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1. Introduction

To limit global warming as mandated by 
the Paris treaty, a substantial worldwide 
reduction of CO2 emission is required and 
approached, inter alia, through interna-
tional legislation or national climate law 
initiatives.[1] One related task for science 
and engineering is the development of 
sustainable ways for the production of 
non-fossil fuels, which are energetically 
driven by renewable energy sources, either 
directly in artificial photosynthesis (“solar 
fuels”) or indirectly using “green” electricity 
from the power grid (Power-to-X approach, 
with X being H2 or any other energy-rich 
chemical).[2] Water splitting comprising 
water oxidation (oxygen evolution reac-
tion, OER) and proton reduction (hydrogen 
evolution reaction, HER) is a promising 
way to achieve chemical energy storage by 
dihydrogen (H2) production. For the pro-
duction of carbon-based gaseous or liquid 
fuels (or commodity chemicals), the OER 
is coupled to CO2 reduction (CO2 reduction 
reaction, CO2RR). Noteworthily, the OER 
is a crucial step in essentially all attractive 

routes toward a non-fossil fuel, in analogy to the central role of 
the OER in biological photosynthesis.[3–5] The design of highly 
efficient and stable catalyst materials for OER based on non-
precious, earth-abundant metals represents a key task for the 
development of technologies that target a sizeable contribution 
to global CO2 reduction. The anodic half-reaction of water split-
ting and electrochemical CO2 reduction (the OER) is considered 
particularly challenging, due to intrinsic energetic barriers in the 
OER itself and further severe kinetic limitations, the latter being 
investigated herein for the OER in the near-neutral pH regime.

Conventional electrochemical OER either takes place in the 
alkaline (pH > 13) or acidic (pH < 2) pH regime. Alkaline OER 
is favored by stabilization of catalytic transition metal oxyhydrox-
ides, while at acidic pH efficient proton exchange membranes 
(PEM, typically Nafion membranes) can be employed.[6,7] Both 
alkaline and PEM water electrolysis devices are commercially 
available. Often a distinction between alkaline OER and acidic 
OER also is made when discussing reaction mechanisms.[8–12] In 
comparison to alkaline and acidic OER, OER in the intermediate 
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pH regime is less intensely investigated. Yet, OER in the near-
neutral pH regime will be favorable or even essential in future 
technological systems, for the following reasons:

i.	 In comparison to OER at alkaline pH or acidic pH, neutral-
pH OER often exhibits a more “benign” behavior when using 
complex material combinations by disfavoring degradative 
material transformations (corrosion), for example, in photo-
chemical, photocatalytic, and photoelectrochemical systems.

ii.	 Extreme pH values and associated (health) hazards in device 
operation are avoided, which is a safety aspect of impor-
tance, especially in non-industrial environments such as de-
centralized hydrogen production by private property owners  
(“personalized energy”).[13]

iii.	Electrochemical CO2 reduction typically requires the opera-
tion of the device at near-neutral electrolyte pH because CO2-
enriched electrolytes almost inevitably act as a bicarbonate 
buffer system, thereby, adjusting an operation pH close to 7.[14,15]

Amorphous, volume-active cobalt oxides (or rather oxyhydrox-
ides), herein denoted as CoCat, with water molecules, as well as 
anions and cations, filling the voids between oxide fragments[16–22] 
currently may be the best-performing electrocatalyst mate-
rial at neutral pH, as opposed to alkaline OER where inter alia 
NivFewOx(OH)y materials are superior.[23–30] Here, the amorphous 
CoCat material combined with a potassium phosphate (KPi) elec-
trolyte is selected as a model system to explore the factors that 
limit the electrocatalytic current flow in OER at neutral pH. The 
CoCat material was selected because it is, structurally and func-
tionally, especially well characterized.[17,20–22,31–44] However, we 
suggest that our results are generally valid for water oxidation  
in the near-neutral pH regime since various other material-elec-
trolyte systems exhibit similar near-neutral OER characteristics 
as the CoCat-KPi system.[32,34,45,46] We note that, in line with an 
essential role of phosphate or alternative protonatable ions,[16] 
near-neutral OER in aqueous solution has been almost exclu-

sively investigated using a pH-buffer system with ions that can 
undergo protonation state changes in that pH regime.[14,34,47–49]

CoCat has been investigated in seminal studies by Nocera 
and co-workers and was denoted as a cobalt-phosphate catalyst 
(CoPi).[20,31,50,51] Phosphate ions are indeed an integral part of the 
CoCat when obtained by electrodeposition in phosphate buffer 
(P:Co ratio of about 1:3 in ref. [19]). There likely is a favorable 
structural role of phosphate ions, for example, by limiting the 
formation of extended defect-free catalyst domains.[22,34,35,38,52–54] 
Moreover, the phosphate ions have been proposed to fulfill a 
functional role in supporting electrocatalysis. They could be an 
integral constituent of the catalyst material that supports local-
ized proton-coupled electron transfer steps[33,37,44,48] or they could 
act as migrating (diffusing) proton carriers.[16,21,55–57]

Although the importance of phosphate or alternative “buffer 
ions” is commonly accepted, we consider the experimental 
characterization and understanding of the technological deci-
sive current-density–electric-potential relations (in the following 
denoted as “current–voltage” or “j–V” relations) as being incom-
plete, which motivates the present investigation. In an early 
study addressing the role of electrolyte bases in near-neutral-pH 
water oxidation, we found that for nine different protonatable 
ions employed as a pH-buffering system, the catalytic current 
density at comparably high electrode potentials (1.35  V vs 
NHE) does not follow a classical “thermodynamic” pH depend-
ence.[16] It is rather determined by the electrolyte pH and the 
pKa-value of the buffering groups such that the availability of 
a (deprotonated) proton-accepting base determines the current 
density.[16] To rationalize this finding, we proposed that the cur-
rent-limiting process in OER is the transfer of protons from the 
catalyst material to unprotonated buffer molecules as it takes 
place at the catalyst-electrolyte interface (option b in Scheme 1). 
Costentin and co-workers modeled j–V curves for CoCat-OER 
and further electrokinetic data in a series of inspiring inves-
tigations.[37,40,58] In ref. [37], they suggest film-internal diffu-
sion of the buffer molecules (HPO4

2−/H2PO4
−) between the 

Scheme 1.  Possible rate-limiting processes in neutral-pH OER.
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external, electrolyte-exposed surface of the catalyst film and the 
catalyst-film–substrate-electrode interface, with phosphate ions 
serving as proton shuttle within the CoCat catalyst (option a in 
Scheme 1).[37] According to this proposal, also the CoCat-internal 
diffusion of phosphate ions could be a rate-determining process. 
Recently, we have developed an analytical model, which quanti-
tatively explains the presence of proton transfer limitation by 
macroscopic diffusion of the buffer base in the bulk electrolyte, 
and thus, outside of the catalyst film (option c in Scheme 1).[55] 
This model predicts that at high catalytic potential, the max-
imum current density is determined by the protonation state 
of the buffer base, its concentration, and an effective diffusion 
constant describing the diffusion of the buffer ions within the 
bulk electrolyte. In summary, three different scenarios for the 
rate-limiting process in proton transport mediated by mobile 
phosphate ions can be distinguished (see Scheme 1): a) internal 
diffusion within the catalyst, b) proton transfer at the outer 
catalyst surface, and c) macroscopic diffusion, and thereby, 
proton transfer within the electrolyte. In the present study, 
we succeed in distinguishing between these options, thereby,  

identifying the dominant rate-determining processes. Experi-
mentally, we focus on the low current density regime because 
it is relevant for artificial photosynthesis applications.  
Furthermore, we provide a proof-of-principle experiment with 
high-current OER at near-neutral pH. We examine catalyst 
films deposited on a transparent conducting oxide, comple-
mented by experiments with CoCat films deposited on nickel 
foam electrodes and a discussion of the high-current regime 
relevant to industrial electrolyzer systems.

2. Results and Discussion

2.1. Phosphate Dependence of j–V Curves

To investigate the role of phosphate ions in water oxidation cat-
alyzed by CoCat at neutral pH (7), j–V curves were measured 
at potassium phosphate (KPi) concentrations in the electro-
lyte ranging from 1.6 to 250  mm, in four sets of experiments 
(Figure 1)

Figure 1.  Phosphate concentration dependence of j–V curves investigated at pH 7. The current density (j) was recorded at various electrode potentials 
(V in Volt vs NHE), for the static operation of the electrochemical cell (no stirring) or with enhanced convection (stirred), without or with 500 mm KNO3 
as a supporting electrolyte component. For the collection of j–V curves, the potential was increased stepwise (from lowest to highest values) and the cur-
rent density was determined after an equilibration period of 1 min at the respective potential. For each j–V curve, a fresh CoCat film had been prepared, 
with a deposition charge of 10 mC, corresponding to ≈100 nmol of Co ions per cm2. All experiments were repeated at least three times; vertical error bars 
indicate standard deviations. The dotted lines mark the approximate inflection points of the j–V curves (same line in (A)–(D)), which were determined 
as shown in Figure S20, Supporting Information, and herein are discussed as “plateau levels.” In (B) and (D), approximate Tafel slopes are indicated 
(rough graphical estimates, excluding the current density regime below the dashed-line level of 7 µA cm−2 in the estimation). We note that at high 
phosphate concentrations, control experiments revealed a partial CoCat film loss (Figures S2–S4, Supporting Information; see also Figures S23–S25,  
Supporting Information, for SEM images), which explains the decrease in current density at high potentials as observed in some experiments.
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A.	 Variation of KPi concentration without additional salts in an 
unstirred electrolyte solution (Figure 1A);

B.	 Variation of KPi concentration in high-salt (500 mm KNO3) 
and unstirred electrolyte solution (Figure 1B);

C.	 Variation of KPi concentration without additional salts in a 
stirred electrolyte solution (Figure 1C);

D.	Variation of KPi concentration in high-salt (500 mm KNO3) 
and stirred electrolyte solution (Figure 1D).

To complement the data sets B and D, j–V curves were also 
collected in the high-salt electrolyte without any KPi and with 
or without stirring (initial pH adjusted to be close to 7). The 
same electrochemical cell configuration was used during the 
j–V curve collection to ensure identical diffusion characteris-
tics in A and B (unstirred), as well as C and D (stirred with 
500  rpm; Figure S1, Supporting Information). Analysis of 
Figure  1 by visual inspection and summarizing informative 
values in respective graphics (Figure S5, Supporting Informa-
tion, and Figure 2) reveal.

i.	 Common Tafel-slope characteristics at all KPi concentra-
tions: At low potentials (around 1.15 V vs NHE) an overlap-
ping and approximately exponential increase of the current 
density (a linear increase of log j) is observed in all curves, 
suggesting similar Tafel slopes and exchange current densi-
ties (close to 70 mV dec−1). Consequently, at low overpoten-
tials, the current density is independent of the KPi buffer 
concentration (Figure S5, Supporting Information), as also 
reported in ref. [33]. Assuming that the observed Tafel slope 
and exchange current density reflect a specific reaction 
mechanism, this observation implies that the OER reaction 
mechanism is unaffected by the KPi concentration. Whereas 
the Tafel slope itself is not significantly affected by the KPi 
concentration, the extension of the linear regime (of log  j) 
increases strongly with increasing KPi concentration, from 
clearly less than one decade increase in current density (for 
pure HxPO4 without stirring) to clearly more than one dec-
ade, which relates to the KPi-dependence of the plateau level 
in the j–V curves.

ii.	 Strongly increased Tafel slope without KPi: For the j–V 
curve collected in “pure water” (without KPi buffer, but with 
500 mm KNO3), strikingly different behavior is observed: an 
increase in current density with a Tafel slope that is approxi-
mately two times larger than in KPi buffer and extends over 
a large potential range (Figure 1B,D). This behavior is repro-
duced in the simulations presented further below for proton 
transport by H3O+ ions (see also in ref. [37]).

iii.	Plateau level determined by KPi concentration: When in-
creasing the applied potential beyond the Tafel slope region, 
a plateau level of the current density is reached at 1.25 to 1.4 V, 
which is well visible (in Figure 1A,B) as an inflection point 
of the j–V curves for KPi concentrations ranging from 1.6 to 
40 mm. A quantitative analysis of current densities at the in-
flection points for various KPi concentrations is shown in Fig-
ure 2A. The plateau level is roughly proportional to the buffer 
concentration, in line with a current limitation determined by 
the availability of unprotonated buffer ions (HPO4

2−) needed 
for accepting the “product protons” from water oxidation.[16] 
This current limit is clearly lower for the unstirred electrolyte 

conditions, implying that (macroscopic) diffusion of the buff-
er ions is a limiting factor in catalytic turnover. The dotted 
unity-slope line in Figure 2A corresponds to a first-order KPi 
concentration dependence of the plateau level. Such a linear 
dependence is also found for stirred electrolytes at low cur-
rent density, but at a significantly higher plateau level (about 
a 12-fold or 18-fold increase in low-salt or high-salt electro-
lytes, respectively). This finding suggests a current limitation 
by macroscopic KPi diffusion.

iv.	 Influence of ionic strength: In the experiment shown in 
Figure  1A, variation of the KPi concentration did not only 
change the availability of proton-accepting buffer molecules 

Figure 2.  Current density of CoCat as a function of phosphate buffer (KPi) 
concentration at selected potential regions. The symbols represent the 
data of Figure 1, (A) in black, (B) in red, (C) in blue, and (D) in green. 
Panel (A) shows the characteristic current corresponding to the plateau in 
Figure 1. In panel (B), each point represents the current density at 1.6 V. 
The slope of the red dotted line is unity which corresponds to a first-
order (linear) relation between current density and KPi concentration. In 
panel (B), the two grey lines mark current densities at 1.6 V versus NHE 
determined for “pure water” in the absence of KPi molecules (but with 
500 mm KNO3; see Figure 1B,D).

Adv. Energy Mater. 2022, 12, 2202914
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but at the same time altered the total ion concentration. To 
investigate whether changes in ionic strength affect the j–V 
curves, the ionic strength was kept at a high level irrespective 
of the KPi concentration by adding 500 mm KNO3 to the buff-
er (Figure 1B). We observe qualitatively the same j–V behav-
ior with and without KNO3 complementation, but at very low 
KPi concentrations the plateau level is moderately enhanced 
with KNO3 in unstirred electrolytes (by a factor of about 2, 
1.8, or 1.4 at 1.6, 2.5, or 4 mm KPi). In stirred electrolytes, a 
comparison of the low-salt to the high-salt j–V curves reveal 
a more pronounced high-salt enhancement than observed 
in the unstirred electrolyte (at low KPi concentrations), ap-
proaching a factor of three. We conclude that for a low KPi 
concentration also the added salt (500 mm KNO3) plays a role 
in enhancing the current density. This salt effect is especially 
prominent at low current densities and most likely not ex-
plainable by a “normal” Ohmic resistance influence, as also 
confirmed by simulations discussed further below. There-
fore, an ionic strength effect on either KPi diffusion or proto-
nation states in the Helmholtz layer at the catalyst–electrolyte 
interface represents a more likely explanation.

v.	 Biphasic j–V curves relating to H2O acting as a proton ac-
ceptor: For low and intermediate KPi concentrations at high 
overpotentials, the j–V curves approach asymptotically the 
j–V curve obtained for operation of the catalyst film in the 
KNO3-containing, but KPi-free electrolyte, as clearly visible in 
Figure 1B,D. Assuming that the plateau level can be explained 
by the exhausted proton accepting capacity of the KPi buffer 
close to the catalyst surface, water obviously serves as an ad-
ditional proton acceptor at high overpotentials. Therefore, 
the current density at 1.6 V for low KPi concentrations ap-
proaches the current for the KPi-free electrolyte (Figure 2B).

vi.	Ohmic limitation at high current densities: At high current 
densities, increasing KPi concentrations no longer results 
in a proportional increase of the current density (Figures  1 
and  2), which largely results from Ohmic limitations. The 
linear current–voltage relation visible at the highest KPi con-
centration in Figure S6, Supporting Information, implies an 
Ohmic resistance close to 35 Ohm for all four data sets (dot-
ted lines in Figure S6, Supporting Information). This Ohmic 
resistance is not a catalyst-intrinsic property but reflects the 
sum of the electrolyte resistance and the Ohmic resistance 
of the ITO support of the working electrode, the latter be-
ing the dominating contribution at high salt concentrations.  
(We note that at the highest KPi concentrations with stirred 
electrolyte, the current densities decrease for increasingly 
positive potentials exceeding about 1.5 V, which is explainable 
by catalyst film degradation, see Figures S2–S4, Supporting 
Information.)

2.2. Structure Analysis by In Situ X-Ray Absorption Spectroscopy

Phosphate and potassium ions are present in the CoCat films 
obtained by electrodeposition in 100 mm potassium phosphate 
electrolyte at a Co:K:P stoichiometry of ≈3:1:1.[19] Specifically, the 
phosphate ions are often assumed to be functionally relevant, 
that is, an integral part of the catalyst material.[20] It indeed has 
been shown that phosphate ions can affect the atomic structure 

of the catalyst significantly.[22,34,35,38,53] Because it is conceivable 
that structural changes result from operation in low-phosphate 
or phosphate-free electrolyte (via phosphate depletion), we 
explored this possibility by applying in situ (operando) X-ray 
absorption spectroscopy (XAS) at the Co K-edge for analysis of 
the X-ray edge region and the extended X-ray absorption fine-
structure (EXAFS).

CoCat films were operated at four different KPi conditions at 
pH 7 with low, medium, or high phosphate buffer concentrations 
(1.6, 25, or 100 mm) or in the absence of any phosphate buffer; 
KNO3 salt was added to maintain an approximately constant 
ionic strength of 0.5–0.8 m in all experiments. After equilibration 
at 0.75, 1.15, or 1.33 V (vs NHE, pH 7; see Supporting Information 
for details), EXAFS spectra were collected in situ, that is, during 
the operation of the electrolyte-exposed catalyst film at the respec-
tive electric potential. The electrode potentials were selected such 
that the complete range of accessible oxidation states of the 
CoCat material is covered, with the most reduced CoIICoIII state 
at 0.75 V, the all-CoIII state at 1.15 V, and a highly oxidized CoIII, IV 
state at 1.33 V.[39] The resulting spectra are shown in Figure 3 and 
Figure S18, Supporting Information. Edge spectra and complete 
EXAFS spectra were recorded at room temperature within only 
5  min at a low-flux bending-magnet beamline (≈1010 photons 
per s at the Co K-edge) with an extended irradiated sample area 
(about 5 mm2). Under these experimental conditions, the X-ray 
dose per area is especially low, which prevents sample modifi-
cations caused by X-ray irradiation (radiation damage), as also 
verified in ref. [59] for CoCat electrode films. Further details are 
provided in the Supporting Information.

Analysis of the X-ray edge spectra resulted in estimates of 
the Co oxidation states (Table 1), which ranged from the mixed-
valent CoII

0.4CoIII
0.6 state (at 0.75  V) via the all-CoIII state (at 

1.15 V) to the mixed valent CoIII
0.85CoIV

0.15 state (at 1.33 V), in 
good agreement with previous results.[39,43] These oxidation 
state estimates are, within the limits of accuracy, independent 
of the KPi concentration.

In the Fourier-transformed EXAFS spectra, the two main 
peaks correspond to the oxygen ligands in the first Co coordi-
nation sphere (CoO bonds of ≈1.9 Å), and the Co ions in the 
second coordination sphere of the X-ray absorbing Co atom 
(CoCo distance of ≈2.8  Å), respectively. The amplitudes of 
these two peaks correspond to the abundance of the respective 
CoO and CoCo motifs in the material.

Based on the analysis of the EXAFS data in Figure  3 we 
conclude

i.	 Taking the noise level into account and comparing the 
amplitudes of CoO and CoCo interactions at different 
phosphate concentrations, the difference between spectra 
collected at the same potential is negligible. There are no in-
dications for structural changes in the CoCat film that relate 
to operation at different phosphate concentrations.

ii.	 The potential dependence of the peak amplitudes is high-
lighted by horizontal bars in Figure 3 and is fully consistent 
with our previous results.[39]

The above conclusions were drawn from a visual inspection 
of EXAFS spectra in Figure 3 and are fully confirmed by EXAFS 
simulations (Tables S5 and S8, Supporting Information). The 
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EXAFS simulations reveal that at all phosphate concentrations, 
the transition from the Co0.6

IICo0.4
III state (at 0.75  V) to the  

all-CoIII state (at 1.15 V) is associated with i) a shortening of the 
mean CoO bond lengths from 1.90 to 1.87 Å, as expected for 
an oxidation state increase, ii) a rise of the first-sphere mean 
Co-coordination number from 5 to 6, and iii) increased di-µ-oxo 
bridging between Co ions. The transition from the all-CoIII 
state to the CoIII

0.85CoIV
0.15 state is associated with a further 

shortening of CoO bond lengths, in line with CoIV formation, 
and subtle differences in either the amount or distance spread 
of the 2.82 Å EXAFS interactions. A more detailed discussion 
of the potential-dependent structural changes and their likely 
mechanistic relevance has been provided elsewhere, based on 
XAS results for CoCat operation in 100 mm phosphate electro-
lyte.[39,43] Now the same potential-dependent changes in atomic 
structure are detected at all investigated electrolyte phosphate 
concentrations. Regarding the mechanistic role of phosphate 
ions, we conclude that the redox dynamics of the CoCat mate-
rial are independent of the electrolyte phosphate concentration 
during CoCat operation.

2.3. Internal Phosphate Amount

Bediako et al. suggested proton transport by phosphate ions that 
diffuse within the catalyst material.[37] If this process were related 
directly to the first-order KPi dependence of the plateau-level cur-
rent density in the j–V curves of Figure  1, then the electrolyte 
phosphate concentration should correlate with the internal phos-
phate amount. Therefore, we explored the correlation between 
catalyst-internal phosphate amount and electrolyte phosphate 
concentration for catalyst operation in the sub-catalytic (1  V) 
and catalytic (1.3  V) regimes. After operation at the respective 
potential, the catalyst film was quickly removed from the elec-
trolyte and rinsed with Milli-Q water, followed by the analysis of 
the phosphate content, as detailed in the Supporting Informa-
tion. We note that water rinsing or immersion in reagent water 
represents a reproducible procedure to remove excess electrolyte 
ions,[61,62] as we confirmed by comparative SEM analyses (Figure 
S21, Supporting Information). In conclusion, the results of 
Figure 4 not only argue against the effective exchange of phos-
phate ions between electrolyte and catalyst material but also rule 
out the possibility that the first-order phosphate concentration 
dependence of current density can be explained by correspond-
ingly increased catalyst-internal phosphate concentrations.

2.4. Local pH Monitored by In Situ Raman Spectroscopy

We propose the following scenario: The plateau-level current 
density of the j–V curves of Figure 1 is controlled by the avail-
ability of a buffer base (HPO4

2−) close to the CoCat electrode. In 
the Tafel slope regime, this base mitigates local electrolyte acid-
ification by accepting the protons produced by the OER. The 
plateau-level of the current density is reached once diffusion 
of the buffer ions between CoCat anode and cathode (here a 
Pt counter electrode) approaches its maximally possible rate, 
resulting in pronounced local acidification of the electrolyte 
close to the electrolyte-catalyst interface.

Figure 3.  In situ EXAFS spectra at the Co K-edge at different phosphate 
buffer concentrations during electrochemical operation at A) 0.75  V, 
B) 1.15  V, or C) 1.33  V (potentials vs NHE, pH 7). Fourier-transforms 
(FTs) of experimental k3-weighted EXAFS spectra are shown for phos-
phate buffer (KPi) concentrations of zero (blue), 1.6 mm (green), 25 mm 
(red), or 100 mm (black). The insets show the k3-weighted EXAFS data on 
a wavevector scale (colored lines), as well as the respective least-square 
simulations (thin black lines). Further details on the EXAFS experiment 
and data analysis are provided in Supporting Information.
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To verify the above scenario, we investigated the local pH 
close to the outer catalyst–electrolyte interface using Raman 
spectroscopy.

Direct or indirect pH measurements in electrochemical sys-
tems via electrochemical or optical methods have been previ-
ously reported, including the use of pH-sensitive electrodes, 
rotating disk electrodes (RDE), fluorescence microscopy, and 
Raman or infrared spectroscopy.[63–69] Here, in situ Raman 
spectroscopy was employed to study during electrocatalysis the 
near-electrode pH at about 20 µm distance to the outer CoCat 
surface (Figure  5), using the basic rationale described earlier 
for estimation of the local pH values during CO2 reduction[70] 
(see also ref. [67]). The advantage of the Raman approach is 
good spatial resolution (0.5–5 µm) and its largely non-invasive 
character (some influence of heating of the catalyst film by 
absorbed laser light cannot be excluded). The pH determina-
tion rationale is based on amplitude changes of vibrational 

bands assignable to changes in the protonation state of phos-
phate species, as detailed in the Supporting Information. In 
Figure 5A, the intermediate band at 991 cm−1 corresponding to 
the basic phosphate species (HPO4

2−) sharply decreases when 
applying increasingly positive potentials, whereas the bands at 
877 and 1077 cm−1 corresponding to the protonated base (i.e., 
H2PO4

−) rise. The quantitative analysis takes into account broad 
potential-dependent bands from the CoCat material[71] as shown 
in Figure  5B and results in the potential dependence of the 
local pH close to the outer CoCat surface, which is shown in 
Figure 5C.

We observe pronounced local acidification by almost one 
pH unit close to the outer CoCat surface for electric poten-
tials beyond the Tafel-slope regime. This finding supports that, 
during OER operation, macroscopic proton transport limita-
tions result in a local pH decrease (increased proton activity) in 
the vicinity of the catalyst surface, which in turn limits the cata-
lytic current density. We emphasize that of the four options of 
rate-limiting processes in neutral-pH OER, which are indicated 
in Scheme 1, only the macroscopic proton transport limitation 
is predicted to result in pronounced local acidification in the 
electrolyte phase near the outer catalyst surface. The verifica-
tion of electrolyte acidification close to the outer catalyst sur-
face forms the cornerstone for the quantitative modeling of j–V 
curves described in the following.

2.5. Simulation of j–V Curves

The four sets of j–V curves in Figure  1 were simulated by a 
model, which describes the influence of proton transport within 
the electrolyte on the potential dependence of the current den-
sity and is schematically shown in Scheme 2. For further details 
of the underlying analytical model and its computational imple-
mentation, see ref. [55] and Supporting Information.

In Figure 6, simulation results are compared to experimental 
j–V curves for three simulation approaches:

1st) The simulations shown in panels A to D involve a min-
imal set of variable parameters. For each set of j–V curves, the  
12 j–V curves obtained for 12 phosphate concentrations 
were simulated with identical values for I0, kdPi, and kdH+. 
Only the Tafel slopes were adapted individually for each curve 
by least-square curve-fitting, resulting in only minimal varia-
tions (within 1% of 76 mV dec−1). For current densities below 
about 200  µA cm−2, the experimental and simulated curves 
agree reasonably well. Therefore, we conclude that in the low 

Table 1.  Cobalt K-edge positions and oxidation states (Ox. state) of CoCat films (20 mC cm−2) operated at various KPi concentrations and electrode 
potentials.

KPi concentration [mm] 0.75 VNHE 1.15 VNHE 1.33 VNHE

Edge position [eV] Ox. state Edge position [eV] Ox. state Edge position [eV] Ox. state

0 7719.92 2.60 7720.78 2.97 7721.12 3.12

1.6 7719.91 2.60 7720.80 2.98 7721.11 3.12

25 7719.91 2.60 7720.85 3.00 7721.16 3.14

100 7719.93 2.61 7720.77 2.97 7721.18 3.15

Edge position spectra were determined from the edge spectra by the integral method.[60] The experimental error of the edge positions is around 0.1 eV; the oxidation states 
were estimated based on a calibration curve obtained for simple cobalt oxides (see ref. [39]).

Figure 4.  Quantification of phosphate amounts within CoCat films 
at selected KPi concentrations and electrode potentials. The blue and 
black bars show values from films operated at 1 and 1.3 V versus NHE, 
respectively. The phosphate amount in the as-deposited film (deposited 
in 100  mm KPi) without further electrochemical operation is shown as 
an orange bar.
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current regime, the rate-limiting effect of the buffer and the 
water pathway of electrolyte proton transport are well predicted 
by the model of Scheme  2. At higher current densities, how-
ever, a further rate-limitation comes into play, which is the 
Ohmic resistance (see Section 2.1-vi).

2nd) The 2nd simulation approach differs from the 1st one 
by the introduction of an Ohmic resistance term, where the 
resistance value (R) was adapted for each j–V curve individually. 
Excellent agreement is obtained for most j–V curves (panels 
E–H in Figure  6). At high current densities (reached at high 
KPi concentrations), however, the experimental current densi-
ties exceeded the simulated curves significantly (see Figures 6E 
and 6F), revealing an “enhancement” effect in the experimental 
j–V curves.

3rd) We assign the above enhancement effect to acceler-
ated diffusion at high current density resulting from bubble 
formation and buoyancy effects.[72] To provide an approximate 
description of the enhanced diffusion at high current density, 
the 3rd simulation approach involved a variation of kdPi for 
individual j–V curves. Here, parameter correlations hamper the 
determination of R and kdPi values severely, especially in the 
experiments with stirred solutions. We conclude that acceler-
ated diffusion at high current densities is in line with the exper-
imental j–V data. Although plausible, further investigations are 
required to confirm the here suggested accelerated diffusion.

The modeling approaches used elsewhere[37,40,58] were signif-
icantly more complex because they also included various cata-
lyst film-internal processes that potentially could limit current 
densities. The success of the comparably simple model we used 
herein suggests that aside from the pivotal electrolyte proton 
transport by buffer ions and water molecules (plus expected 
Ohmic resistance effects), there is no need to expand the mod-
eling approach in order to describe the herein investigated j–V 
curves. The simulations do not provide any indications that the 
potentially rate-limiting processes a, b, and d in Scheme 1 are 
relevant limiting factors in the here investigated j–V curves of 
CoCat water oxidation at neutral pH. However, we cannot rule 
out the possibility that with significantly thicker catalyst films, 
additional limitations in terms of the internal transport of elec-
trons and protons might also come into play.

In the experiment of Figure  1 at high potential (e.g., 1.6  V 
vs NHE), the current densities attributed to the base pathway 
(phosphate buffer present at high concentration) and water 
pathway (without phosphate buffer) differ by roughly one order 

Figure 5.  Estimation of local acidification by in situ Raman experi-
ments for electrocatalytic operation in 25 mm KPi buffer at pH 7 (CoCat 

deposition amount of 20 mC cm−2). A) Spectra collected for CoCat films 
operated at the indicated electrode potentials (in V vs NHE); from bottom 
to top, the applied potential was increased stepwise. B) Examples of 
simulations for Raman spectra collected at 1.2 or 1.38  V versus NHE. 
The spectra were background subtracted and simulated from 800 to  
1400 cm−1 as described in Supporting Information. Briefly, for each  
spectrum, three Lorentzian functions (blue lines) and two Gaussian func-
tions (green lines) were fitted with fixed band positions (Lorentzian: 877, 
991, and 1077 cm−1; Gaussian: 1088 and 1225 cm−1) and widths (half-width at 
half-maximum: Lorentzian: 25, 8, and 10 cm−1; Gaussian: 70 and 65 cm−1),  
but varying band amplitudes. C) Catalytic current densities (left y-axis, 
brown squares) and local pH (right y-axis, red circles) determined by in 
situ Raman. The squares indicate static current densities after applying 
the respective potential for 2.5 min (current densities below 7 µA cm−2 
are not shown).
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of magnitude (15 times in Figure 1B and 6 times in Figure 1D), 
whereas several orders of magnitude larger base pathway cur-
rent would be expected based on the observed difference in 
Tafel slope. The simulations confirm an explanation that roots 
in the distinctly different character of the proton transport limi-
tations, which in the case of the base pathway results in a sat-
uration-type behavior of the j–V curves, with an absolute max-
imal current density (Equation (S6), Supporting Information), 
relating to depletion of the unprotonated phosphate base at the 
anode. In the case of the water pathway, a similar saturation 
behavior is neither observed nor predicted. Instead, the proton 
transport limitation results in a strongly increased Tafel slope 
for the water pathway. See Equations (S7)–(S11), Supporting 
Information, which predicts an increase of the catalyst-intrinsic 
Tafel slope by about 60  mV dec−1. The Tafel-slope increase 
applies to near-neutral OER for sizeable currents supported by 
the water pathway of electrolyte proton transport and low (or 
no) current supported by the base pathway. Consequently, the 
water pathway can outcompete the base pathway at high poten-
tials, but at the price of high energetic losses due to exceedingly 
high overpotential requirements.

Is there any relevant synergistic effect between the base 
pathway and water pathway of electrolyte proton transport or 
are the respective current density merely additive? Visual com-
parison of the j–V curves in Figure  1B,D obtained for electro-
lytes without phosphate and in the presence of low phosphate 
concentrations suggests that the current densities supported 
by each pathway roughly add up to the total current density. 
Similarly, also the simulations of j–V curves, which are based 

on a model of additive contributions, do not provide clear indi-
cations for a mismatch between simulated and experimental 
curves that would require an extension of the model by syner-
gistic effects.

2.6. High Current Densities are Achievable

The current densities in the neutral-pH j–V curves for the 
amorphous Cobalt phosphate system with ITO as substrate 
electrode never exceed 10  mA cm−2. As shown above, current 
limitations result from both limited availability of proton-trans-
porting buffer bases, as well as the Ohmic resistance of the 
electrolyte, and in particular, of the ITO substrate electrode. To 
reach higher current densities, we replaced the ITO substrate 
with a Ni foam of negligible Ohmic resistance and increased 
the amount of deposited CoCat material by a factor of 30 on the 
metallic foam with roughly 30-fold increased electrochemical 
surface area (when compared to a planar substrate electrode). 
Thereby, current densities beyond 10  mA cm−2 were reached 
(Figures S10 and S11, Supporting Information). The experi-
mental j–V curves of the CoCat film deposited on Ni foam were 
simulated using identical kdpi values as they were employed for 
simulations (using the 3rd simulation approach) of the respec-
tive data sets of Figure  1, which resulted in reasonably good 
simulations (Figure S11, Supporting Information). This finding 
shows that neither the increased surface area of the Ni foam 
nor the increased amount of catalytically active catalyst mate-
rial modifies the current limitations assignable to macroscopic 

Scheme 2.  Modeling j–V curves by considering rate-limiting electrolyte proton transport via both the buffer-base pathway and the water pathway. It 
is assumed that in the interior of the catalyst film, electron and proton transfer is fast (not rate-limiting); consequently, electric potential and proton 
activity do not vary within the catalyst material. Moreover, rapid equilibration of the proton activity between the boundary layer (aH

cat) and the catalyst 
interior (aH

BL) is assumed so that aH
cat = aH

BL. The protons produced during OER are accepted either by a buffer base molecule (HPO4
−) or a water 

molecule, where the proton transfer between the catalyst film and the accepting molecule is not a rate-limiting factor. The parameters ST and I0 represent 
the Tafel slope and exchange current density, which describes the catalytic properties of the catalyst material. The diffusion of HPO4

2− and H2PO4
− are 

described by the diffusion constant kdPi; proton diffusion is described by kdH+. These are effective diffusion constants with values that depend on the 
geometry of the electrochemical cell, as well as diffusion accelerating factors (mechanical stirring, possibly further convective flows). All simulations 
were performed for the experimental pH value (pHbulk = 7).
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proton transport by buffer molecules. We observe the same cur-
rent-limiting mechanisms as identified in the current regime 
below 10 mA cm−2.

In a proof-of-principle experiment, we realized a three-elec-
trode rapid-flow system and achieved OER current densities 
well above 1 A cm−1. A current density of about 500 mA cm−2 
was reached at 1.4 V (vs NHE, pH 7 of the flowing electrolyte 
with 1 m KPi), about 250 times greater than the maximal cur-
rent in the data sets of Figure  1B. For details, see Figure S17, 
Supporting Information, and its figure caption; a similar 
“recipe” had been applied in ref. [31]. We note that despite high 
current densities at five times the catalyst layer thickness (when 
compared to the catalyst films of Figure 1 and Figure S17, Sup-
porting Information), there is no obvious evidence of incipient 
catalyst-internal charge transport limitation. In summary, we 
present a proof-of-principle experiment that does not represent 
a technical electrolyzer system due to the use of a three- 
electrode cell with optimized reference electrode positioning. 
Nonetheless, this experiment demonstrates that by consistently 
removing the limitations identified here, technically relevant 
current densities at reasonable overpotential are achievable also 
in neutral-pH OER.

3. Conclusions

The rate-limiting factors in electrochemical neutral-pH water 
oxidation (OER) were investigated for volume-active CoCat 
films, aiming at basic understanding and generic insights not 
specifically related to the CoCat material. Electrokinetic and in 
situ XAS data show that the intrinsic mechanism of the CoCat-
internal OER catalysis is unaffected by the external electrolyte 
phosphate concentration. On this basis, we conclude

A.	 Decisive limitation by macroscopic electrolyte proton trans-
port: In situ Raman spectroscopy reveals that OER beyond the 
Tafel-slope regime is associated with electrolyte acidification 
at the catalyst electrode. Consequently, equilibration of cat-
alyst-internal and catalyst-external (electrolyte) proton activi-
ties diminishes the pH-sensitive OER catalysis, and thereby, 
limits the Tafel-slope range. The observed acidification results 
from limited buffer diffusion between the anode and cathode 
causing Base− (HPO4

2−) depletion and HBase (H2PO4
1−) ac-

cumulation at the anode. The in situ Raman experiment is 
conclusive because slow charge carrier transport within the 
catalyst or from the catalyst material to an electrolyte acceptor 

Figure 6.  Experimental and simulated current densities versus the electric potential for the four sets of experimental j–V curves in Figure 1. We selected 
for presentation j–V curves for low (2.5 mm), intermediate (25 mm), and high (160 mm) potassium phosphate concentration; the complete sets of 
simulated curves are shown in Figures S7–S9, Supporting Information (simulation parameters listed in Tables S1–S3, Supporting Information). The 
experimental data is indicated by colored points, the simulated curves are shown as black lines. The left column of panels (A), (E), (I) relates to the 
experimental data of Figure 1A (pure HxPO4); the column with panels (B), (F), and (J) relates to Figure 1B (+ KNO3); (C), (G), and (K) relate to Figure 1C 
(+ Stirring); (D), (H), and (L) relate to Figure 1D (+ KNO3 + Stirring). The first, second, and third rows of panels relate to the 1st, 2nd, and 3rd simula-
tion approaches described in the main text.
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base is not predicted to decrease the near-electrode electrolyte 
pH. Of the four options in Scheme 1, only the macroscopic 
electrolyte proton transport, by the H2PO4

2−/HPO4
− shuttle, 

is identified as a decisive rate-limiting factor.
B.	 Two modes of electrolyte proton transport–inefficient wa-

ter and efficient base pathway: Two pathways for proton 
transport between anode and cathode are identified: i) the 
H2PO4

2−/HPO4
− shuttle and ii) the water pathway with pro-

ton-loading of H2O molecules followed by H3O+ diffusion 
(see Scheme 2). The water pathway is technologically irrele-
vant in OER at neutral pH because it requires especially high 
overpotentials, which results in a strongly increased Tafel 
slope for water as a proton acceptor, as found experimentally, 
reproduced in simulations, and straightforwardly derived 
from an uncomplicated mathematical model. The base path-
way is essential for efficient water oxidation at neutral pH or 
in the near-neutral pH regime.

C.	 Guidelines for technical electrolysis at neutral pH: At neutral 
pH, high-current operation in the Tafel-slope regime is feasi-
ble if not only Ohmic resistance effects but also catalyst-exter-
nal proton transport limitations are minimized. Aside from 
a technically irrelevant synergism observed at very low ionic 
strength, increased electrical conductivity does not enhance 
electrolyte proton transport. Limiting base-diffusion rates 
cannot be overcome by an overpotential increase, in con-
trast to Ohmic limitations, and thus represent an especially 
severe, absolute current limit for the respective electrolyzer 
system. The above limitations already can come into play in 
the current range of 5–20 mA cm−1, which is a current regime 
of relevance for the direct combination of OER catalysis with 
light-active materials in artificial photosynthesis devices. Yet, 
a proof-of-principle experiment shows that current densities 
exceeding 1 A cm−2 can be reached also in neutral pH OER 
for:
–	 high loading of the volume-active catalyst material,
–	 avoidance of Ohmic limitations,
–	 and accelerated diffusion of proton-transporting buffer  

molecules.
Only the latter point is a specific requirement for high-

current electrocatalysis at neutral pH, resulting from the 
inefficiency of proton transport via the water pathway in 
the neutral pH regime. Catalyst-specific performance char-
acteristics (Tafel slopes, exchange current densities) remain 
relevant overpotential determinants also in neutral-pH OER, 
but only as long as the current regime of limiting proton 
transport capacity is not reached.
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from the author.
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