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ater electrolysis has been attractive to store
Wrenewable electricity into hydrogen fuel with good

efficiency and high gas purity.”> The hydrogen
evolution reaction (HER) is usually coupled with the more
sluggish oxygen evolution reaction (OER). Hence, efforts are
focused on developing effective catalysts to lower the high
OER overpotential, enhancing the overall electrolyzer perform-
ance.”* Precious metals like iridium oxide and ruthenium oxide
serve as excellent OER electrocatalysts with high activity and
stability in both acidic and alkaline media.”” Earth-abundant
transition-metal based electrocatalysts such as Fe, Co, and Ni
are popular alternatives to precious metals, but they show
stability over a more limited pH range.’”"" Interest is also
growing in developing OER electrocatalysts at near neutral
pHs, alleviating safety concerns and minimizing capital costs
associated with extreme pH environments.''~

PBS (phosphate buffered saline), a pH 7.4 buffer solution, is
widely employed in biological research for its nontoxicity to
cells. The composition of “1X” PBS is shown in Table S2, with
“saline” alluding to the major component, sodium chloride
(NaCl). Recently, it has gained popularity as an electrolyte in
assessing the performance of newly developed OER catalysts
under neutral condition."”™* A standard 1X PBS solution has
a reasonably good ionic strength of 0.156 M, providing
adequate ionic conductivity for electrochemical reactions. The
presence of phosphate buffer provides a fast reactant supply
(OH™) and reduces local pH shift during OER, better
revealing the intrinsic catalytic properties. However, the low
concentration of phosphate and the pH offset from the pK, of
the H,PO,”/ HPO,>~ couple mean that the pH will undergo a
considerable shift at currents > 1 mA cm™ on a rotating disk
electrode (RDE) (and even more on a static system).”'
Despite this, it is still desirable to keep the concentration of
phosphate low, as a moderate adsorbing effect of phosphate
onto the active sites of IrO, under neutral conditions has been
reported.”

The prevalent use of “0.1/1 M PBS” in the water electrolysis
community often lacks composition details,”**® with “PBS”
sometimes being used without specifying its full name.””
This leads to misinformation within the water electrolysis
community, as it could either denote pure phosphate buffer
solution® ™** or phosphate buffered saline,”” > which have
different salt compositions, ionic strengths and ionic
conductivities. Such lack of clarity poses complication and
misinformation during cross-referencing among research-
ers.””** Furthermore, denoting concentration using molarity
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is only correct for pure phosphate buffer solution, but not for
phosphate buffered saline. Denoting such composition of
phosphate buffered saline using “1.0 M” instead of “I1X” is
incorrect, as neither the salt concentration nor the ionic
strength of the solution is 1 M. Researchers may have
inadvertently prepared 1X PBS with either 1 M phosphate salt
or 1 M NaCl instead of the correct 139.7 mM NaCl/KCl
composition. A precise composition description is essential to
accurately convey the actual composition of PBS in the
scientific literature.

Unlike researchers specializing in seawater electrolysis, those
developing OER catalysts for water electrolysis under neutral
conditions often overlook the chemistry of chloride-containing
solutions. Chloride ions, present in 1X PBS at a concentration
of 0.139 M, could be oxidized to hypochlorite concurrently
with water oxidation. Thermodynamically, the hypochlorite
formation reaction (HCFR, eqs 1 and 2) is less favorable
compared to the OER (eq 4) under neutral conditions.
However, the sluggish four-electron-transfer OER process,
which requires a large overpotential, falls within the electro-
chemical potential of HCFR, a more kinetically facile two-
electron-transfer reaction.

HCIO + H" + 2¢” = CI” + H,0

e RT acr
Epcio,c- = | 1494 + 0.0296pH — — In V vs RHE
cio
(1)
ClO” +2H" +2¢” = CI” + H,0
RT -
By o = | 1717 = 2= In| 22| | V vs RHE
acio (2)
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Figure 1. Anodic polarization of IrO,and Co(OH),in PBS and PBP. Average current densities of IrO,, (3-runs) with different loadings at (a)
1.6 V forward vs RHE and (b) 1.7 V forward vs RHE in 1X PBS and 1X PBP. Anodic CV curves of (c) IrO, with 100 g cm 2 and (d) of

Co(OH), in 1X PBS and 1X PBP. Potentials were corrected for solution resistance. CV curves were recorded at 5 mV s~

in an Ar-saturated

environment at 23 °C and pressure at 1600 rpm. The dotted lines represent baseline, and areas under anodic current after 1.6 V vs RHE are
shaded. To avoid differences between electrode batches, anodic CV curves from the same electrode are shown. The applied potential and
electrochemical current density were corrected for solution resistance and background current of the glassy carbon electrode (<10 gA cm™2)

under Ar.
Cly g + 26~ = 2C1°
RT . | ag->
ECE?CII a- = [1.396 + 0.0591pH — — In cl V vs RHE
- 2F ci, aq
(3)
0, + 4H" + 4e” = 2H,0
e RT
EQ o =[1229 - —1In V vs RHE
,a aOZ,aq (4)

Equations 1—4 show possible electrochemical reactions
calculated from thermodynamic data and corrected to the
reversible hydrogen electrode (RHE) scale.”* The equations
also show the dependence on the activities of the reactants and
products. At PBS buffer’s pH (7.4), the HCFR equilibrium
potentials are higher than the OER equilibrium potential
(1.713V, 1.717 V, 1.833 V, 1.223 V vs RHE at unit activity for
eqs 1—4). The most thermodynamically facile chloride
reactions are eqs 1 and 2, which show similar values, as the
buffer pH is very close to the pK, of HCIO (7.56, calculated
from thermodynamic data).**

Benchmark OER catalysts, including iridium- and ruthe-
nium-oxide materials, demonstrate catalytic activity toward
chloride oxidation under neutral conditions.*>>® For instance,
IrO,/RuO, coated TiO, is often used as anode in the chlor-
alkali process.”” Moreover, many earth-abundant transition
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metals, such as Co(OH),** Fe;0,,” and PbO,* show a
preference for chloride oxidation over OER in chloride-
containing neutral electrolytes.”' Chloride ions are also well-
known in enhancing metal corrosion by forming stable, soluble
metal-chloride complexes through strong coordination with
metal cations, causing anodic current rise before OER.** This
corrosion issue has gained attention in seawater electrolysis but
received minimal focus in water electrolysis.””**~* Con-
sequently, claims of excellent OER activity for new catalysts in
PBS without addressing these issues may be unreliable. HCFR
and catalyst corrosion may significantly contribute to the
observed current, rendering false interpretation of the catalyst’s
performance and mechanism.

This study aims to evaluate the impact of chloride ions in
PBS on the observed OER performance. PBP (phosphate-
buffered perchlorate), which replaces Cl~ with ClO,™ at the
same concentration, emerges as a better alternative to PBS due
to the low absorptivity of ClO,” at active catalyst sites.
Notably, chlorine in perchlorate exists in its most oxidized
form, providing kinetic stability and resistance to further
oxidation. As ClO,” is a noncoordinating anion, it avoids
forming coordination complexes with metal ions, which occur
in the presence of ClI7, thereby negating the corrosion issue
associated with CI™ use. Perchlorate has a significantly higher
concentration than phosphate in PBP, serving as a supporting
electrolyte that nearly eliminates migration contributions to
the mass transfer of electroactive species, enhances con-
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Figure 2. RRDE experiments of IrO,and Co(OH),in PBS and PBP. RRDE measurements of (a) 100 pug cm™> of IrO, and (b)
electrodeposited Co(OH), thin film on a glassy carbon substrate in 1X PBS and 1X PBP at 20 mV s~ ' and 1600 rpm. Pt ring was held at 0.3
V vs RHE for oxygen reduction. Solution resistance and background were corrected.

ductivity, and reduces iR drop. Two catalysts, IrO, (a
benchmarking catalyst)***” and Co(OH), (a widely studied
nonprecious metal catalyst),”® along with a gold substrate,
were studied in PBS and PBP electrolyte to elucidate the
impact and assess the OER efficiency.

To assess chloride-containing PBS’s impact on OER
performance measurement in electrocatalysts, we investigated
three key aspects. First, we observed an excess in anodic
current in PBS compared to PBP in which ClI” is substituted
with ClO,". Second, we established that this excess current was
unrelated to OER activity. Lastly, we proposed two potential
mechanisms for this excess current: (electro)chemical
oxidation of the catalyst, forming a soluble metal chloride
salt, and chloride oxidation, resulting in hypochlorite
formation. We show that both mechanisms occurred.

IrO, of two different representative loadings, 18 and 100 ug
cm™?, was first investigated using cyclic voltammetry (CV) on
an RDE (Figure S1). The experiments were repeated three
times, and average current densities at different potentials are
shown (Figure la, 1b). IrO, generally exhibit higher anodic
currents in PBS compared to PBP (Figure la, 1b). At onset
potential, 1.6 V vs RHE, current densities in PBS are 29% and
27% higher than in PBP for 18 and 100 ug cm™ loadings,
respectively (Figure 1a). At a larger overpotential, correspond-
ing to 1.7 V vs RHE, current densities in PBS are 17% and 20%
higher than in PBP for 18 and 100 ug cm™> loadings,
respectively (Figure 1b). Error bars represent the standard
deviation of three replicates. The currents in the presence of
Cl™ (PBS) are generally larger than in ClO,” (PBP), and the
extra charge consumed is shown below to be due to HCFR and
corrosion. Our observations align with data from researchers
aiming to enhance OER while suppressing HCFR in the
presence of CI™.** The anodic curves of the same electrode
(100 pgj,0x cm™?) in PBS and PBP are shown (Figure 1c). At a
slow scan rate of $ mV s™}, the excess in anodic current in PBS
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compared to PBP is clearly observable and repeatable. The
difference in current in the presence and absence of CI™ is
more pronounced with higher scan rate (Figure S3a, S3b).
Nevertheless, a lower scan rate better represents the perform-
ance of the catalyst under steady-state conditions.

IrO,, a well-established corrosion-resistant OER catalyst,
exhibits increased current indicative of chloride oxidation
rather than complete OER in PBS. We further explored PBS’s
impact on another catalyst, cobalt hydroxide (Co(OH),),
selected due to the prevalent focus on nonprecious metals as
OER catalysts under neutral conditions.” Co-based catalysts
have garnered significant attention due to their supposed
stability and high catalytic performance, and many recent
highly cited publications in this domain have employed PBS as
the electrolyte.””""

A Co(OH), thin film was electrodeposited on a glassy
carbon electrode, following literature protocols, detailed in the
Supporting Information.”®>" Anodic CV curves of Co(OH), in
PBS and PBP reveal a redox couple corresponding to Co?*/
Co*" oxidation, showcasing a quasi-reversible couple consistent
with literature findings (Figure 1d).*** Comparing anodic
curves of Co(OH), in PBS and PBP, the current density in
PBS is significantly higher than that in PBP (Figures 1d, S3c,
and S3b). This could be attributed to HCFR and oxidative
corrosion of cobalt catalyst. Anodic curves of IrO, and
Co(OH), in PBS and PBP are shown for comparison as well
(Figure 1c, 1d). The extra current densities in PBS (shaded in
blue) for Co(OH), are higher than those of IrO,.

Rotating ring-disk electrode (RRDE) experiments were
conducted to assess the anodic current contribution from OER
in Ar-saturated electrolyte (Figure 2). The ring was held at a
potential (0.3 V vs RHE) to measure the oxygen evolved at the
disk via its reduction. To confirm limiting ORR behavior at 0.3
V vs RHE, a CV using the ring electrode in oxygen-saturated
electrolyte was recorded (Figure S4). As discussed earlier,

49,50
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Figure 3. RRDE experiments of Au in PBS and PBP. (a) RRDE measurements of gold disk in 1X PBS and 1X PBP at 20 mV s™' and 1600
rpm, with Pt ring held at 1.15 V vs RHE. Images of RRDE tip after OER in (b) 1X PBP and (c) 1X PBS. The greyish-white Pt ring was
deposited with gold dissolved from the gold disk during anodic polarization in 1X PBS. Measurements were performed in an Ar-saturated
environment at room temperature. Solution resistance and background were corrected.

anodic currents in PBS exceed those in PBP for both IrO, and
Co(OH),. For IrO,, the higher anodic current observed in PBS
does not correlate with increased ring current, suggesting that
excess disk current in PBS is not due to increased OER (Figure
2a). Similarly for Co(OH),, the anodic current on the disk in
PBS is significantly higher, but the ring current and
consequently the OER activity of the central disk electrode
are slightly lower in PBS (Figure 2b). Calculated OER Faradaic
efficiency, with literature reference (details in the Supporting
Information), indicates lower efficiency in PBS than in PBP.
Specifically, for IrO,, the efliciencies are 57% in PBS and 72%
in PBP. For Co(OH),, the efficiencies are 36% in PBS and
80% in PBP. A Faradaic efficiency of 100% was not measured
on the ring because of formation of gas bubbles which
transport a fraction of the oxygen away from the ring.”’ We
assume this is unaffected by buffer choice. It is evident that the
observed additional current in PBS is not attributed to OER
but likely to HCFR. The differences in OER efficiencies in PBS
and PBP are higher in Co(OH), than IrO,, indicating greater
anodic current contribution from HCFR and potential catalyst
corrosion on this catalyst.

We attempted to measure hypochlorite in the RRDE
environment by holding the ring potential at 1.15 V vs RHE
(a potential at which ORR would not occur but hypochlorite
reduction is thermodynamically possible). However, this
resulted in insufficient overpotential being applied to reduce
hypochlorite at the ring due to its sluggish kinetics,”* rendering
it unfeasible to assess hypochlorite production using RRDE
(Figure SS).

Using eqs 1 and 2 and the known chloride concentration of
the PBS buffer, we can estimate the reversible potential of the
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hypochlorite formation reactions. The reversible potential only
aligns with the equilibrium potentials in eqs 1 and 2 when the
hypochlorite concentration matches the chloride concentra-
tion. At the beginning of the reaction, the absence of
hypochlorite causes a significant cathodic shift (>200 mV) in
the reversible potential, as the denominators in eqs 1 and 2 are
effectively zero. Consequently, hypochlorite quickly forms at
low potentials to stabilize its concentration at the electrode
surface. Deviations in the voltammetry are observed (Figures 1
and 2) at approximately 1.35 V, corresponding to an
equilibrium hypochlorite concentration in the catalyst layer
on the order of nM (Figure S11). On the RDE surface,
formation of hypochlorite will be balanced by fast advection of
the produced hypochlorite into the bulk solution. As the
potential increases, the rate of hypochlorite production also
rises, leading to higher steady-state concentrations of
hypochlorite at the electrode surface.

As researchers report new materials using PBS as electrolyte,
the exact nature of their interaction with chloride ion remains
uncertain. An issue associated with chloride-containing
electrolytes is the enhanced dissolution of materials under
oxidizing conditions. For instance, platinum group metals
(including iridium) show enhanced dissolution in sodium
hypochlorite at room temperature with dissolution rates of 1—
10 mg cm™2 h™".>° Gold serves as both an (electrode) substrate
and as catalyst in its own right.*°~>® Hence, we highlight the
performance of gold in PBS as an illustrative example of a
material that is seemingly stable but susceptible to significant
corrosion in the presence of chloride ions, even in mild pH
conditions. Figure 3a depicts the voltammetry of gold as the
central disk catalyst and a Pt ring held at 1.1S V vs RHE.
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Figure 4. Bulk electrolysis test and OER efficiency calculation. Chronopotentiometric curves of (a) 100 gg cm™* IrO, and (b) Co(OH), at 2

mA cm ™2

in 1X PBS and 1X PBP. Curves were recorded in an Ar-saturated environment at room temperature and pressure at 1600 rpm. (c)

UV/vis absorption spectra of electrolytes after electrolysis with excess TMB in acetic buffer (pH 4.8). (d) Calculated HCFR efficiencies of

different catalysts in PBS (blue) and PBP (red).

Substantial anodic disk and cathodic ring currents are observed
in PBS, while minimal currents are observed in both the disk
and the ring in PBP. During anodic polarization of the central
disk electrode, gold dissolution and subsequent deposition of
gold in the ring occur only in the presence of CI” in PBS, but not
in PBP containing ClO,” (Figure 3b, 3c). This suggests
selective gold dissolution in the presence of Cl~ when a
potential is applied,” attributing almost all observed anodic
current in the central disk electrode in PBS to gold dissolution.
Therefore, using gold as an electrode substrate or electro-
catalyst is constrained by its dissolution in chloride-containing
solutions. Moreover, it is advisable to avoid using PBS to assess
the performance and mechanism of OER electrocatalysts, as it
is challenging to decipher if (electro)chemical oxidation of the
catalyst contributes to the observed anodic current.

From prior CV data, we deduce that a significant portion of
the current possibly originated from chloride oxidation in PBS.
To confirm hypochlorite production and quantify its amount,
we conducted bulk electrolysis and measured hypochlorite
levels using 3,3',5,5'-tetramethyl benzidine (TMB). TMB,
selected for its ability to detect low hypochlorite concen-
trations with excellent selectivity, undergoes rapid oxidation by
hypochlorite or chlorite ions—products of chloride oxidation
in PBS—to a blue charge transfer complex when TMB is in
excess at pH 4 (Figure $6).°”°" Perchlorate ions in PBP,
kinetically stable under ambient conditions, do not oxidize
TMB. A UV/vis calibration curve at 650 nm was generated by
reacting diluted NaClO standards with excess TMB (Figures
S7, $8). The Faradaic efficiency for HCFR, &pcpg, is calculated
using eq 5.°%"!
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[ClOT |V
Q

nF

eqcrr(%) = X 100%

©)

where [CIO™] is the concentration of hypochlorite (mol dm™)
in the electrolyte determined from calibration, V is the total
electrolyte volume (dm®), Q is the total charge delivered (C), n
is the number of electron transfers (2 for HCFR), and F is
Faraday’s constant (96485 C mol™").

Chronopotentiometric curves for IrO, and Co(OH), at 2
mA cm™> (40 C cm™” total charge) in PBS and PBP are
presented (Figure 4a, 4b), with corresponding UV/vis spectra
of the electrolytes containing excess TMB (Figure 4c). The
observed potential increase over time is attributed to
microscopic oxygen bubble shielding.”® A slightly larger
potential is required in PBS compared to PBP for IrO,, (Figure
4a). However, a significant potential increase of about 117 mV
is observed with Co(OH), in PBS after 2400 s, and the
potential required in PBS is 110 mV higher than that required
in PBP. The larger potential required in PBS for Co(OH), is
attributed to HCFR and cobalt corrosion in the presence of
CI7, supported by the UV/vis spectra shown in Figure 4c. After
IrO,, bulk electrolysis with excess TMB, the PBS electrolyte
exhibits a typical spectrum of oxidized TMB due to the
presence of ClIO~ (peak at 650 nm). Similarly, after Co(OH),
bulk electrolysis, a strong peak close to 650 nm is seen,
although in this case, the main peak widens, and the peak
absorbance shifts from 650 to 640 nm.

HCFR efficiencies, calculated from the total charge and
amount of oxidized chlorine in the solution, are depicted in
Figure 4d. In PBP, the non-HCFR efficiencies for all tested
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catalysts are inconsequential. The colorimetric method reveals
HCFR efficiencies of 14% with IrO, and 12% with Co(OH),
in PBS, lower than RRDE measurements, which reveals non-
OER Faradaic efficiencies of 15% with IrO, and 44% with
Co(OH),. This is expected, as the colorimetric method does
not consider current contribution from catalyst corrosion.
Furthermore, some oxidized CI~ could be lost as Cl, into the
gas phase during the experiment. The performance of cobalt
iron oxide (CoFe,Q,) is also examined, revealing a long-term
HCEFR efficiency of 19% in 1X PBS.

In conclusion, our study highlighted the overlooked impact
of chloride oxidation in PBS on OER electrocatalyst measure-
ments. We proposed PBP as a more suitable alternative,
containing perchlorate ions to minimize absorptivity and
ensure kinetic stability. We demonstrated excess anodic
currents with IrO, and Co(OH), catalysts in PBS buffer in
contrast to PBP. RRDE experiments with both catalysts
indicated that the excess currents in PBS were not OER-
induced, revealing non-OER Faradaic efficiencies of 15% and
44% for IrO, and Co(OH), respectively. We proposed two
potential mechanisms for excess current in PBS: electro-
chemical oxidation of catalyst/substrate and oxidation of CI~
forming CIO™. The former was demonstrated by gold substrate
dissolution and subsequent deposition in the ring. Long-term
bulk electrolysis with TMB indicated the latter, attributing 12—
19% of anodic currents to HCFR in PBS depending on the
catalysts.

This investigation sheds light on the potential misinter-
pretation of OER electrocatalyst performance in PBS,
advocating against its use for assessing OER electrocatalysts’
performances and mechanisms. The presence of chloride ions
complicates the assessment, hindering accurate understanding
of intrinsic catalytic properties. Instead we suggest that a
phosphate buffer composed of 0.1 M of each of Na,HPO,,
NaH,PO,, and NaClO,, which we label as “(0.1 M) PBP, is a
suitable alternative system. This system has a buffer pH of 7.2
and suitable buffer capacity to allow measurement at up to 10
mA cm™>'® By including extra perchlorate salt, we increase the
conductivity and decrease the issue of migration effects of the
buffer molecules. If PBS is preferred over PBP, a meticulous
investigation with proper attribution of anodic currents to
HCFR via CIO™ quantification and catalyst corrosion via
RRDE assessment is essential for accurate quantification.

Anthony R. Kucernak © orcid.org/0000-0002-5790-9683
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