 
central role in water oxidation on BDD, enabling the formation of CO₂, 
H₂O₂, and O₂ depending on electrolyte composition and operating con
ditions [57]. BDD has further been shown to produce hydrogen peroxide 
via both two-electron water oxidation and oxygen reduction pathways 
[58]. Beyond H₂O₂ formation [57–59], BDD is especially effective for 
generating peroxodicarbonate (C₂O₆²⁻) in carbonate electrolytes, a key 
intermediate directly relevant to sodium perborate formation. Following 
the initial report by Nishiki and Saha, who achieved current efficiencies 

up to 81% [60], subsequent studies revealed strong influences of tem
perature and current density on peroxodicarbonate stability [61–62]. 
More recently, Waldvogel, Gooßen, and co-workers demonstrated highly 
efficient peroxodicarbonate generation at elevated current densities 
using temperature-controlled BDD-based flow systems, reaching con
centrations above 0.9 М [63]. Importantly, electrogenerated perox
odicarbonate has been successfully applied as an on-demand oxidant for 
a wide range of sustainable organic transformations, underscoring the 
broader relevance of BDD-enabled inorganic peroxide chemistry 
[61–70]. From an industrial perspective, this chemistry is particularly 
attractive, as the carbonate released after oxidation can be directly 
recycled as a make-up chemical in Kraft pulping processes [55].

Because both hydrogen peroxide and peroxodicarbonate serve as 
intermediates in sodium perborate formation, these findings strongly 
suggest that BDD electrodes could enable a stable and efficient anodic 
platform for direct electrochemical SPB synthesis. Although González 
Pérez et al. [3] previously claimed that BDD was unsuitable for perbo
rate production, our study demonstrates—for the first time—a practical, 
one-step electrochemical synthesis of sodium perborate using BDD an
odes under mild conditions, establishing a sustainable route that does 
not rely on externally supplied oxidants. This approach inherently 
avoids the production, concentration, transport, and storage of 
hydrogen peroxide, thereby reducing process complexity and associated 
safety and energy penalties.

From an energy and sustainability perspective, the anodic formation 
of peroxy-compounds represents a value-added alternative to the OER. 
Whereas OER proceeds at a thermodynamic potential of 1.23 V vs RHE 
and typically requires substantial overpotential to generate low-value 
O₂, replacing OER with productive peroxy-compound formation con
verts electrical energy directly into a chemically stored oxidizing 
equivalent [71–72]. In addition, pairing perborate synthesis at the 
anode with hydrogen evolution at the cathode enables the simultaneous 
generation of a valuable oxidant and green H₂, an energy-dense fuel or 
chemical feedstock. This dual-product configuration improves overall 
energy utilization and strengthens the case for electrochemical SPB 
production as a sustainable process that integrates oxidant synthesis 
with renewable hydrogen generation [73–76].

2. Experimental methodology

Electrolysis was conducted in a 100 mL undivided cylindrical glass 
cell equipped with a cooling jacket connected to a thermostat (Julabo 
200F) for precise temperature control (Fig. 1) [77]. A commercial 
boron-doped diamond (BDD) electrode (DIACHEM®, Condias GmbH; 10 

Fig. 1. Schematic picture for the electrochemical cell generating perborate.
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× 70 × 3 mm; active area 5.2 cm²) consisting of a boron-doped poly
crystalline diamond film on a silicon substrate was used as the anode. 
The film is predominantly sp³-hybridized, with a minor sp² contribution 
typical of conductive BDD electrodes. A stainless-steel plate of identical 
size was used as the cathode. The electrolyte consisted of 100 mL of an 
aqueous solution containing 130 g L⁻¹ Na₂CO₃ and 30 g L⁻¹ NaHCO₃. 
Borax (40 g L⁻¹, Thermo Scientific or Sigma-Aldrich, with the purity over 
99% and the content of Pb ≤ 0.001% and Fe≤ 0.005%) was directly 
added to the cell prior to electrolysis without pretreatment. All experi
ments were performed under galvanostatic conditions.

Cyclic voltammetry shows no discernible cathodic reduction peak 
attributable to SPB-1 prior to the onset of the HER (Fig. S8), indicating 
that direct electrochemical reduction of perborate is kinetically negli
gible compared to HER under the applied conditions. In addition, stable 
active oxygen contents and reproducible perborate yields were consis
tently obtained during galvanostatic electrolysis, further supporting that 
cathodic degradation does not significantly affect the product. On this 
basis, the use of an undivided cell configuration is most efficient for the 
presented study.

After electrolysis, the crude solid product was collected by filtration 
through a glass frit, transferred to Petri dishes, and dried overnight at 55 
◦C. During drying, volatile or unstable peroxo species such as H₂O₂ and 
peroxodicarbonate decompose or evaporate, leaving SPB as the sole 
stable peroxo species in the isolated solid.

To gain further electrochemical insight into the observed trends, the 
anode potential was monitored during galvanostatic electrolysis against 
an Ag/AgCl (3 M KCl) reference electrode while varying current density, 
temperature, and electrolyte concentration (Table S2-S5). These exper
iments were conducted in a reduced electrolyte volume (40 mL) 
compared to the 100 mL synthesis cell, due to the current limitation of 
the potentiostat used (PARSTAT 4000A, AMETEK). Consequently, the 
absolute anode potentials differ from those in the synthesis configura
tion (Table S5); however, relative trends with operating parameters are 
robust and provide mechanistic insight. All potentials reported below 
are therefore discussed qualitatively in terms of trends rather than ab
solute threshold values.

The active oxygen content (AOC) of the product was quantified using 
the established iodometric titration method (Supplementary) [63,78]. 
The theoretical AOC of sodium perborate monohydrate (SPB-1) is 16%, 
and commercial samples typically show values between 14–16% [7,79]. 
The standard SPB-1 sample used in this study (Sigma-Aldrich) exhibited 
an AOC of 14.0% by iodometric titration.

Fourier-transform infrared (FTIR) spectroscopy (Bruker Alpha) was 
used to qualitatively characterize the solid product and compare it with 
commercial SPB-1. Additional analyses using ¹¹B NMR spectroscopy 
were evaluated for potential quantitative application; however, due to 
signal instability and poor reproducibility, this method was not pursued 
for quantification [80–83].

3. Results and conclusion

3.1. SPB synthesis on BDD electrodes and key operational parameters

To identify optimal conditions for electrochemical sodium perborate 
synthesis, the effects of temperature, current density, charge, and mix
ing were systematically screened (Fig. 2). For parameter screening, 
different amounts of applied charge were intentionally employed 
depending on the variable investigated. Current density was screened at 
a lower applied charge of 8 F, corresponding to the theoretical charge 
required for conversion of one mole of borax to perborate, in order to 
minimize the possible impact from secondary processes (e.g., oxygen 
evolution and peroxide decomposition) and enhance sensitivity to dif
ferences in faradaic efficiency. For investigation of post-electrolysis 
stirring speed, a moderately higher charge of 14 F was applied to in
crease the amount of perborate formed and thereby improve the reso
lution of yield differences. Following identification of suitable operating 
windows, higher applied amount of charges (24–26 F) were subse
quently used to maximize isolated yield and define the final optimized 
conditions.

Temperature had the strongest influence on product formation 
(Fig. 2a). Cooling the electrolyte from an internal temperature of 25 ◦C 
to 2.5 ◦C markedly improved both yield and AOC, consistent with 

Fig. 2. Optimization of electrolysis parameters for sodium perborate synthesis. Electrolyses were conducted in an undivided batch cell equipped with a BDD anode 
and a stainless-steel cathode, using an electrolyte of 40 g L⁻¹ Na₂B₄O₇⋅10H₂O, 130 g L⁻¹ Na₂CO₃, and 30 g L⁻¹ NaHCO₃ in deionized water, performed standardly at 
0.875 A cm⁻², 550 rpm, 24 F, inert temperature of 4.2 ◦C, followed by 30 min post-electrolysis stirring at 550 rpm. (a) Temperature dependence. A comparison of set 
vs. internal temperatures is provided in Table S1. (b) Effect of the amount of applied charge (c) Effect of post-electrolysis stirring time. (d) Effect of post-electrolysis 
stirring speed. (e) Current density dependence, performed at 8 F. (f) Effect of post-electrolysis stirring speed, conducted at 14 F.
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improved stability of SPB as well es stability of peroxodicarbonate and 
suppression of its decomposition into hydrogen peroxide. No product 
was obtained at room temperature; precipitation occurred only below 
16 ◦C, with the highest yields at 2.5 ◦C. Further cooling provided min
imal additional benefit, whereas temperatures below − 1.9 ◦C caused 
carbonate crystallization due to supersaturation, as confirmed by IR 
analysis (Section 3.2).

Current density also played a crucial role (Fig. 2e). The highest yields 
and AOC values were obtained at 0.825–0.875 A cm⁻². At lower current 
densities (<0.6 A cm⁻²), no solid product formed, suggesting insufficient 
anodic oxidation of carbonate to peroxodicarbonate. Excessively high 
current densities, however, favored oxygen evolution and peroxide 
degradation, decreasing efficiency.

These trends are consistent with the corresponding galvanostatic 
anode potential measurements. The sharp increase in anode potential at 
high current density indicates that the anode is driven into an increas
ingly extreme oxidation regime. As shown by cyclic voltammetry 
(Fig. 6), the onset of anodic oxidation in carbonate/bicarbonate elec
trolytes occurs at high positive potentials that overlap with the OER 
region. This indicates that a high anodic potential is required to generate 
the relevant carbonate-derived peroxy-intermediates; however, once the 
potential becomes excessively high, competition from OER increasingly 
dominates. Consequently, the optimal current density represents a 
compromise: sufficiently high anodic driving force to enable peroxy- 
species formation, but not so high that nonselective OER and peroxide 
degradation prevail.

Temperature-dependent galvanostatic measurements show that, at a 
fixed current density of 0.875 A cm⁻², decreasing the electrolyte tem
perature leads to a systematic increase in the apparent anode potential 
(from ~4.9 V vs RHE at room temperature to ~7.1 V at − 1.9 ◦C; 
Table S3). This trend is expected under galvanostatic control due to 
increased solution resistance and slower interfacial kinetics at lower 
temperature. Importantly, the highest perborate yields were obtained 
not at the lowest temperature but at an intermediate internal tempera
ture of ~3.5 ◦C, indicating that improved performance cannot be 
ascribed solely to higher anodic potentials. Instead, the enhanced yield 
at reduced temperature is more consistently attributed to increased 
chemical stability of carbonate-derived peroxy intermediates and so
dium perborate, whereas excessively low temperatures impose practical 
limitations such as salt crystallization and mass-transport constraints.

The effect of the total amount of applied charge followed a similar 
trend (Fig. 2b). Yields increased with charge up to 24–26 F and declined 
thereafter. At 28 F, diminished perborate-specific IR signals indicated 
that additional charge neither improved yield nor product quality and 
may promote decomposition.

Efficient mixing was essential for maintaining homogeneity and 
ensuring rapid interaction between free borate and the in situ generated 
H₂O₂ (Fig. 2e), implementing a flow-based setup could further enhance 
mass transport and mixing efficiency, which may be beneficial [84].

High stirring speeds during electrolysis improved both product yield 
and AOC. Post-electrolysis mixing, by contrast, required only moderate 
agitation; 0 rpm still resulted in >60% yield, while 200–600 rpm sta
bilized yields near 65–70% (Fig. 2d).

Post-electrolysis stirring time also significantly influenced conver
sion (Fig. 2c). Short stirring times (≤20 min) resulted in incomplete 
conversion, with substantially lower AOC and yield, whereas charac
teristic SPB spectral features and AOC values stabilized after approxi
mately 20 min, reaching a consistent range of 12–14%. Prolonged 
stirring (up to 6 h) led to an apparent increase in AOC and nearly 
quantitative yields; however, this effect is attributed to carbonate pre
cipitation at low temperature and inhomogeneous sampling rather than 
true enhancement of perborate formation, as supported by IR analysis 
(Fig. 5).

Visually, the electrolyte became progressively more opaquer during 
the first ~20 min following electrolysis, with gradual thickening of the 
suspended solid phase. This observation is consistent with the second, 

non-electrochemical step discussed in the mechanistic section, in which 
residual H₂O₂ generated during electrolysis requires sufficient time to 
interact with free borate species remaining in solution to form stable 
sodium perborate.

Unlike previous reports in which silicate stabilizers enhanced per
formance [12,20,22], the addition of stabilizing agents in this study 
provided only marginal or negative effects (Table S6).

Overall, the key parameters for high yield and complete conversion 
are low electrolyte temperatures (preferably <4 ◦C), strong stirring 
during electrolysis, current densities of 0.825–0.875 A cm⁻², and ≥20 
min of post-electrolysis stirring.

Under optimized conditions (0.875 A cm⁻², 24 F, 550 rpm, followed 
by 30 min of post-electrolysis stirring), the synthesis showed excellent 
reproducibility (Fig. 3). Across five independent runs at an internal 
temperature of 3.5 ◦C, the system achieved an average AOC of 14.0 ±
0.6%, slightly exceeding the commercial reference, a yield of 79 ± 3%, 
and a current efficiency of 26.4 ± 1.0%. The electrolysis operated at an 
average cell voltage of approximately 12.4 V (Fig. S9) under optimized 
condition, This translates to a specific energy consumption of 2.46 kWh 
mol⁻¹, or 24.6 kWh kg⁻¹ of SPB-1. The narrow standard deviations 
confirm the robustness and operational stability of the process and 
highlight its suitability for practical and scalable oxidant production.

For comparison, electrolysis performed under identical conditions 
using a platinum anode with the same geometric active area resulted in a 
product with an oxygen content (AOC) of 11.2% and a yield of 59.0%. 
Notably, the apparent anode potential measured against Ag/AgCl was 
substantially lower for Pt (≈4.3 V vs RHE) than for BDD (≈6.4 V vs 
RHE). This lower anodic potential places Pt predominantly in the oxy
gen evolution regime, where OER is kinetically favored due to the 
intrinsically low OER overpotential of Pt (≈1.6 V vs RHE in 0.1 М HClO₄ 
[85]). Consequently, the anodic current on Pt is largely consumed by 
water oxidation rather than by the high-potential carbonate oxidation 
pathways required to generate carbonate-derived peroxy-intermediates. 
These results underscore the critical role of the wide anodic potential 
window of BDD in enabling selective peroxy-species generation and 
explain the worse performance of Pt under otherwise identical 
conditions.

3.2. Characterization of the product

FTIR spectroscopy was used to qualitatively verify product identity 
by comparing spectra of synthesized solids with commercial SPB-1 and 

Fig. 3. Reproducibility of the electrosynthesis of sodium perborate. The elec
trolysis was repeated five times under identical conditions, and each isolated 
product was quantified by triplicate iodometric titration.
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relevant reference materials. Fig. 4 displays spectra of SPB-1, sodium 
carbonate, the product after isolation under optimized conditions, and a 
mixture of synthesized product with sodium carbonate.

Commercial SPB-1 displays characteristic fingerprint-region bands 
(1200–400 cm⁻¹) associated with B–O stretching/bending of BO₃/BO₄ 
units and B–O–H vibrations, along with O–H stretching at 3566 and 
3372 cm⁻¹ [86–87]. Sodium carbonate features distinct peaks at 1420 
and 900 cm⁻¹, corresponding to asymmetric stretching and out-of-plane 
bending of CO₃²⁻ [88–89]. The optimized product closely matches all 
major SPB-1 bands, confirming the formation of the same structural 
motifs. Repeated measurements yielded consistent spectra, demon
strating method reproducibility (Fig. S3).

Deviations from optimized electrolysis conditions produced clear 
spectral changes. At unsuitable current densities (<0.675 or >0.925 A 
cm⁻²) or elevated temperatures, SPB-typical bands were diminished or 
absent, indicating reduced formation or thermal decomposition. Mildly 
suboptimal current density (0.725 A cm⁻²) generated spectra partially 
resembling SPB-1, consistent with incomplete conversion. Adequate 
post-electrolysis stirring was also required: insufficient mixing (≤10 
min) led to weak SPB features, supporting the need for sufficient reac
tion time for B–O–O–H formation. At very low temperatures (<− 2.9 ◦C) 
or after prolonged standing (>240 min), additional signals at 1420 and 
900 cm⁻¹ appeared (Fig. 5), which matched carbonate reference spectra 
and were confirmed by a carbonate–product mixture (Fig. 3).

Although quantitative IR approaches such as PLS regression have 
been described [90], the present study focuses on qualitative and 
semi-quantitative interpretation. In this context, relative spectral purity 
can be inferred from the close correspondence of SPB-typical absorption 
features and absent of carbonate-related absorptions with those of the 
commercial reference. While absolute absorbance intensities depend on 
sample preparation, the presence and positions of characteristic bands 
are determined by chemical structure. The very high spectral similarity 
observed between the electrochemically synthesized product and com
mercial SPB-1, together with an identical active oxygen content (≈14%), 
provides convergent evidence that the product obtained is of high 
purity.

3.3. Mechanistic insight into the electrosynthesis of perborate

Electrochemical behavior of carbonate-, bicarbonate-, and 
borate-containing electrolytes on BDD (CV analysis). To establish 

the electrochemical processes accessible on the BDD anode and to define 
the anodic potential window relevant for perborate formation, cyclic 
voltammetry (CV) was performed in electrolytes containing carbonate, 
bicarbonate, hydroxide, and borate species (Fig. 6 and Figs. S6–S7). 
Potentials are reported versus the reversible hydrogen electrode (RHE) 
to enable comparison across electrolytes of different pH.

The concentrations used for CV measurements were selected to 
reflect the chemical conditions applied during galvanostatic electro
synthesis. Na₂CO₃ (130 g L⁻¹) and NaHCO₃ (30 g L⁻¹) were employed as 
the primary electrolyte and co-species, respectively, consistent with 
their roles during perborate formation. For single-species measure
ments, carbonate or bicarbonate concentrations of 130 g L⁻¹ were used 
to maintain a comparable chemical environment. A 1 М NaOH solution 
was included as an alkaline reference electrolyte to benchmark oxygen 
evolution behavior and to ensure sufficient ionic conductivity. Although 
the investigated electrolytes differ in absolute conductivity, the CV 
analysis focuses on anodic onset potentials and qualitative trends rather 
than direct comparison of current magnitudes.

Fig.6 shows that the anodic response on BDD depends strongly on 
electrolyte composition. The carbonate/bicarbonate mixture exhibits 
the earliest onset of anodic current, followed by carbonate and NaOH 
electrolytes, which display pronounced anodic current increase, char
acteristic of high-potential oxidation processes on BDD. In contrast, 
bicarbonate-only electrolyte shows a significantly suppressed anodic 
response, while borate-only electrolyte exhibits only minimal current 
over the investigated potential range. These results indicate that effi
cient anodic oxidation on BDD is strongly influenced by carbonate 
speciation, whereas borate does not undergo direct anodic oxidation at 
an appreciable rate under the applied conditions. Upon addition of 
borax into carbonate/bicarbonate solution, the anodic wave remains or 
shifts to higher potentials and the current is correspondingly suppressed 
(Fig. S6), indicating that borate species do not directly participate in the 
electrochemical oxidation step but instead interact with electro
generated oxidants and/or modify the electrode–electrolyte interface, 
thereby increasing the effective overpotential.

Influence of electrolyte composition. To probe the role of car
bonate species in the generation of reactive oxygen species (ROS) rele
vant for perborate formation, the carbonate-containing electrolyte was 
systematically replaced with NaOH (0.04–40 g L⁻¹, pH 11–14). In all 
cases, no solid precipitate was observed after electrolysis. Iodometric 
titration of aliquots withdrawn after one-third, two-thirds, and the full 
applied charge revealed no detectable active oxygen content. This in
dicates that either oxygen evolution dominates under these conditions 
or that only trace, short-lived peroxide species are formed, insufficient 
for productive conversion into stable perborate.

Consistent with these observations, cyclic voltammetry (Fig.6) re
veals that NaOH exhibits a pronounced anodic current increase char
acteristic of the oxygen evolution reaction (OER; 4 OH⁻ → O₂ + 2 H₂O +
4 e⁻), owing to the increasing concentration of NaOH and OH− ab
sorption [93]. Consequently, in electrolytes containing only NaOH and 
borate, perborate formation is not observed Table 1.

In contrast, electrolytes containing carbonate or bicarbonate 
consistently produced measurable ROS, as confirmed by iodometric 
titration (Table S7). However, an isolable solid corresponding to SPB-1 
was obtained only in carbonate-rich media. When bicarbonate was used 
as the sole electrolyte, electrolysis yielded a solid exhibiting only a weak 
perborate fingerprint (Fig. S5) together with a very low active oxygen 
content (0.2%) and extremely low yield (0.2%). This indicates that bi
carbonate alone does not support efficient perborate formation.

This behavior is consistent with previous studies on carbonate- 
mediated electrochemical oxidant generation. Fan et al. [100] re
ported that sodium bicarbonate solutions perform significantly worse 
than carbonate solutions for electrochemical water oxidation to 
hydrogen peroxide, an effect attributed to differences in solution 
chemistry and effective alkalinity. Similarly, Seiz et al. [63] identified a 
favorable pH window (≈11–13.5) for the formation of 

Fig. 4. FTIR comparison of synthesized sodium perborate with reference ma
terials. Spectra are shown for commercial SPB-1, sodium carbonate, the elec
trochemically synthesized product obtained under optimized conditions, and a 
mixture of synthesized product with commercial sodium carbonate.

Z. Teng et al.                                                                                                                                                                                                                                     Electrochimica Acta 556 (2026) 148424 

5 



peroxodicarbonate (C₂O₆²⁻), suggesting that sufficiently alkaline condi
tions are required to sustain carbonate-derived oxidant pathways. In this 
context, the suppressed anodic response observed for bicarbonate elec
trolytes in the CV measurements (Fig. S6) is consistent with limited 
oxidant generation under bicarbonate-buffered conditions, while the 

addition of borax partially restores anodic activity in bicarbonate solu
tions, likely through modification of local pH and interfacial equilibria 
rather than direct electrochemical participation of borate.

In mixed carbonate–bicarbonate systems, combining Na₂CO₃ (130 g 
L⁻¹) and NaHCO₃ (30 g L⁻¹) resulted in a higher SPB-1 yield than car
bonate alone. Correspondingly, bicarbonate-containing electrolytes 
exhibit an earlier anodic current onset than carbonate-only systems. 
This synergistic behavior is consistent with literature reports describing 
bicarbonate as an accelerating co-species that enhances overall oxidant 
productivity when carbonate is present [19,92–94]. In such systems, 
bicarbonate likely functions as a buffering and proton-transfer mediator, 
facilitating indirect oxidation pathways without acting as the primary 
electroactive species.

Influence of the Cation (Na⁺⁺ vs. K⁺⁺). Replacing sodium salts with 
the corresponding potassium salts resulted in solutions with high active 
oxygen content (Table S7) but no solid precipitation. Cyclic voltam
metry reveals that K⁺-containing electrolytes generally display a positive 
shift in anodic onset potential relative to the all-sodium systems 
(Fig. S7), the presence of substantial anodic currents confirms that 
oxidant generation is not completely suppressed in potassium-based 
electrolytes.

This observation is consistent with previous studies reporting that 
potassium carbonate electrolytes can sustain high concentrations of 
dissolved hydrogen peroxide due to the higher solubility and weaker 
hydration shell of potassium salts compared to their sodium analogues 
[63,91, 95–96]. Accordingly, the absence of isolable perborate in K⁺ 
systems cannot be attributed to insufficient electrochemical oxidant 
formation. Instead, it reflects limitations in the subsequent 
non-electrochemical steps required for perborate formation and isola
tion. Potassium perborate species are known to exhibit higher solubility 
and lower solid-state stability than sodium perborate [97], which dis
favors effective trapping of H₂O₂ by borate and suppresses precipitation 
from solution. As a result, any transiently formed potassium perborate is 
expected to remain in solution and to undergo rapid back-conversion to 
borate and hydrogen peroxide, preventing accumulation of a stable solid 
product.

Effect of Carbonate Concentration and Peroxodicarbonate Sup
plementation. The yield of perborate strongly depended on the car
bonate–bicarbonate ratio (Table 2). At low electrolyte strength, the 
reaction was severely limited: at 0.25 × concentration, no detectable 
SPB was formed, and even at 0.5 × the yield remained low at 12.4%, 
indicating insufficient carbonate to sustain productive ROS generation. 
Increasing the concentration to 0.75 × improved the yield to 15.4%, and 
the optimized 1 × formulation (130 + 30 g L⁻¹) provided the highest 
yield of 21.9%. Slightly higher carbonate loading (1.25 ×) led to only 
marginal improvement (22.4%), showing that the operational optimum 
is narrow. Further increases caused a decline in performance: yields 
dropped to 15.4% at 1.5 × and 13.0% at 1.75 ×, and no SPB formed at 2 
×, where bulk salt crystallization reduced electrolyte mobility and 

Fig. 5. FTIR spectra of perborate-related products generated under non-optimized conditions, including (a) improper post-electrolysis stirring time, (b) deviations in 
internal cell temperature and (c) improper current density.

Fig. 6. Cyclic voltammograms recorded on a BDD anode in Na₂CO₃ (130 g L⁻¹), 
NaHCO₃ (130 g L⁻¹), Na₂CO₃ + NaHCO₃ (130 + 30 g L⁻¹), NaOH (1 М), and 
Na₂B₄O₇⋅10H₂O (40 g L⁻¹) electrolytes at 0.1 V s-1 and room temperature. Po
tentials are reported versus RHE.

Table 1 
Electrolyte-dependent formation of sodium perborate: Influence of NaOH, 
Na₂CO₃, NaHCO₃, and K⁺ salts on solid formation and SPB yield. Conducted at 
0.875 A cm⁻², 8 F, 2 ◦C, and 550 rpm.

S2 Electrolyte Composition c (g/L) Solid Formation Yield (%)

1 NaOH 0.04 No 0
2 NaOH 0.4 No 0
3 NaOH 4 No 0
4 NaOH 8 No 0
5 NaOH 20 No 0
6 NaOH 40 No 0
7 Na2CO3 130 Yes 13.5
8 K2CO3 130 No 0
9 NaHCO3 130 Yes 0
10 KHCO3 130 No 0
11 K2CO3+KHCO3 130+30 No 0
12 K2CO3+NaHCO3 130+30 No 0
13 Na2CO3+KHCO3 130+30 Yes 16.1
14 Na2CO3+NaHCO3 130+30 Yes 21.9
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effectively inhibited electrolysis. Overall, both insufficient and excessive 
carbonate suppress SPB formation, and the optimized composition 
represents a practical balance between ROS generation capability and 
acceptable mass transport.

These observations correlate strongly with the anode potential 
trends. At low carbonate concentration (0.25 ×), the apparent anode 
potential was extremely high (~9.9 V vs RHE), indicating severe ohmic 
limitation and inefficient electrolysis. Increasing carbonate concentra
tion to the optimized level reduced the required anode potential to ~5.9 
V, consistent with improved conductivity and more efficient oxidant 
generation. At higher concentrations (>1 ×), the anode potential 
increased only modestly, suggesting that the decline in yield is not 
electrochemical in origin but instead arises from mass-transport limi
tations and phase behavior (increased viscosity and salt crystallization). 
Overall, the optimized electrolyte composition represents a balance 
between sufficient ionic conductivity and favorable transport conditions 
for peroxy-intermediate formation and stabilization.

Experiments using externally prepared peroxodicarbonate according 
to the method of Waldvogel and Gooßen (Peroxodicarbonate Prepara
tion Electrolyte) further confirm this hypothesis [63]. For clarity, the 
standard Perborate Synthesis Electrolyte (PBE, 130 g L⁻¹ Na₂CO₃ + 30 g 
L⁻¹ NaHCO₃) and the Peroxodicarbonate Preparation Electrolyte (PDE, 
95.4 g L⁻¹ Na₂CO₃ + 155.5 g L⁻¹ K₂CO₃ + 22.5 g L⁻¹ KHCO₃) are referred 
to by these abbreviations throughout.

When PDE is directly mixed with PBE before electrolysis (Table 3, 
Entries 4–6), the SPB yield decreases markedly, consistent with the well- 
established inhibiting effect of excess K⁺ on precipitation. In contrast, 
when PDE is first electrolyzed to generate fresh peroxodicarbonate and 
the resulting oxidant solution is added into PBE (Entries 1–3), the 
perborate yield increases. The strongest effect occurs at moderate 
addition (Entry 2), where the yield reaches 47.0%—surpassing the PBE- 
only control (Entry 10, 41.5%) even though the added solution origi
nates from a K⁺-containing medium. This demonstrates that supple
mental, freshly generated peroxodicarbonate promotes perborate 
formation by supplying additional H₂O₂ and thereby increase the yield of 

SPB despite the presence of higher concentration of K⁺.
Control experiments using water as the solvent (Entries 7–9) yield no 

solid product, confirming that carbonate is essential: it participates in 
peroxodicarbonate generation and also provides the high-ionic-strength 
environment necessary for SPB precipitation. Moreover, ex-cell perox
odicarbonate mixed with borax in the absence of electrolysis (Table S8) 
produces no precipitate, indicating that electrolysis is required to 
generate the reactive, short-lived oxidants in-situ that drive the con
version of borate to stable perborate.

Combined cyclic voltammetry and galvanostatic studies demonstrate 
that sodium perborate formation on BDD does not proceed via direct 
electrochemical oxidation of borate. Instead, the process follows an 
indirect oxidation pathway, in which electrogenerated oxidizing 
species are first formed at the anode and subsequently react with borate 
in solution. Accordingly, the overall mechanism can be divided into two 
sequential steps: 

(i) an electrochemical step, involving the generation of peroxide- 
containing oxidants, and

(ii) a non-electrochemical step, in which hydrogen peroxide com
plexes with borate to form perborate.

The exact identity of the primary oxidizing intermediates generated 
at the BDD anode cannot be conclusively determined from the present 
study. However, prior mechanistic work by Fan et al. (Nature, 2022) 
[93] on carbonate-mediated electrochemical water oxidation provides 
strong evidence for the formation of carbonate-derived radical and 
peroxy-intermediates. In that work, the presence of carbonate radicals 
(CO₃•⁻) was confirmed by EPR spectroscopy, and peroxymonocarbonate 
(HCO₄⁻) was identified by isotope-labeling experiments, supporting a 
pathway in which hydrogen peroxide is produced via 
carbonate-mediated electrochemical water oxidation.

However, the possible involvement of hydroxyl radicals (•OH) and 
peroxodicarbonate (C₂O₆²⁻) has been reported in related electrochemical 
syntheses of hydrogen peroxide using BDD anodes in carbonate- 
containing electrolytes.

Based on these considerations, the proposed reaction pathway is 
summarized in Fig. 7 and Eqs. (1)–(10). Hydrogen peroxide can be 
generated electrochemically via hydrolysis of peroxodicarbonate or 
peroxymonocarbonate species formed from carbonate oxidation (Eqs. 

Table 2 
Effect of carbonate/bicarbonate concentration on SPB yield: systematic varia
tion of electrolyte strength relative to the standard composition. Conducted at 
0.875 A cm⁻², 8 F, 2 ◦C, and 550 rpm.

Entry c (g/L) Concentration Factor Yield (%)

1 32.5+7.5 0.25 0
2 65+15 0.5 12.4
3 97.5+22.5 0.75 15.4
4 130+30 1 21.9
5 162.5+37.5 1.25 22.4
6 195+45 1.5 15.4
7 227.5+52.5 1.75 13.0
8 260+60 2 0

Table 3 
Influence of externally added peroxodicarbonate on sodium perborate yield. 
Entries 1–3 use freshly generated peroxodicarbonate (PDE electrolyzed before 
mixing with PBE), whereas Entries 4–6 use non-electrolyzed PDE. Entries 7–9 
replace PBE with deionized water to test carbonate dependency. All experiments 
were performed at 0.875 A cm⁻², 8 F, 2 ◦C, and 550 rpm.

Entry Electrolyte Composition Yield (%)

1 28 mL 0.3125 М peroxodicarbonate + 78 mL PBE 30.7
2 46 mL 0.5275 М peroxodicarbonate + 54 mL PBE 47.0
3 80 mL 0.685 М peroxodicarbonate + 20 mL PBE 18.8
4 28 mL PDE + 78 mL PBE 22.2
5 46 mL PDE + 54 mL PBE 15.4
6 80 mL PDE + 20 mL PBE 0.7
7 28 mL 0.625 М peroxodicarbonate + 78 mL deionized water 0
8 68 mL 0.58 М peroxodicarbonate + 32 mL deionized water 0
9 85 mL 0.686 М peroxodicarbonate + 25 mL deionized water 0
10 100 mL PBE 41.5

Fig. 7. Proposed electrochemical pathway for sodium perborate formation by 
peroxodicarbonate generation at BDD.
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1–7). In the subsequent chemical step, hydrogen peroxide complexes 
with borate to form a tetrahedral perborate species (Eq. 8). The cathodic 
reaction corresponds to hydrogen evolution (Eq. 9), while bicarbonate 
formed during peroxide generation is reconverted to carbonate by re
action with hydroxide generated at the cathode, thereby closing the 
carbonate cycle (Eq. 10). 

(1) Electrochemical formation of H2O2:
a) Via hydrolysis of peroxodicarbonate [12,27,60–61,98–101]: 

2CO2−
3 →C2O2−

6 + 2e− (1) 

Or H2O → ⋅OH + H+ + e− (2) 

2HCO−
3 + 2⋅OH→ C2O2−

6 + 2H2O (3) 

C2O2−
6 + 2H2O → 2HCO−

3 + H2O2 (4) 

b) Via hydrolysis of percarbonate [91,92]: 

CO2−
3 →CO⋅−3 + e− (5) 

CO⋅−3 + H2O →HCO−
4 + H+ + e− (6) 

HCO−
4 + H2O → 2HCO−

3 + H2O2 (7) 

(2) Complexation of H₂O₂ with borate to form perborate [12,102]: 

BO−
2 + H2O2 →

(
BO−

2 ⋅H2O2
)

(8) 

(3) Hydrogen evolution reaction on cathode: 

2H2O + 2e− →H2(g) + 2OH− (9) 

(4) The bicarbonate anion generated during hydrolysis reacts with 
hydroxide ions formed at the cathode to regenerate carbonate, 
thereby completing a closed carbonate cycle: 

HCO−
3 + OH− →CO2−

3 + H2O (10) 

4. Conclusion

This work establishes a robust electrochemical route for the synthesis 
of sodium perborate monohydrate (SPB-1) from concentrated carbon
ate/bicarbonate electrolytes using a boron-doped diamond (BDD) 
anode. Through systematic variation of temperature, current density, 
applied charge, and post-electrolysis mixing, a narrow but reproducible 
operational window was identified that enables efficient perborate for
mation. Under optimized conditions (internal temperature 3.5 ◦C, cur
rent density 0.825–0.875 A cm⁻², the applied charge 24–26 F, vigorous 
stirring, and ≥20 min post-electrolysis coordination), the process de
livers SPB-1 with an isolated yield of 80%, an active oxygen content of 
14%, and a current efficiency of 26%, energy consumption of 2.46 kWh 
mol⁻¹ or 24.6 kWh kg⁻¹ with excellent run-to-run reproducibility.

Electrochemical analysis combining cyclic voltammetry and galva
nostatic anode potential measurements provides mechanistic insight 
into this performance. The data demonstrate that carbonate oxidation 
on BDD occurs at highly positive potentials overlapping with the oxygen 
evolution region, explaining both the necessity of a sufficiently high 
anodic driving force and the intrinsic competition with OER. The 
optimal current density corresponds to a compromise in which 
carbonate-derived peroxy intermediates are generated efficiently 

without excessive diversion of current to oxygen evolution. 
Temperature-dependent potential measurements further indicate that 
low-temperature operation increases the apparent anode potential due 
to kinetic and transport effects, while simultaneously stabilizing peroxy 
intermediates and SPB-1, thereby enhancing net yield. These findings 
rationalize why BDD, with its wide anodic potential window and high 
stability, enables productive perborate synthesis whereas platinum 
anodes—operating at substantially lower potentials and favoring 
OER—do not.

In comparison with prior reports, the present protocol represents a 
substantial advance in both productivity and practicality. Early studies 
by Arndt and related work achieved only modest isolated perborate 
yields. More recently, González Pérez et al. [3] reported that BDD was 
ineffective for the oxidation of boron compounds and carbonate, 
yielding only trace perborate concentrations (0.2 mmol L⁻¹). In contrast, 
the present work demonstrates that, under appropriately tuned elec
trolyte composition and operating conditions, BDD enables efficient 
perborate formation and direct isolation of solid SPB-1. An isolated 
product concentration of 33.5 g L⁻¹ was obtained, corresponding to 
335.6 mmol L⁻¹ on a molar basis, placing this study among the highest 
productivities reported to date for electrochemical sodium perborate 
synthesis (Table 4).

From a sustainability perspective, the method eliminates the need for 
externally produced hydrogen peroxide, instead generating the 
oxidizing equivalent electrochemically from carbonate, an inexpensive 
and widely available feedstock. Direct precipitation of SPB-1 from the 
reaction medium further simplifies downstream processing. While the 
current efficiency is inherently limited by competition with OER, it is 
already reasonable for a high-potential anodic process. Future im
provements may be achieved through electrolyte engineering (e.g., 
targeted additives to suppress OER), surface modification of BDD to tune 
interfacial reactivity, and reactor designs that minimize ohmic losses 
and enhance mass transport—strategies that are well aligned with scale- 
up considerations.

Overall, this study provides a mechanistically grounded and exper
imentally validated framework for SPB-1 electrosynthesis. By inte
grating electrochemical diagnostics with systematic process 
optimization, it establishes BDD-based electrolysis as a promising plat
form for sustainable oxidant production and offers a clear pathway to
ward further efficiency improvements and industrial implementation.
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ions by boric acid or (poly)borates, J. Solut. Chem. 46 (2017) 25–43, https://doi. 
org/10.1007/s10953-016-0555-x.

[83] Z. Pizer, C. Tihal, Peroxoborates, Interaction of boric acid and hydrogen peroxide 
in aqueous solution, Inorg. Chem. 26 (1987) 3639–3642, https://doi.org/ 
10.1021/ic00268a046.

[84] I.V. Myachin, L.O. Kononov, Mixer design and flow rate as critical variables in 
flow chemistry affecting the outcome of a chemical reaction: a review, Inventions 
8 (2023), https://doi.org/10.3390/inventions8050128.

[85] K. Iizuka, T. Kumeda, K. Suzuki, et al., Tailoring the active site for the oxygen 
evolution reaction on a Pt electrode, Commun. Chem. 5 (2022) 126, https://doi. 
org/10.1038/s42004-022-00748-7.

[86] S. Arya Devi, D. Philip, G. Aruldhas, Infrared, polarized Raman, and SERS spectra 
of borax, J. Solid. State Chem. 113 (1994) 157–162, https://doi.org/10.1006/ 
jssc.1994.1354.

[87] J. Flanagan, W.P. Griffith, R.D. Powell, A.P. West, Vibrational spectra of alkali 
metal peroxoborates, Spectrochim. Acta A: Mol. Spectrosc. 45 (1989) 951–955, 
https://doi.org/10.1016/0584-8539(89)80153-9.

[88] J. Moros, R.J. Cassella, M.C. Barciela-Alonso, A. Moreda-Piñeiro, P. Herbello- 
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