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In-situ reconstructed Ru atom array on a-MnO,
with enhanced performance for acidic water
oxidation

Chao Lin®'2¢, Jj-Li Li®3¢, Xiaopeng Li®'™, Shuai Yang*, Wei Luo’, Yaojia Zhang', Sung-Hae Kim®?,
Dong-Hyung Kim®?2, Sambhaji S. Shinde?, Ye-Fei Li®3, Zhi-Pan Liu®3%, Zheng Jiang®45™ and
Jung-Ho Lee ®2%

The development of acid-stable oxygen evolution reaction electrocatalysts is essential for high-performance water splitting.
Here, we report an electrocatalyst with Ru-atom-array patches supported on a-MnO, (Ru/MnO,) for the oxygen evolution reac-
tion following a mechanism that involves only *O and *OH species as intermediates. This mechanism allows direct O-0 radical
coupling for O, evolution. Ru/MnO, shows high activity (161mV at 10 mA cm~2) and outstanding stability with small degrada-
tion after 200 h operation, making it one of the best-performing acid-stable oxygen evolution reaction catalysts. Operando
vibrational and mass spectroscopy measurements were performed to probe the reaction intermediates and gaseous products
for validating the oxygen evolution reaction pathway. First-principles calculations confirmed the cooperative catalysis mecha-
nism with a reduced energy barrier. Time-dependent elemental analysis demonstrated the occurrence of the in-situ dynamic
cation exchange reaction during the oxygen evolution reaction, which is the key for triggering the reconstruction of Ru atoms

into the ordered array with high durability.

decarbonizing energy sectors. Water splitting, which produces

abundant renewable electricity, is regarded as an ideal route
for producing hydrogen. The alkaline water electrolyser and proton
exchange membrane water electrolyser (PEMWE) are two main-
stream technologies that are used in the production of hydrogen.
The PEMWE has attracted interest worldwide because it delivers
purer H, with a greater current density and a higher energy effi-
ciency than the alkaline water electrolyser'~’. However, the strong
acidic operation conditions in commercial PEMWZEs requires the
use of precious metals such as platinum (US$36,084kg™")* and irid-
ium (US$60,670kg™")* as electrocatalysts for the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) at the cathode
and anode, which restricts the global deployment of this technol-
ogy. The OER is a four proton-coupled electron transfer electro-
chemical reaction that displays a higher reaction energy barrier
than the HER, which involves two proton-electron transfers. The
loading of Ir (1-3 mgcm™) required at the anode is therefore more
than five times greater than that of Pt (approximately 0.2 mgcm™)
at the cathode in state-of-the-art PEMWEs. Ru might be a poten-
tial candidate for the replacement of Ir because of its higher earth
abundance (US$9,523kg™")*. In addition, RuO, usually shows better
OER activity than IrO, (refs. >¢). However, the inferior dissolution
resistance of Ru oxides in acidic anodization conditions imposes a
challenge to the development of high-performance Ru-based OER
electrocatalysts’.

| he prospect of a hydrogen economy offers the promise of

According to the widely accepted conventional adsorbate evolu-
tion mechanism (AEM), the OER involves multiple oxygen reaction
intermediates such as *OH, *O and *OOH, as displayed in Fig. 1a
(refs.®’). The binding energies of the intermediates are linearly corre-
lated and follow the scaling relationship AGyoy = AGgy+ 3.2 £0.2eV
(ref. 1). The binding energy of each intermediate cannot be inde-
pendently modulated, and a high overpotential (1) therefore is still
required to drive the reaction, with a calculated theoretical limit of
approximately 370+ 100mV (refs. '"'?). However, some recently
reported electrocatalysts possess OER activity that is better than
the theoretical limit"’~*%, implying the presence of other reaction
mechanisms. A lattice-oxygen-mediated mechanism'>*" (LOM)
has been proposed as an alternative route; moreover, the oxide path
mechanism?>* (OPM) for heterogeneous catalysts or the oxo-oxo
coupling mechanism* for homogeneous catalysts is more recom-
mendable for further improving OER performance. LOM includes
the participation of activated lattice oxygen in the OER, facilitating
O-0O coupling (Fig. 1b). However, the generated oxygen vacancy
defects cause the metal species to detach from the catalyst surface,
leading to the rapid degradation of the electrocatalysts. This pro-
cess can explain why electrochemically synthesized (defect-rich)
RuO, (refs. ****) produces a higher dissolution rate than thermally
prepared RuO, (ref. **). In contrast to AEM and LOM, OPM is
more ideal for designing high-performance OER electrocatalysts,
since this mechanism allows direct O-O radical coupling with-
out the generation of oxygen vacancy defects and extra reaction
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Fig. 1| Schematics of OER mechanisms for a heterogeneous Ru-based OER electrocatalyst. Schematic illustration of simplified OER mechanisms. a, The
AEM. b, The LOM. ¢, The OPM. d, O-0O radical coupling promoted by symmetric dual active sites. e, Crystalline structure models of RuO, and a-MnO, with

Ru atoms substituting for the Mn at surface sites.

intermediates (such as *OOH). Only *O and *OH act as OER
intermediates under this mechanism (Fig. 1c). More importantly,
the suitably located active metal sites work cooperatively to dis-
sociate water and trigger *O radical coupling to produce O, with-
out the participation of the lattice oxygen. Ideally, heterogeneous
electrocatalysts that are dominated by the OPM can break the
scaling relationship without sacrificing stability. However, in con-
trast to the AEM and LOM, the OPM has more stringent require-
ments for the geometric configuration of metal active sites?*.
Symmetric dual-metal sites with appropriate atomic distances are
expected to be advantageous in promoting O-O radical coupling
with a low energy barrier (Fig. 1d). The first Fe-based OER catalyst
that enables intramolecular O-O bond formation was reported by
Masaoka and coworkers using a homogeneous iron complex with
two adjacent penta-coordinated iron ions as active sites®. The fol-
lowing research proves that heterogeneous catalysts with similar
active site design can work well in alkaline electrolyte’”. However,
to the best of our knowledge, such a design principle has never been
applied to the fabrication of an acid-stable heterogeneous water oxi-
dation electrocatalyst.

Herein, we report a crystalline a-MnO, nanofibre-supported
Ru electrocatalyst (Ru/MnO,) that satisfies the OPM design rule.
The catalyst preparation was based on a one-step cation exchange
method with Ru atoms substituting for surface Mn atoms. The
positions of the Ru atoms therefore follow the periodic arrange-
ment of the Mn sites in the crystalline a-MnO,, resulting in the
formation of small, regularly arranged Ru ensembles (for example,
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atom chains). The cation exchange reaction also occurs in situ dur-
ing the OER, which not only triggers the reconstruction of the
small Ru ensembles into large patches of Ru atom arrays, but also
avoids metal-leaching-induced deactivation of the catalyst. The Ru
atom array consists of symmetric Ru sites that are highly favour-
able for OPM-type OER. The interatomic Ru-Ru distance in Ru/
MnO, (2.9 A) is shorter than that in RuO, (3.1 4), facilitating O-O
radical coupling (Fig. 1e). Ru/MnO, with a Ru loading of 11.6 wt%
(12Ru/MnO,) delivers a small overpotential of only 161mV at
a current density of 10mAcm™ (57,,=161mV) and outstanding
long-term durability (>200h), making it one of the best-performing
acid-stable OER catalysts. Extensive ex-situ and operando measure-
ments that have probed the characteristic changes in the reaction
intermediates and surface chemistry of Ru/MnO, indicate that the
OER follows the OPM mechanism without the formation of *OOH.
First-principles calculations confirm that when Ru/MnO, is used as
a water oxidation electrocatalyst, the OER proceeds favourably via
the OPM mechanism, while the conventional AEM mechanism has
a higher energy barrier.

Results

Regularly arranged Ru atoms supported by MnO,. The synthe-
sis of crystalline a-MnO, was based on previously reported hydro-
thermal methods®, in which scanning electron microscopy (SEM)
revealed the nanofibre morphology (Supplementary Fig. 1a). The
as-prepared a-MnO, was then transferred into an aqueous RuCl,
solution for the cation exchange reaction (Supplementary Fig. 2
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Fig. 2 | Structural characterization of the 12Ru/MnO, catalyst. a, X-ray diffraction patterns of MnO, and Ru/MnQO, catalysts. b, TEM image of the 12Ru/
MnO, catalyst. Inset, the corresponding selected area electron diffraction pattern. ¢, Aberration-corrected HAADF-STEM images of the 12Ru/MnQO,
catalyst. Insets to the right show the corresponding intensity profiles labelled with the red and green dashed boxes. d, Aberration-corrected HAADF-STEM
image of the 12Ru/Mn0O, catalyst. The red dashed boxes highlight the presence of Ru atom chains or arrays. e, EDS mapping images of the 12Ru/Mn0O,
catalyst. f, FT-EXAFS spectra for the Ru K edge of 4Ru/MnO,, 6Ru/Mn0O,, 12Ru/Mn0O,, Ru foil and RuO,. The x and y axes denote the radial distance and
the Fourier transform of k?-weighted EXAFS signals, respectively. a.u., arbitrary units.

and Supplementary Note 1)*. The loading of Ru was controlled
by varying the concentration of RuCl,. Three Ru/MnO, samples
were obtained with Ru mass loadings of 3.8, 5.8 and 11.6wt% as
determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES). The samples are denoted as xRu/MnO, (x=4,
6 and 12) in which x displays the weight percent of Ru loading.
The concentrations of Mn and Ru ions in the supernatant were
also measured after the cation exchange reaction using ICP-OES
(Supplementary Table 1). The leaching of Mn ions accompanied
with Ru deposition were observed, validating the occurrence of the
cation exchange reaction. X-ray diffraction patterns of the 4, 6 and
12Ru/MnO, samples (Fig. 2a) matched the standard pattern of hol-
landite a-MnQO, (ref. *'; JCPDS file no. 44-0141), and no Ru-related
peaks were detected, indicating a high Ru dispersion. SEM and
transmission electron microscopy (TEM) characterizations showed
that the morphology of the nanofibre remained unchanged follow-
ing the cation exchange (Fig. 2b and Supplementary Figs. 1 and
3). Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was used to
image the atomic structure of the 12Ru/MnO,. The HAADF sig-
nal intensity is proportional to the square of the atomic number.
Thus, the atomic columns containing Ru atoms are brighter than
the neighbouring ones consisting of sole Mn atoms, whereas the
lighter O atoms are not observable. The evenly spaced bright dots
form a regular arrangement in the 12Ru/MnO, (Fig. 2c), which is
identical to the periodic arrangement of the Mn sites in a-MnO,.
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HAADF signal analysis reveals the interatomic distance of 2.9 A
(inset in Fig. 2c) for Ru-Ru (dy, g,), which matches the theoretical
interatomic distance of Mn-Mn (2.9 A). Ru atom chains and atom
arrays were frequently observed during STEM characterization
(Fig. 2¢,d and Supplementary Fig. 4a-m), and irregular RuO, nano-
clusters with a thickness of several atomic layers were also observed
(Supplementary Fig. 4n-q). Energy dispersive spectroscopy (EDS)
mapping confirmed the high dispersion of Ru, with locally intensi-
fied signals corresponding to Ru ensembles (Fig. 2e).

The local bonding environment of the Ru species was probed by
extended X-ray absorption fine structure (EXAFS). Figure 2f shows
the Fourier transform (FT) of the EXAFS spectrum of the Ru/MnQO,
catalysts, Ru foil and RuO,. The FT-EXAFS profiles of the Ru/MnO,
catalysts show a prominent peak at 1.47 A that corresponds to the
first Ru-O coordination shell, while the peak at 2.50 A is associ-
ated with the second shell's Ru-Ru and/or Ru-Mn coordination.
Quantitative FT-EXAFS fitting of 12Ru/MnO, yielded a coordina-
tion number of 5.8 with a Ru-O average bond length (dy, o) of 1.97 A
in the first shell, a coordination number of 2.8 with a Ru-Ru average
bond length (dy, ) of 3.07 A in the second shell, and a coordination
number of 0.5 with a Ru-Mn average bond length (dy, ) of 2.97 A
in the second shell (Supplementary Figs. 5 and 6 and Supplementary
Table 2). Fitting 4Ru/MnO, and 6Ru/MnO, reveals that their struc-
ture parameters in the first shell are similar to those of 12Ru/MnO,.
For the second shell, however, the contribution from Ru-Mn coor-
dination becomes dominant at low Ru mass loadings.
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The Ru-Ru coordination is absent for 4Ru/MnO,, implying
the notable presence of separated Ru atoms. This agrees with the
HAADF-STEM results (Supplementary Fig. 7), which show many
separated Ru atoms randomly distributed in 4Ru/MnO,. The
EXAFS fitting results demonstrate that the formation of Ru atom
chains and arrays requires high Ru mass loading. To understand the
origin of forming the Ru atom array, we have calculated the energet-
ics of the Ru/MnO, model with different Ru dopings. Theoretical
studies indicate that the formation of an ordered Ru structure is
energetically more favourable than having the Ru atoms separated
from each other in the MnO, when the Ru mass loading is high,
that is, 13.6wt% for the RuyMnO,,; slab model. By contrast, the
separated Ru configuration is more favourable at a low Ru mass
loading condition, that is, 3.6 wt% for the Ru,Mng,0,,, slab model
(Supplementary Fig. 8 and Supplementary Note 2), which agrees
with the experimental observations.

X-ray absorption near-edge spectroscopy (XANES) spectra
at the Ru K edge examined the chemical states of the Ru species
(Supplementary Fig. 9a). The half-peak K-edge energy is used to
estimate the valence. The Ru valence decreases from 3.56 to 3.36
as the Ru mass loading increases from 3.8 (4Ru/MnO,) to 11.6 wt%
(12Ru/MnO,; Supplementary Fig. 9b). X-ray photoelectron spec-
troscopy (XPS) measurements were performed to further exam-
ine the valence state of the surface metal species (Supplementary
Figs. 10 and 11). The Ru 3d;,, peak of the commercial RuO, is cen-
tred at 281.5 eV, which matches the reported binding energy of Ru**
species’*. By comparison, the Ru 3d,, peaks of 4, 6 and 12Ru/MnO,
slightly shift towards lower binding energies as Ru mass loading
increases (Supplementary Table 3), suggesting that the Ru valence is
close to four. Such a trend agrees with XANES analysis results. The
Ru valence change can be attributed to the electronic interactions
between Ru and MnO, (Supplementary Notes 3 and 4)*.

Electrocatalytic performance. The OER performance of the 4, 6
and 12Ru/MnO, catalysts was evaluated in 0.1 M HCIO, electrolyte
by linear sweep voltammetry (LSV), and pure a-MnO,, the commer-
cial RuO, and homemade RuO, (details in Methods, Supplementary
Fig. 12 and Supplementary Note 5) were used as references. Figure
3a,b shows the LSV curves and corresponding Tafel slopes, respec-
tively. The 12Ru/MnO, catalyst delivers a 7,, of 161 mV and a Tafel
slope of 29.4mV per decade (dec), which outperforms the home-
made RuO, (17,,=250mV, 51.3mV dec™"), 4Ru/MnO, (17,,=286 mV,
76.5mV dec™') and 6Ru/MnO, (1,,=234mV, 44.7mV dec™"). The
a-MnO, support shows nearly zero OER activity. Notably, the spe-
cific mass activity of the 12Ru/MnO, catalyst was calculated to be as
high as 1,264.0 A gg, ! at n=165mV, which is more than 600 times
higher than that of RuO, (2.1 Agy,™"' at 165mV; Supplementary
Fig. 13). To further evaluate the intrinsic activity of the Ru spe-
cies, the turnover frequency (TOF) was calculated (details in
Methods) and plotted against the overpotential (Fig. 3c). The cal-
culated TOF value of 1,192.3h™! for 12Ru/MnO, at n=165mV is
at least one magnitude higher than those of 4Ru/MnO, (30.7h™"),
6Ru/MnO, (32.3h7") and RuO, (2.0h™'). The OER activity nor-
malized to the electrochemical surface area of the catalysts was
also calculated (Supplementary Fig. 14). The specific activity of
12Ru/MnO, outperformed those of all the other samples. These
results demonstrate the superior intrinsic OER catalytic activity of
12Ru/MnO,.

The durability of the Ru/MnO, catalyst in acidic media is
another key parameter for practical application. Figure 3d shows
the chronopotentiometric response of the 12Ru/MnO, catalyst
under a constant OER current density of 10 mA cm™ recorded in an
H-type water electrolysis cell with the anode and cathode separated
by a Nafion 117 membrane. The 7,, of 12Ru/MnO, was observed to
increase monotonously from 161 to 330mV throughout the con-
tinuous operation of 200h. By contrast, rapid decay was observed
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in the activity of the homemade RuO, (inset in Fig. 3d). The metal
ion concentration in the electrolyte was monitored using ICP-OES.
The mass loss values of Ru and Mn in the 12Ru/MnO, catalyst
after stable operation over long periods were as low as 0.50% and
0.28%, respectively. The Ru leaching loss is much lower than that
of the recently reported Ru-based electrocatalysts (Supplementary
Table 4)”'**>%, validating its outstanding stability. We compared the
performance of 12Ru/MnO, with previously reported OER electro-
catalysts in terms of activity, noble metal loading and long-term sta-
bility. The 12Ru/MnO, performed better than the other listed OER
electrocatalysts as shown in Fig. 3e and Supplementary Table 5. The
catalyst stability was also tested under a constant large potential of
1.8 V. For the samples of homemade RuO,, the commercial RuO,
and IrO,, a fast decay feature was normally observed along with the
current retention of less than 11.3% for the initial 10 h; however, the
12Ru/MnO, exhibited a current retention of 75.3% for 40h opera-
tion (Supplementary Fig. 15).

Analysis of OER process. The changes that occurred in the metal
concentration in the electrolyte and the electrocatalyst struc-
ture were tracked to further understand the OER process. The
electrolyte was collected from the anode and cathode sides of an
H-type cell and analysed by ICP-OES (Supplementary Fig. 16 and
Supplementary Note 6). Figure 4a shows the time dependence of
the Ru and Mn molar concentrations when the electrolysis current
density was set at 10mA cm™. Nearly no Ru or Mn was detected on
the cathode side. By contrast, the Ru concentration at the anode side
underwent two periods of fluctuation during the first 4h of electrol-
ysis and then stabilized at a low level of approximately 0.04 pmoll~.
The Mn concentration increased in the first 1.5h and then remained
at approximately 0.78 pmoll™". The initial fluctuations in the Ru
concentration suggest that reconstruction of the electrocatalyst
occurred. The spent 12Ru/MnO, catalyst was further characterized
using STEM. Figure 4b and Supplementary Fig. 17 show annular
bright-field STEM and the corresponding HAADF-STEM images,
both of which indicate that the nanofibre morphology remained
unchanged. Notably, distinctive patches of Ru atom arrays were
observed on the surface of MnO, nanofibres (Supplementary Fig.
17). The locally intensified signal in the EDS mapping confirmed
the presence of Ru atom arrays (Fig. 4c). Compared with fresh
12Ru/MnO,, there is a minimal chance of observing Ru atom
chains and irregular Ru nanoclusters in the spent electrocatalyst.
The above results provide solid evidence for electrocatalyst recon-
struction (Fig. 4e), which was driven by the cation exchange reac-
tion that also occurred during the preparation of the electrocatalyst
(Supplementary Fig. 2). The RuO, nanoclusters were dissolved in
the electrolyte, and the dissolved Ru ions were redeposited back
into the MnO, at the cost of the partial leaching of Mn. However,
unlike the catalyst preparation process, cation exchange occurred
at a much lower Ru concentration under the reaction conditions,
allowing the assembly of Ru atoms in the observed array. The
formation of the Ru array is highly favourable for the OPM-type
OER, which requires the presence of symmetrical metal sites for
0O-0 coupling.

The dynamic cation exchange reaction between the Ru ions
and the MnO, enhances the durability of 12Ru/MnO, because the
leached Ru ions can be recaptured to support further reactions.
However, such a reaction is unable to thoroughly describe the
long-term attenuated activity (Fig. 3d) due to the thermodynamic
instability of metal oxides”. To further understand the impact of
reconstruction for the catalyst stability, XPS characterized that the
peak position of Ru 3d;, shifted to higher binding energies in the
spent 12Ru/MnO, (Supplementary Fig. 18a) in comparison to the
fresh sample. The increase in the oxidation state of Ru after OER
agrees with a previous report™. Notably, the Mn valence derived
from the spectral splitting of the Mn 3s spectrum decreased from
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Fig. 3 | OER performance. a, Electrocatalytic OER performance of MnO,, Ru/MnO, and homemade RuO, in 0.1M HCIO,. b,c, Tafel slopes (b) and TOF (c)
calculated from a. d, Chronopotentiometric response of the 12Ru/MnO, catalyst in an H-type cell (inset photo) using carbon cloth as a current collector.
The chronopotentiometric response of 12Ru/MnO, and RuO, using gassy carbon as the current collector is shown in the inset. All the potential values
were referenced using the RHE with ohmic drop correction. e, Comparison of OER activity for various reported electrocatalysts (Supplementary Table

5). The x and y axes represent the noble metal mass loading (including Pt, Ir and Ru) for electrocatalysts and the required overpotential at 10 mAcm=?,
respectively. Amor., amorphous; NN-L, long nano-needles; IrNSs, Ir nanosheets; GCN, graphitic carbon nitride; STO-Ir, iridium-containing strontium
titanates; AA-IrO,, quasi-amorphous ultra-pure Ir oxohydroxide (Alfa Aesar); 3D-Ir, three-dimensional Ir superstructure.

+3.89 for fresh 12Ru/MnO, to +3.69 for spent 12Ru/MnO,, imply-
ing that the electronic metal-support interaction weakened after
OER (Supplementary Fig. 18b). The decreased electron transfer
from Mn to Ru can affect the OER performance in the spent 12Ru/
MnO, (ref. ). In addition, the MnO, nanofibre support of a large
surface area contains various defects such as step edges and kinks,
which likely corrode more than the terrace sites as suggested by
theoretical studies®.

In the fresh sample of 12Ru/MnO,, the Ru atoms tend to sub-
stitute for the undercoordinated Mn sites located at the defect sites
such as step edges, which possess higher activity but are more prone
to corrosion during the cation exchange process. The in-situ sur-
face reconstruction during OER leads to dissolution and redeposi-
tion of Ru atoms back into more stable sites (for example, terrace
site) but having lower activity. Time-dependent ICP-OES results
coincide with the above hypothesis. The most pronounced recon-
struction happened in the first 4h, during which the increase rate
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in overpotential was the largest within the OER range of 200h. We
could also trace such a feature of surface reconstruction from the
HAADEF-STEM images. Many Ru chains and arrays are typically
found to locate at the defective side edges of the fresh 12Ru/MnO,
(Supplementary Fig. 4). By contrast, most Ru atoms were observed
to locate not at the side edges but were likely move onto the ener-
getically more stable sites of the nanofibre support in the spent elec-
trocatalyst (Supplementary Fig. 17). Therefore, we conjecture that
the observed stability attenuation of the Ru/MnO, stems from the
combined effect of morphological (for example, surface defects)
and electronic features.

Since the recorded current and the 7, calculation might be
affected by the Ru reconstruction, we have estimated the corro-
sion current density by Ru oxidation and dissolution. A very small
value of 14 pA cm™ resulted using the ICP-OES data, but it would
be reasonable to neglect it for the evaluation of OER performance
(Methods for more details). The Faradaic efficiency (FE) of OER
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electrode side (cathode) on the OER reaction time. The OER current density was set at 10 mA cm=2. A photograph of a homemade H-type cell is shown

in the inset, in which the anode and cathode sides are separated by a Nafion 117 membrane. The error bars correspond to the standard deviation of three
times of ICP-OES measurements. b, Aberration-corrected HAADF-STEM image of the spent 12Ru/MnQO, catalyst. The white dashed boxes highlight the
presence of Ru atom arrays. ¢, STEM image of the spent 12Ru/Mn0O, catalyst and the corresponding EDS element mapping images. d, The FE of 12Ru/
MnO, as a function of reaction time determined by the water displacement method at current densities (j) of 15 and 50 mA cm~2. e, Schematic illustration
for the in-situ reconstruction process of Ru/MnO,. E° represents the standard redox potentials at 298.15K and a pressure of Tatm.

was measured by rotating ring disc electrode (RRDE). The 12Ru/
MnO, reached a FE of ~100% at 1.45V, verifying our estimation.
The efficiency decrease at higher potential stems from the accel-
erated generation of oxygen bubbles that reduce the detection
efficiency at the ring (Supplementary Fig. 19). A long-term FE
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measurement of 12Ru/MnO, was also conducted for 4h by
collecting the generated oxygen. The measured oxygen volume fits
well with the values calculated from Faraday’s law of electrolysis,
approaching ~97% and ~100% FE at current densities of 15 and
50 mA cm™, respectively (Fig. 4d).
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Insights into OER mechanism. First-principles calculations were
carried out to provide insight into the OER mechanism of Ru/
MnO,. In our experiments, the Ru mass loading for the 12Ru/MnO,
sample was 11.6 wt%, and the HAADF-STEM observed a substan-
tial proportion of a-MnO, (110) faces on the surface. According to
these results, a Ru-doped MnO, (110) slab model with a formula of
RugMn,O,,5 was constructed, corresponding to a 13.6 wt% Ru mass
loading. To generate a reliable Ru-doped MnO, (110) surface struc-
ture, we first constructed six bulk unit cells for Ru-doped a-MnO,
where the positions of Ru atoms were randomly selected. Then, we
carried out a variable-cell relaxation for these unit cells. Our results
show that the lattice parameters vary within 0.5% among various Ru
configurations, while the density functional theory (DFT) energy
varies within 0.4eV. With the most stable unit cell, we cleaved
the (110) slab model and then fixed the lattice parameters during
subsequent surface-structure search and mechanistic studies. To
evaluate the geometry accuracy of the DFT calculations, we per-
formed a benchmark for RuO, and a-MnO,. The error range of lat-
tice parameters for the DFT calculations was only 2% for a-MnO,
and 1% for RuO, so the Ru-Ru distance by the DFT calculations
is reliable.

Using stochastic surface walking (SSW) global optimization and
the neural network (NN) potential energy surface*-*’, we searched
for the surface structure by exploring 10* minima (configuration
energy spectrum in Supplementary Fig. 20 and Supplementary
Table 6). The most stable surface structure is shown as O0 and
A0 (Fig. 5a), with Ru atoms occupying the five-coordinated cat-
ionic sites on the surface with top coordinates with different
oxygen-containing absorbates. Figure 5a illustrates the OER mech-
anism on the Ru sites of Ru-doped MnO,, which follows the OPM
and consists of nine elementary steps. The free energy changes
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for each elemental step are given in Supplementary Tables 7 and
8. First, a proton transfers from *H,O to an adjacent *OH, leading
to two neighbouring *OH groups (O1 — O2). This step is slightly
endothermic with a Gibbs free energy change of 0.03 eV. Next, two
subsequent proton-coupled electron transfer steps occur in which
the protons of two neighbouring *OH are released into the solu-
tion, leaving two *O (02 — O3 — O4). The two *O bond together to
form *O,, with a kinetic barrier of 0.26eV (04 — TS1 — O5, where
TS means a transition state). This step is exothermic, producing
0.59eV. Subsequently, the *O, is desorbed from the surface, with a
free energy change of 0.62eV (05— 06), and two H,0 molecules
are adsorbed onto the bare Ru sites, followed by two proton-coupled
electron transfer steps in which two *OH groups are generated
(06 07— 08— 09). Finally, the initial state O1 is recovered.
Overall, the O, desorption in the OPM is the rate-determining step,
and two electron-transfer steps occur before the rate-determining
step. As a result, this mechanism has a Tafel slope of 30.0mV dec™!
(details in Methods), which is in excellent agreement with the
experimental value of 29.4mV dec™ (Fig. 3b).

The energetic profiles of the AEM were also calculated, as shown
in Fig. 5¢. Our results show that the barrier of AEM is 1.16eV
(Supplementary Table 9), which is 0.48eV higher than that of the
OPM (TS2 in Fig. 5c). This result demonstrates that the OPM is
more favourable than the AEM on Ru/MnO, during the OER pro-
cess. We also evaluated the OER activity of Mn sites (Supplementary
Fig. 21, Supplementary Note 7 and Supplementary Tables 10 and
11). The overall barrier of OER on Mn sites was 1.69¢eV, which is
1.01eV higher than the OPM pathway and 0.53 eV higher than the
AEM pathway on the Ru sites. Experimentally, the inferior activity
of the control sample 4Ru/MnQO, consisting of separated Ru atoms
also could exclude the synergy between Ru and neighbouring Mn
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sites. Therefore, it is reasonable that the contribution of Mn sites to
the total OER activity would be negligible.

A thermodynamic descriptor, that is, thermodynamic overpo-
tential, is also widely adopted to estimate the activity of electro-
catalysts in the literature*>*. The thermodynamic overpotential is
determined by the most unfavourable Gibbs free energy change
from all electroactive steps at the reversible potential. The theo-
retical overpotentials for the OPM and AEM pathways are 0.26 V
(03— 04) and 0.31V (Al — A3), respectively, in our case validat-
ing that the OPM pathway is more favourable than the AEM path-
way. Note that we do not rely on the thermodynamic overpotential
to describe the OER activity in this work because it roughly esti-
mates the activities while neglecting the kinetic barrier and a few
non-electroactive steps.

To validate these theoretical results, we performed the operando
EXAFS measurements of 12Ru/MnO, by switching the catalyst oper-
ation from open circuit potential to OER potentials (1.67-1.87V
versus a reversible hydrogen electrode (RHE)). Supplementary Fig.
22 shows that the peak positions of the first shell's Ru-O and the
second shell's Ru-Ru revealed negligible variations, which is within
the error range of the EXAFS technique. The bond lengths of the
first shell's Ru-O and the second shell's Ru-Ru derived from the
simulated structure models also showed a tiny variation for each
OER elementary step (Supplementary Table 12), matching with the
operando EXAFS results. By contrast, previous operando EXAFS
work reported by Chen’s group demonstrated that the bond length
of the first shell's Ru-O decreased for RuO, during OER*. As a
result, it would be reasonable that the operando EXAFS spectra not
only suggest that the Ru atomic array remained structurally stable
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during OER, but also imply that 12Ru/MnO, follows a different
OER pathway, in contrast to RuO,.

To experimentally probe the OER mechanism, operando syn-
chrotron FT infrared (FTIR) spectroscopy was carried out because
it is susceptible to the change of surface reaction intermediates. The
catalysts were uniformly dispersed on carbon paper and assembled
in a homemade top-plate reflection infrared set-up developed by
Liu’s group (Supplementary Fig. 23)***. Figure 6a,b shows the ope-
rando synchrotron FTIR spectrum of 12Ru/MnO,. A distinctive
absorption peak at 1,128cm™ and a shoulder peak at 1,089cm™
were observed. The peak intensity dramatically increased as the
potential reached the OER region (>1.4V), suggesting the genera-
tion of a large number of reaction intermediates. The shoulder peak
(1,089 cm™) is ascribed to the formation of an O-O bond, which
usually suggests forming oxygen bridges between metal sites in the
OPM-type OER as reported in recent literature (Supplementary
Table 13)**. The central peak at 1,128 cm™ is assigned to linearly
bonded superoxol species (metal-O-0)*, which are the interme-
diate before releasing O,. This feature agrees with the calculated
OPM pathway, in which oxygen release is the rate-limiting step
(05— 06). As a control, synchrotron FTIR measurements of the
commercial RuO, were conducted (Fig. 6b). Typical Ru-OOH inter-
mediates involved in the AEM-type OER were detected, so a dis-
tinctive peak was not observed at ~1,128 cm™. The *OH is a typical
intermediate during OPM-type OER, and its potential-dependent
characteristic peak can also be found at 3,656cm™ (Fig. 6a)"". As
reported by Tao et al., the generated *OH intermediates are electro-
philes, which can be detected by reacting with nucleophiles such as
methanol (Supplementary Fig. 24)*'. Figure 6¢ shows the recorded
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cyclic voltammetry (CV) cycles of 12Ru/MnO, before and after the
methanol addition. The current density difference caused by the
methanol suggests that the generated intermediate of *OH is con-
sumed by methanol oxidation.

To further confirm the OPM, operando differential electro-
chemical mass spectrometry (DEMS) with isotope labelling mea-
surements was carried out (Fig. 6d). We have designed two steps
of DEMS experiments using H,'*O and H,'*O as the supporting
solution (0.1M HCIO,). At the first step, 4Ru/MnO, and 12Ru/
MnO, were loaded on porous gas-permeable Au working electrodes
and subjected to three LSV cycles (1.17-1.72V versus RHE) in the
H,"™O electrolyte (Supplementary Fig. 25). XPS studies show that
both catalysts have a rich amount of surface oxygen adsorbates
(0,45 Supplementary Fig. 26). For the OPM-type OER, the *°O,4 on
neighbouring Ru sites show the probability of coupling together to
form *20, (Supplementary Fig. 27). Figure 6e,f shows the recorded
mass signal of the OER gaseous products. The 12Ru/MnO, steadily
produced *0,, *O, and *0, at each LSV cycle. The 4Ru/MnO, with
isolated Ru atoms (Supplementary Fig. 7) produced **O, and *O,.
Note that the %0, product signal was not distinguishable from the
noise background as the OER proceeds through the non-OPM path-
way (Fig. 6f and Supplementary Fig. 28). Then, the catalysts under-
went five consecutive CV cycles for labelling '*O on their surfaces.

At the second step, the catalysts were washed with abundant
water and then operated in the H,"O electrolyte. Once again, if
the OPM worked for 12Ru/MnO,, the remaining surface adsor-
bates (containing '*O) would probably couple together to form the
%60, product, without any detection of *O, product for 4Ru/MnO,
(Supplementary Figs. 29 and 30). Indeed, the DEMS results were
observed to agree with our prediction, as shown in Supplementary
Fig. 31. Considering that both catalysts share a similar surface area
(Supplementary Fig. 32), the influence of physically adsorbed H,"*O
can be excluded during OER. In summary, the operando FTIR and
DEMS successfully detected the reaction intermediates and the
isotope-labelled products from the OPM-type OER in 12Ru/MnO,.
We propose that the OER in 12Ru/MnO, typically follows the OPM
pathway based on the operando measurements and methanol oxi-
dation probe reaction results.

The catalysts after chronopotentiometric measurements were
also analysed by XPS. The major difference between the OPM
and the AEM is the involvement of *OOH. Metal oxide electro-
catalysts that proceed via AEM usually generate metal oxyhydrox-
ide’*>*. The O 1s spectrum describing fresh RuO, catalyst shows
three main peaks that are centred at 529.7 eV, 531.1eV and 533.1¢V,
which can be attributed to lattice oxygen, surface oxygen species
adsorbed onto the vacancies (O,4) and adsorbed H,O, respectively
(Supplementary Fig. 33)>*~". The O 1s spectrum describing the
spent RuO, has an obvious new peak at 532.6eV, indicating the
formation of Ru oxyhydroxide during the OER. By contrast, the
oxyhydroxide-related peak is not observed in the spectrum of spent
12Ru/MnO, catalyst. In short, the operando measurements together
with the ex-situ characterization prove that the OER proceeds via
the OPM mechanism in 12Ru/MnO,.

Conclusions

In summary, we demonstrate that patches of Ru atom arrays sup-
ported by crystalline a-MnO, nanofibres, which were prepared
using a one-step cation exchange strategy followed by in-situ
self-reconstruction of the electrocatalyst, are highly active and
acid-stable OER electrocatalysts. The intrinsic OER activity of Ru is
more than 600 times higher than that of RuO,. Extensive operando
and ex-situ characterizations together with theoretical calculations
prove that the OER on Ru/MnO, proceeds via the OPM, in which
the key step involves direct O-O radical coupling. Such a unique
reaction pathway allows the Ru/MnO, to overcome the overpo-
tential limitations imposed by the conventional AEM mechanism.

1020

The dynamic cation exchange reaction between Ru ions and MnO,
during OER not only triggers the self-reconstruction of the electro-
catalyst, but also ensures that the leached Ru ions can be recaptured
to support further reactions, resulting in enhanced corrosion resis-
tance. Our results illustrate a route that can boost OER performance
via engineering the geometric structure of the metal active sites.

Methods

Preparation of a-MnO, nanofibres. In a typical procedure for synthesizing
a-MnO, nanofibres, 0.02mol of MnSO,*5H,0 (analytical reagent, AR), 0.02 mol
of (NH,),S,04 (AR) and 0.06 mol of K,SO, (AR) were dissolved in 70 ml H,O. After
vigorous stirring for 1h, the mixture was transferred to an autoclave and heated

at 140°C for 12h. After cooling to room temperature, the as-obtained dark brown
powders were washed five times with deionized water, separated via vacuum
filtration and dried overnight in an oven at 80°C.

Preparation of the Ru/MnO, nanofibres. In a typical procedure, 1.15mmol of
MnO, nanofibres were dispersed in 20 ml H,O and sonicated for 30 min. A certain
amount of RuCl;*xH,O (AR) was dissolved in 20 ml of H,O. The RuCl, solution
was injected into the MnO, suspension at room temperature under vigorous
stirring. The reaction was continued for 12h. The products were then collected by
vacuum filtration and washed several times with deionized water. After drying in
an oven at 80 °C, the products obtained were further annealed at 200°C for 1h in
air. RuCl, concentrations of 2.41, 4.82 and 19.28 mmoll~! were used for 4Ru/MnO,,
6Ru/MnO, and 12Ru/MnO,, respectively, with accurate Ru percentages at 3.8, 5.8
and 11.6 (determined by ICP-OES analysis).

Preparation of the homemade RuO,. In a typical procedure, 0.75g RuCl,* xH,0
(AR) was dissolved in a 140 ml mixed solution containing H,O and methanol
solution (v/v=1:1). Then 1M KOH was injected into the RuCl, solution to control
the pH at approximately 7. After stirring for 1h, the precipitate was collected via
centrifugation and washed five times in a water and ethanol (v/v=1:1) solution.
After drying overnight at 80 °C, the black powder obtained was annealed at 500°C
for 5h in air.

Electrochemical measurements of the OER. The OER performance was
evaluated using a standard three-electrode cell equipped with an electrochemistry
workstation (IviumStat, Ivium Technologies) in an O,-saturated 0.1 M HCIO,
electrolyte. A saturated calomel electrode (saturated KCI) and Pt net were
employed as the reference and counter electrode, respectively. The electrocatalysts
(5.0mg) were dispersed in a mixture of 1 ml of deionized water and isopropanol
with a volume ratio of 3:1, with 20 pl of Nafion solution as a binder. After
ultrasonication for 1h, 8 pl of homogeneous ink was dropped on a glassy carbon
electrode (area, 0.19625 cm?) and fully dried in air at room temperature. The
mass loadings of the electrocatalysts onto two types of electrodes including glassy
carbon and carbon cloth were controlled at approximately 0.2 and 2.0 mgcm,
respectively. For the OER experiment, LSV with a scanning rate of 5mV's™' was
measured in the potential range of 1.2-1.75V versus RHE. Calibration of the
saturated calomel reference electrode was performed by measuring the RHE
potential under an H, atmosphere using a Pt wire as the working electrode®. CV's
were performed at a scanning rate of 1 mVs™', and the thermodynamic potential
for the hydrogen electrode reaction was obtained as the average value of the two
potentials when the current crossed zero, as suggested in previous reports®<. In
0.1M HCIO,, Egyp=Egcs+0.264V and 5= Egyy - 1.23 V (Supplementary Fig. 34),
where Ey,;; and E;, are the potentials of the RHE and saturated calomel electrode,
respectively. The ohmic drop correction was determined by impedance analysis.
All potentials were referenced using the RHE with iR compensation, where i is
the measured current and R is the uncompensated resistance as determined by
electrochemical impedance spectroscopy.

Calculation of the mass activity. The mass activity (jimas aciviy) Of the Ru/MnO, and
RuO, catalysts was determined using equation (1):

jgeo X Ageo
MRy

jmass activity = ( 1)
where my, is the calculated Ru mass loaded onto glassy carbon based on the results
of ICP-OES analysis, A, is the geometric area and jj, is the geometric current
density.

geo

Calculation of TOF. The TOF of the Ru/MnO, and RuO, catalysts was calculated
using equation (2):

TOF (O, h™") = 3,600 x TOF (0,57 ")
Oy turnovers per Age @
Active sites per Age,

= 3,600 x

The O, turnover per geometric area was obtained from the geometric current
density for the LSV polarization curves according to equation (3):
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O, turnover per Ageo
1 ®

7 X

— 1Cs™! 1 mol 6.023x 10%
= Jgeo X Tp00mA X 56485.3C X 1

1 mol O,

All Ru atoms were assumed to be active sites. Therefore, the number of active
sites per geometric area equals the number of Ru atoms per geometric area, which
can be calculated from the results of the ICP-OES analysis.

Calculation of the specific current density per electrochemically active surface
area. The electrochemically active surface area (ECSA) for all electrocatalysts was
estimated from the electrochemical double-layer capacitance (C,) of the catalytic
surface according to equation (4):

ECSA = @ (4)
C

S

where C, was measured from the scan-rate-dependent CVs in the non-Faradaic
region of 1.1-1.2 'V versus RHE in 0.1 M HCIO, with the scan rate of 10, 20, 40,
60, 80 and 100mV s~*. The C, is the specific capacitance of the catalysts per unit
area under identical electrolyte conditions with a typically reported value range
(0.015-0.110 mF cm™?) in acidic solution. The general specific capacitance of
0.035mF cm~ was used to estimate ECSA in this work.

The roughness factor (R;) was derived from the estimated ECSA according to
equation (5):

ECSA
Re=— (5)
geo
where A, is the geometric area of the glassy carbon electrode, which equals
0.19625 cm?.
The specific current density per ECSA (j,) was calculated as shown in
equation (6):
o= ©

R¢

where j, is the geometric current density.

Operando DEMS with isotope labelling. The operando DEMS system is similar

to the system recently reported by the Strasser group®. The set-up consists of two
interconnected vacuum chambers, including a mass spectrometer chamber with a
high vacuum and a second chamber with a mild vacuum. The second chamber is
directly connected with the electrochemical cell that operates at ambient pressure.
The pressure difference allows the in-situ generated oxygen to be drawn downward
into the vacuum chamber for mass spectrometer analysis rather than to be released
upward into the air. The working electrode is a Au film sputtered on a porous
polytetrafluoroethylene membrane. The hydrophobic polytetrafluoroethylene
membrane permits gas flow while rejecting liquid. A cold trap cooled with dry ice
needs to be installed between the electrochemical cell and the vacuum chamber

to trap the water vapour for avoiding potential damages to the mass spectrometer.
The catalyst ink was directly dropped into the Au film and then dried. The
electrochemical cell is a typical three-electrode system, and its volume is around
3ml. The small volume is suitable for the isotope experiments. For isotope labelling
studies, 2ml of 0.1 M HCIO, was prepared using H,'O as the solvent. The catalysts
including Ru/MnO, and the reference RuO, were subjected to three LSV cycles

in the potential range of 1.17-1.72V versus RHE at a scan rate of 10mV's™', while
the mass signals of the gaseous products *20,, **O, and *O, were recorded. Then,

five consecutive CV cycles (1.17-1.72V versus RHE at 10mV s™") were applied for
labelling the catalyst surface with '*O. The catalysts were washed with abundant water
(H,'°O) to remove H,'*O molecules physically attached to the catalyst layer, while the
'8Q-containing species that chemically bonded on the surface remained. The catalysts
with isotope-labelled surface then operated in a normal electrolyte 0.1 M HCIO, with
H,'“O as the solvent. Again, the gaseous products including *O,, **O, and *O, were
monitored by the mass spectrometer. Before the electrochemical measurements, all
the electrolytes were purged with high-purity Ar to remove the dissolved oxygen.

Operando synchrotron FTIR. The operando synchrotron radiation FTIR
measurements were performed at beamline BLO1B of the National Synchrotron
Radiation Facility, Hefei, China. The homemade top-plate cell was reported by Liu’s
group’”. The catalyst ink was dropped onto a carbon paper electrode and then
dried. A thin layer of aqueous electrolyte was coated on the carbon paper working
electrode to reduce the loss of infrared light. The FTIR data were recorded in a
reflection mode to obtain high-quality spectra. The maximum spectral resolution
is 2cm™. Before data collection, a voltage was applied to the working electrode
for around 20 min to test for receiving a reliable signal. The background spectrum
of the working electrode was recorded at an open circuit condition. The recorded
spectrum was processed by the OPUS software.

Theoretical calculation details. The fixed-cell SSW-NN method was used to

explore the most stable structure of the a-MnO, surface. SSW global optimization
aims to explore the potential energy surface (PES) and locate global/local minima,
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while the NN potential energy surface is trained based on the DFT dataset and
delivers a high-speed PES evaluation, which provides a general solution for PES
scanning with both high efficiency and high accuracy. The SSW-NN calculations
were carried out using the Large-scale Atomic Simulation with neural network
Potential®***. All DFT calculations were carried out within the periodic plane-wave
framework implemented by the Vienna Ab initio Simulation Package®. The
electron-ion interaction was represented by the projector augmented wave, and

the Hubbard-term-corrected DFT functional, PBE + U (refs. °**7), was utilized.

The effective Hubbard term (U,) was set at 4.0eV for Mn according to the linear
response approach®-"". The details of SSW-NN and DFT calculations are given in
the Supplementary Information. The Ru-doped MnO, slab consists of RuyMn;,O,
and has a rectangular surface cell with dimensions of 11.83x 14.13 A2 The transition
states were determined using the constrained Broyden dimer method*>”"%. Spin
polarization with an antiferromagnetic configuration was utilized for a-MnO,
systems. The solvation effect that is due to the long-range electrostatic interaction
was modelled by a periodic continuum solvation model with a modified Poisson—
Boltzmann equation™"°. The computational hydrogen electrode approach’*" was
utilized to estimate the energetic profiles of the OER. All the reported free energy
changes in the OER refer to the electrode potential (U) at 1.23V versus RHE.

Calculation of the average oxidation state of Mn. The magnitude of the splitting
energy of the Mn 3s peaks is approximately linear to the Mn oxidation state®:

AE = 7.88 — 0.85n (7)

where AE is the Mn 3s multiplet splitting energies and # is the average oxidation
state of the Mn (2 <n <4). Thus, the average oxidation state of Mn can be
determined using equation (8):

_ 788 — AE

"= 085 ®

Estimation of the Tafel slopes. The Tafel slope is calculated by the Tafel equation
(equations (9)—-(11))%%:

n=a+blogi )
2. T
_ O 230R (10)
dlogi aF
a="tnp (1)
v

where 7 is the overpotential; a is the Tafel constant; b is the Tafel slope; i is the
current; T'is the temperature in kelvin (K); R is the ideal gas constant; « is the
transfer coefficient; F is the Faraday constant; n, is the number of electrons
transferred before the rate-determining step; v is the number of rate-determining
steps in the overall reaction; #, is the number of electrons participating in the
rate-determining step; and /3 is the symmetry factor, which is often around 0.5.
With the reaction mechanism, we derive the parameters n,=2,v=1and n,=0,
which imply a Tafel slope of 30.0mV dec™.

Estimation of the Ru corrosion current. The chronopotentiometric measurement
of 12Ru/MnO, (mass loading of 0.2 mgcm™) for 1 h at a constant current density
of 10mA cm~2 was conducted. Based on monitoring the Ru concentration in the
electrolyte by ICP-OES, Ru dissolves at an average rate of 3.7 ngcm™s"'. Moreover,
we assume that the dissolved Ru in the form of the unknown Ru** species has the
highest valency of 48, such as in the case of soluble H,RuO;, and that its primary
oxidation reaction during OER is around four-electron in nature. Then, the
corrosion current density of Ru can be estimated as
-2 1

j=37x 107° PgruCM ST X ——
Ru

~ 14 pAcm ™2 (12)

where My, =101.07 gz, mol™' is the molar mass of Ru and F= 96,485 Cmol™! is the
Faraday constant.

OER FE measured by RRDE. The RRDE experiments were carried out with the
electrolyte saturated with nitrogen, which was purged for at least 30 min before the
experiment and kept passing the electrolyte during the measurement. For RRDE
measurements, the Pt-ring/glassy-carbon-disc electrode with a catalyst loading
of 15 pgcm was used as the working electrode®. The FE (%) was calculated
according to previous reports*>**:
FE(%) = B 00
Nigise

(13)

where 4/nogy is the ratio of the electron transferred numbers in the OER at the
disk and in the ORR at the ring electrode. nqy, equals 4 for a Pt ring. i is the
disc current, which was corrected by excluding the capacity contribution. i, is
the ring current, which was corrected for the background currents. N is the ring
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collection efficiency (36%), which was obtained from experiments with the redox
couple (Fe(CN),)*~/ (Fe(CN),)*~ and closely matches with the theoretical collection
efficiency (37%).

FE determined by water displacement method. The FE was calculated by the
equation as follows:

Experimental of O,

FE =
(%) Theoretical of O,

x 100 (14)

The theoretical amount of O, gas (#;) was calculated by Faraday’s law:

Ixt
= 15
nT=_—F (15)

where n; is in moles, I is the current (A), t is the OER reaction time (s), z is the
electron transfer number of OER (z=4) and F is the Faraday constant.

The experimental amount of O, (n;;) gas was determined by a water
displacement method and calculated by the ideal gas law:

PxV

= 25T (16)

ng

where #; is in moles, V is the volume of gaseous product in liters (1), T'is the
temperature in kelvin (K), R is the ideal gas constant and the P is the partial
pressure of O,; the partial pressure in our calculations is determined by

Protal — Pwat
Poxygen = _ow WA & latm

P Total

17)
where Py, is 21.1 mm Hg and Py, is 762 mm Hg (ref. ).
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