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conditions in acidic or alkaline electro-
lyte.[4] Besides, water splitting in neutral 
electrolyte is benign and environmentally 
friendly without corrosion issues, which 
can decrease the cost of water-splitting 
electrolyzers as well.[6] However, the OER 
kinetics in neutral electrolyte is extremely 
sluggish due to the low concentration of 
adsorbed reactants on catalyst surface, 
resulting in high overpotentials of neutral 
OER catalysis.[7]

To date, various catalysts including 
Ir-based,[8] Ru-based,[9] Co-based,[10] Ni-
based,[11] and Mn-based[12] oxides have 
been developed for the OER in neutral 
electrolytes, and Ru–Ir oxide was reported 
to possess the highest intrinsic activity 
among them.[9] However, even with the 
use of such Ru–Ir oxide catalysts, as 
reported so far, the OER overpotentials 
in neutral electrolyte are much higher  
than that in acidic or alkaline electrolyte, 
limiting the overall energy efficiencies of 
these applications.[13]

OER in neutral electrolyte takes place 
with the initial formation of adsorbed 
water molecules (i.e., reactants) on the 

active sites of catalysts, followed by the formation of reaction 
intermediates (e.g., HO*, O*, and HOO*) and finally the gener-
ation and release of O2.[14,15] Thus, the additional water adsorp-
tion and its dissociation process are required for neutral OER 
catalysis. Tailoring the electronic structures of catalysts and 
increasing the adsorption of reactants on catalyst surface that 
favor the neutral OER reaction pathway will offer avenues to 
boost the neutral OER rate.

Recent studies showed that incorporation of additional tran-
sition metal could improve the intrinsic activities of noble metal 
catalysts through modification of their electronic structures.[16] 
Besides, it was found that, in water-involving reactions, the 
interactions between hydrated metal cations (Mn+) and HO* 
can generate OHad-Mn+(H2O)x species and further increase 
the adsorption of water molecules at the catalyst/electrolyte 
interface.[17,18] As a typical hydrated metal cation, Ca2+ with 
high hydration energy may increase the adsorption of water 
molecules on catalyst surface.[19–21] We posit that introducing  
Ca2+ into Ru–Ir binary oxides may obtain optimal electronic 
structure for enhanced intrinsic activity of active sites and 
simultaneously increase the local concentration of adsorbed 

Developing efficient electrocatalysts for oxygen evolution reaction (OER) in 
pH-neutral electrolyte is crucial for microbial electrolysis cells and electro-
chemical CO2 reduction. Unfortunately, the OER kinetics in neutral elec-
trolyte is sluggish due to the low concentration of adsorbed reactants, with 
overpotentials of neutral OER at present much higher than that in acidic 
or alkaline electrolyte. Here, hydrated metal cations (Ca2+) are sought to be 
incorporated into the state-of-the-art Ru–Ir binary oxide to tailor the surface 
oxygen environments (lattice-oxygen and adsorbed oxygen species) for 
efficient neutral OER. Using a sol–gel method, ternary Ru–Ir–Ca oxides are 
synthesized in atomically homogenous manner, and the obtained catalyst 
on glassy carbon electrode achieves 10 mA cm−2 at a low overpotential of 
250 mV, with no degradation for 200 h of operation. In situ X-ray absorption 
spectroscopy, in situ 18O isotope-labeling differential electrochemical mass 
spectrometry, and 18O isotope-labeling secondary ion mass spectroscopy 
studies are carried out. The results reveal that incorporation of Ca2+ can 
enhance the covalency of metal–oxygen bonds and the electrophilic nature of 
surface metal-bonded oxygen sites; and simultaneously facilitate the adsorp-
tion of water molecules on catalyst surface, which accelerates the lattice-
oxygen-involved reaction, thus improving the overall OER performance of 
RuIrCaOx catalyst.

Electrocatalytic oxygen evolution reaction (OER) plays an 
important role in various technologies for renewable energy 
conversion and storage, such as water splitting,[1] metal–air 
battery,[2] electrochemical CO2 reduction,[3] and microbial elec-
trolysis cell.[4] Notably, the pH-neutral electrolytes are needed 
in electrochemical CO2 reduction, because the neutral elec-
trolyte can enable the highest CO2 solubility and hinder the 
undesired competing hydrogen evolution reaction.[5] Moreover, 
the use of pH-neutral electrolyte is crucial for microbial elec-
trolysis cells since the microbial growth cannot suffer the harsh 
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water molecules on the active sites, thereby accelerating the 
neutral OER reaction.

Herein, we synthesized RuIrCaOx catalyst in atomic homoge-
neous manner via a facile sol–gel method (see synthesis details 
in the Supporting Information). Accordingly, RuIrOx catalyst as 
control was also synthesized using a similar procedure. X-ray 
diffraction (XRD) measurement was first carried out to verify the 
crystalline structures of the synthesized RuIrCaOx sample. The 
characteristic peaks in the XRD pattern of RuIrCaOx (Figure S1,  
Supporting Information) can be ascribed to RuO2 (JCPDS 
card No. 43-1027) and IrO2 (JCPDS card No.15-0870) in rutile 
phase. As shown in Figure 1a and Figure S2 in the Supporting 
Information, the energy dispersive spectroscopy (EDS) images 
and spectrum of RuIrCaOx sample reveal a homogeneous 
distribution of Ru, Ir, Ca, and O elements. The transmission  

electron microscopy (TEM) image in Figure S3a in the Sup-
porting Information shows that RuIrCaOx sample features a 
morphology of nanoparticles with diameters of 2–5  nm. The 
d-spacing of (200) plane in RuIrCaOx was measured at 2.25 Å 
(Figure S3b, Supporting Information), in agreement with the 
XRD results. The TEM results indicated that neither recon-
struction nor amorphization occurred at the surface of RuIr-
CaOx catalyst after OER reaction. The molar ratios of Ru/Ir/
Ca elements for RuIrCaOx sample are 0.49/0.24/0.43, obtained  
by inductively coupled plasma-mass spectrometry analysis 
(Table S1, Supporting Information).

To investigate the modification of Ca2+ on the electronic 
structures, we further conducted in situ X-ray absorption fine 
structure spectroscopy of RuIrCaOx and RuIrOx samples. 
Figure  1b shows the Ru K-edge X-ray absorption near-edge 

Figure 1. a) EDS mapping images of RuIrCaOx sample. Scale bar: 50 nm. b,c) Ru K-edge XANES and FT-EXAFS spectra of RuIrCaOx, RuIrOx, com-
mercial RuO2, and metallic Ru samples, respectively. d,e) Ir L3-edge XANES and FT-EXAFS spectra of RuIrCaOx, RuIrOx, commercial IrO2, and metallic 
Ir samples, respectively. Inset of (b) and (d) are partial magnifications of corresponding XANES spectra.
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structure (XANES) spectra of RuIrCaOx and RuIrOx, as well as 
commercial RuO2 and metallic Ru for reference. The overlapped 
XANES spectra of RuIrCaOx, RuIrOx, and RuO2 suggest that 
Ru4+ remains the dominant oxidation state in RuIrCaOx and 
RuIrOx. The Ir L3-edge XANES spectra (Figure 1d) indicate that 
RuIrCaOx, RuIrOx, and IrO2 exhibit significantly higher white-
line peak intensity than metallic Ir, suggesting the dominant 
oxidation state of Ir in RuIrCaOx and RuIrOx samples are +4. 
The Fourier transformed extended X-ray absorption fine struc-
ture (FT-EXAFS) spectra of Ru K-edge and Ir L3-edge reveal 
the appreciably shortened RuO metal ligand bond of RuIr-
CaOx compared to RuIrOx and RuO2 (Figure  1c), and slightly 
shortened IrO metal ligand bond of RuIrCaOx compared 
to RuIrOx and IrO2 (Figure  1e). Besides, the wavelet transfor-
mation of EXAFS results reveal the formation of RuOCa 
and IrOCa bonds in RuIrCaOx catalyst (Figure S4,  
Supporting Information). The shortened RuO and IrO 
metal ligand bonds can increase the covalency of metal–oxygen 

bonds due to the lowered metal d states that are closer to 
oxygen 2p-band centers (Figure S5, Supporting Information), 
and thus facilitate the generation of metal-bonded electrophilic 
oxygen species.[22–25]

To probe the surface oxygen states bonded with metal atoms, 
we then conducted quasi in situ O K-edge soft X-ray absorp-
tion spectroscopy (sXAS) by recording the total electron yield 
intensity (a surface-sensitive method) (Figure  2a; Figure S6, 
Supporting Information). In the O K-edge sXAS spectra of 
RuIrCaOx and RuIrOx samples (Figure  2a), the shoulder peak 
of ≈529 eV in the spectrum of RuIrCaOx confirms the genera-
tion of electrophilic lattice oxygen sites (formally OI− species) at 
catalyst surface.[26] According to the lattice-oxygen-participated 
mechanism (LOM) for OER,[27,28] the surface electrophilic OI− 
sites of RuIrCaOx catalyst undergo a nucleophilic attack of water 
molecules or hydroxyl groups and further form OO bond and 
release O2. The surface electrophilic lattice oxygen sites partici-
pate in the OER process, with lattice oxygen as an active OER 

Figure 2. a) O K-edge sXAS spectra of RuIrCaOx and RuIrOx samples. b) O 1s XPS spectra and corresponding peak fitting results for RuIrCaOx and 
RuIrOx samples. Black circles are the XPS spectra. The green, blue, and purple lines are the fitted peaks of adsorbed H2O (ads. H2O), adsorbed OH 
(ads. OH), and lattice oxygen, respectively. c) TG analysis of RuIrCaOx and RuIrOx samples.
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intermediate. Therefore, rich metal-bonded OI− sites at the sur-
face of RuIrCaOx catalyst could accelerate the OER rate.

To verify whether the incorporation of Ca2+ increases the 
adsorption of reactants on catalyst surface, we further carried 
out O 1s X-ray photoelectron spectroscopy (XPS) measurements 
of RuIrCaOx and RuIrOx samples. As shown in Figure  2b 
and Table S2 in the Supporting Information, the percentage 
of adsorbed water molecules and adsorbed hydroxyl groups 
on the surface of RuIrCaOx are higher compared to RuIrOx. 
Moreover, we conducted thermogravimetry (TG) analysis 
for RuIrCaOx and RuIrOx samples. Note that desorption of 
water molecules and hydroxyl groups from catalyst surface 
occur below 150  °C. As shown in Figure  2c, the weight loss 
of RuIrCaOx at 150  °C is higher than that of RuIrOx, indi-
cating its improved amount of adsorbed water molecules 
and hydroxyl groups. We further normalized the weight loss 

of RuIrCaOx and RuIrOx to their Brunauer–Emmett–Teller 
specific surface area and found that the specific amount of 
adsorbed water molecules and hydroxyl groups on the sur-
face of RuIrCaOx is about 3-times higher than that of RuIrOx  
(Figures S7 and S8, Supporting Information).

The electrochemical measurements of RuIrCaOx catalyst 
and controls were performed to evaluate their OER activities. 
Developing high-performance neutral OER catalysts that can 
function efficiently in CO2-saturated 0.5 m KHCO3 aqueous 
 electrolyte is important for the membrane-free electrochemical 
and bioelectrochemical reduction of CO2.[4,5] We conducted 
linear sweep voltammetry (LSV) of catalysts on glassy carbon 
electrodes (GCEs) at a scan rate of 5 mV s−1 in CO2-saturated 
0.5 m KHCO3 aqueous electrolyte (Figure 3a; Figure S9, Sup-
porting Information). We studied the influence of the content 
of Ca2+ on the OER activity. The results revealed that catalyst 

Figure 3. a) LSV curves of RuIrCaOx catalyst and controls on GCEs at a scan rate of 5 mV s−1 in CO2-saturated 0.5 m KHCO3 aqueous electrolyte.  
b) Comparison of the mass activities (MA, at left axis) and specific activities (SA, at right axis) of catalysts. c) Comparison of turnover frequencies 
for catalysts on GCEs at 1.63 V (vs reversible hydrogen electrode, RHE). d) Galvanostatic measurement of RuIrCaOx catalyst on gold foam electrode 
with a constant current density (j) of 10 mA cm−2.
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with lowest content of Ca2+ exhibited lowest catalytic activity 
while catalyst with highest content of Ca2+ exhibited highest 
catalytic activity but poor stability (Figure S10, Supporting Infor-
mation). The optimal RuIrCaOx catalyst on GCE achieves a low 
overpotential of 250  ±  4  mV at 10  mA cm−2 (the currents are 
normalized to projected geometric area), which is 64, 191, and 
415 mV lower than those of RuIrOx, benchmark RuO2, and IrO2 
catalysts, respectively (Figure S11, Supporting Information).

To assess the intrinsic catalytic activities of these catalysts, 
we first analyzed their mass and specific activities with cur-
rents normalized to the loading mass on GCEs and electro-
chemically active surface area, respectively (Figure 3b; Figures 
S12–S15, Supporting Information). We confirmed that the 
RuIrCaOx catalyst possess appreciably higher mass and spe-
cific activities than the control catalysts (Table S3, Supporting 
Information). The intrinsic activities of RuIrCaOx catalyst and 
controls were further evaluated by determining their turnover 
frequencies (TOFs). We calculated the TOF values of RuIrCaOx 
and RuIrOx catalyst according to their mass loading of both Ru 
and Ir atoms, respectively. As shown in Figure 3c and Table S3 
in the Supporting Information, the RuIrCaOx catalyst on GCE 
manifests the highest TOF of 0.36 s−1, which is about 2-, 7-, and 
45-times higher than those of RuIrOx, benchmark RuO2 and 
IrO2 catalysts, respectively.

To further enhance the OER performance of the catalytic elec-
trodes, we improved the electrical conductivities of the  substrates 
by depositing the RuIrCaOx catalyst on gold foam electrode. The 
RuIrCaOx catalyst on gold foam electrode achieves 10 mA cm−2 
at a low overpotential of 226 ± 4 mV (Figure S16 and Table S4, 
Supporting Information; the currents are  normalized to pro-
jected geometric area). We further evaluated the operation sta-
bility of RuIrCaOx catalyst. As shown in Figure  3d, from the 
galvanostatic experiment for RuIrCaOx on gold foam electrode 

performed at a constant current density of 10 mA cm−2, no 
appreciable increase of potential was observed for 200 h of con-
tinuous operation. The novel OER catalyst in this work exhibit 
high catalytic activity and stability in neutral electrolyte.

To gain more insight into the origin of enhanced OER activity 
of RuIrCaOx catalyst with respect to its rich surface OI− species, in 
situ 18O isotope-labeling differential electrochemical mass spec-
trometry (DEMS) measurements were designed and carried out. 
The catalysts deposited on gold disk electrodes were labeled with 
18O isotopes by potentiostatic reaction in 18O-labeled aqueous 
electrolyte. After rinsing with 16O water five times, in situ DEMS 
experiments were conducted with catalyst electrodes scanned in 
0.5 m KHCO3 solution of H2

16O using cyclic voltammetry. Gas 
products of different molecular weights generated during OER 
were measured in real time by the mass spectroscopy. As shown 
in Figure 4a and Figure S17 in the Supporting Information, the 
intensity of 34O2 (16O18O) signal with mass- to-charge ratio of  
34 is higher for RuIrCaOx compared with RuIrOx, and no peaks 
of 36O2 (18O18O) signals are found for RuIrCaOx and RuIrOx. 
These results indicate that the lattice-oxygen-involved reaction 
proceeds where one lattice oxygen atom couple with another 
oxygen atom from electrolyte and generate 34O2 product, instead 
of two lattice oxygen atoms coupling with each other and gen-
erating 36O2 product. As illustrated in Figure  4b, in the lattice-
oxygen-involved reaction process, the oxygen (18O) from the 
 surface of 18O isotope-labeled catalysts emigrates and couples 
with oxygen (16O) from electrolyte, generating 34O2 products. 
The DEMS results provide solid evidences for lattice-oxygen- 
participated reaction of RuIrCaOx during OER process.

We further performed secondary ion mass spectroscopy 
(SIMS) to investigate the frequencies of lattice-oxygen exchange 
with electrolytes for catalysts during OER process. First, the 
RuIrCaOx and RuIrOx catalysts were loaded onto carbon paper 

Figure 4. a) DEMS measurements of the 16O18O (m/z = 34) signals from the reaction products for 18O-labeled RuIrCaOx and RuIrOx catalysts in H2
16O 

aqueous electrolyte. b) Schematic illustration of lattice-oxygen emigration during OER process. c) SIMS measurements of RuIrCaOx and RuIrOx cata-
lysts after their OER reaction in H2

18O aqueous electrolyte. d) Schematic illustration of lattice-oxygen immigration during OER process.
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electrodes and then kept for galvanostatic reaction in 18O-labeled 
0.5 m KHCO3 aqueous electrolyte. After being rinsed with 16O 
water five times, the electrodes were then heated at 150  °C in 
vacuum for 6 h to remove 18O species adsorbed on the surface. 
Depth profiles of 18O and 16O isotopes in RuIrCaOx and RuIrOx 
were measured using SIMS. As shown in Figure 4c, the 18O/16O 
intensity ratio of RuIrCaOx is about 67%, which is appreciably 
higher than that (5%) of RuIrOx. In lattice-oxygen-participated 
reaction mechanism, the oxygen from electrolyte will immi-
grate into the as-generated oxygen vacancies (Vo+) on the 
catalyst surface (Figure  4d). Thus, the SIMS results verify the 
increased frequencies of lattice-oxygen exchange in RuIrCaOx 
catalyst. For RuIrCaOx catalyst, both the surface active metal 
(Ru and Ir) sites and electrophilic oxygen sites are the active 
sites toward OER catalysis. The conventional adsorbate evolu-
tion mechanism (AEM) proceeds on surface Ru and Ir sites 
via a sequence of concerted electron–proton transfers.[29] The 
increased local concentration of reactants on RuIrCaOx catalyst 
surface will boost the reaction rate in the AEM pathway. The 
LOM proceeds on surface electrophilic metal-bonded oxygen 
sites with the direct participation of lattice oxygen as an active 
OER intermediate.[30] After a nucleophilic attack of water mole-
cules or hydroxyl groups on surface metal-bonded electrophilic 
oxygen sites and further the OO bond formation and release 
of O2, oxygen vacancies are formed on the surface of catalyst 
and will be further filled by oxygen from local adsorbed water 
molecules or hydroxyl groups on catalyst surface during OER 
process.[31–33] The kinetics of oxygen vacancy refilling process 
in the LOM pathway can be enhanced by incorporating Ca2+ 
that increases the local concentration of adsorbed water mole-
cules and hydroxyl groups on RuIrCaOx catalyst surface. Thus, 
the AEM and LOM reaction rates are accelerated, which can 
account for the enhanced OER activity of RuIrCaOx catalyst.

In summary, we demonstrate a novel design of efficient OER 
catalysts in neutral electrolyte by incorporating hydrated metal 
cations (Ca2+) into Ru–Ir oxide, and the resultant RuIrCaOx cat-
alyst exhibits 2×, 7×, and 45× higher TOF compared to RuIrOx, 
benchmark RuO2, and IrO2 catalysts, respectively. The hard and 
soft XAS studies reveal that the incorporation of Ca2+ shortens 
the RuO and IrO metal ligand bonds and generates sur-
face metal-bonded electrophilic oxygen species. The XPS and 
TG analysis indicate that the adsorbed water molecules on the 
surface of RuIrCaOx are concentrated by the incorporation of 
Ca2+. The 18O isotope-labeling DEMS and SIMS experiments 
show that lattice-oxygen-involved reaction of RuIrCaOx are 
accelerated, which improves the overall OER performance of 
RuIrCaOx. In a broader context, this work suggests a general 
principle for the design of efficient heterogeneous catalysts in 
catalyzing various reactions.
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