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Synergistic niobium and manganese
co-doping into RuO2 nanocrystal enables
PEM water splitting under high current

Bichen Yuan1, Qian Dang2, Hai Liu1, Marshet Getaye Sendeku3, Jian Peng 4,
Yameng Fan5, Liang Cai6, Aiqing Cao1, Shiyao Chen 1, Hui Li2, Yun Kuang 3,
Fengmei Wang 1 & Xiaoming Sun 1

Low-cost ruthenium-based catalysts with high activity have emerged as pro-
mising alternatives to iridium-based counterparts for acidic oxygen evolution
reaction (OER) in proton exchange membrane water electrolyzers (PEMWE),
but the poor stability under high current density remains as a key challenge.
Here, we utilize the synergistic complementary strategy of introducing earth-
abundant Mn and Nb dopants in ruthenium dioxide (RuO2) for
Nb0.1Mn0.1Ru0.8O2 nanoparticle electrocatalyst that exhibits a low over-
potential of 209mVat 10mA cm−2 and good stability of > 400 h at 0.2 A cm−2 in
0.5M H2SO4. Significantly, a PEMWE device fabricated with Nb0.1Mn0.1Ru0.8O2

anode can operate continuously at least for 1000h at 0.5 A cm−2 with 59μV h−1

decay rate. Operando Raman spectroscopy analysis, differential electro-
chemical mass spectroscopy measurements, X-ray absorption spectroscopy
analysis and theoretical calculations indicate that OER reaction on
Nb0.1Mn0.1Ru0.8O2 primarily follows the adsorbate evolution mechanism with
much favorable energy barrier accompanied by a locally passivated lattice
oxygen mechanism (AEM-LPLOM) and the co-existed Nb and Mn in RuO2

crystal lattice could not only stabilize the lattice oxygen, but also relieve the
valence state fluctuation of Ru site to stabilize the catalyst during the reaction.

Hydrogen gas generated through the acidic water electrolysis techni-
que in proton exchange membrane water electrolyzer (PEMWE) has
attracted the worldwide attention due to the advantages of high gas
purity under industrially relevant current density to couple with the
intermittent renewable energy1–3. According to the Department of
Energy (DOE), the target cost for H2 generation in PEMWE cell is US$2
per kg of H2

4,5
. And the U.S. DOE technical target for achieving an

electrical efficiency of less than 48kWh per kg of H2 by 20266.

Furthermore, the International Renewable Energy Agency’s goal of
achieving anelectrical efficiency (system)of less than 45 kWhper kgof
H2 by 20507. Unfortunately, the harsh acidic medium and high
potential (> 1.4 V) of the oxygen evolution reaction (OER) usually give
rise to the dissolution of active metal atoms and limited available
catalysts8–10. At present, the highly valuable iridium based materials,
such as IrO2, act as the electrocatalysts in the PEMWE device for
practical application, but their high cost (~ US$140 per gram for Ir) and
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low reserve constrains their utilization in PEMWE11. In this regard, the
less expensive ruthenium-based compounds (~ 7.5 times cheaper than
Ir11) has been recognized as an attractive alternative. However, the
long-term OER stability of ruthenium-based catalysts in acid or PEM
electrolyzer remains a major challenge.

By and large, the stability of rutheniumbased catalysts is hindered
by two factors: first, the oxidative release of lattice oxygen, which
could lead to overoxidation of Ru site to soluble RuO4

11–14 when
applying a potential higher than 1.39V; second, direct demetallization
of Ru sites on the surface that trigger the collapse of the crystal
structure15,16. To simultaneously improve the catalytic activity and
stability of RuO2 based catalysts, several methods including hetero-
geneous metal doping17, defect engineering18, constructing
heterostructure19 and controlling the morphology12 have been repor-
ted. Theoretically, improving the stability of Ru based catalysts in
harsh acidic conditions involves adjusting the rehearsal order of metal
atoms during OER process, increasing the electron density around Ru
and avoiding the oxidative release of lattice oxygen3. For instance,
Qiao group proposed that the Re doping in Ru based catalyst could
facilitate the withdrawal of electrons from Ru site at the on-set
potential to activate OER, and then return the electrons at the higher
overpotential to prevent Ru dissolution20. Peng et al. developed
tungsten-ruthenium oxide heterostructures [(Ru-W) Ox]

21 to promote
the cyclic transformation of the activemetal oxidation state. However,
most of the electrocatalysts usually stably worked under the current
density <200mAcm−2, which is still far from the expected value for the
practical application (hundreds of milliampere per centimeter
square)22. Ideally, PEMWE device operated at current densities of
≥1–2 A cm−2 hold promise for clean hydrogen energy production in
industrial and domestic settings23. To this end, the effective design of
RuO2 based catalyst that resist or alleviate the demetallization of Ru
site and lattice oxygen involvement under high potential in acidmedia
is essential. Although the low ratio (< 10%) of guest Nb24, Sn25, Mn26 and
Rh27 elements were introduced into RuO2 to improve the stability
under current density of <300mA cm−2, the long-term stability under
higher current density of ≥500mA cm−2 for RuO2-based catalyst with
smaller ratio of Ru remains underexplored and the stabilizing
mechanism is not yet fully understood.

In this work, a polymetallic doped RuO2 catalyst with higher
atomic ratio (20%) for acidic OER is presented. Specifically, two com-
mon transition metals of Nb and Mn are introduced into RuO2 (i.e.,
NbxMn0.2-xRu0.8O2, 0 < x <0.2) to partially substitute Ru atoms. Nota-
bly, the Nb0.1Mn0.1Ru0.8O2 electrocatalyst demonstrates a low over-
potential of 209mV at the current density of 10mA cm−2, along with
good durability demonstrated by continuous operation for over 400 h
at 0.2 A cm−2 in 0.5M H2SO4. Density functional theory (DFT) studies,
complemented by in-situ Raman analysis, confirmed thatOER reaction
primarily follows the adsorbate evolution mechanism with with sig-
nificantly reduced energy barrier, accompanied by a locally passivated
lattice oxygen mechanism (AEM-LPLOM). The formation energies of
Ru site and lattice oxygen could be effectively enhanced after simul-
taneously introducing Nb and Mn in RuO2. Ex-situ X-ray absorption
spectroscopy (XAS) analysis indicates that the favorable compatibility
betweenMn/Nb andRucould regulate the electron transfer to stabilize
the lattice oxygen during the OER operation. As a result, the valence
oscillation of Ru site in the Nb0.1Mn0.1Ru0.8O2 could be relieved effi-
ciently. In addition, a PEMWEdevice fabricatedwith Nb0.1Mn0.1Ru0.8O2

anode and Pt/C cathode can be operated at 0.5 A cm−2 for 1000h with
only 59μVh−1 decay rate, thus surpassing the reported electrocatalysts
and demonstrating practical application. The cost for one kilogramH2

generation in the PEMWE cell is estimated to be about US$0.99 (make
up the energy consumption of 6 kWh kgH2

−1), which is much lower
than theDOE target4,5. Meanwhile, the energy consumptionof one PEM
electrolyzer is calculated as 43.69 kWh kgH2

−1, which is less than
45 kWh kgH2

−16,7. Overall, this work not only provides a feasible

approach to stabilize the RuO2 crystal for acidic OER, but effectively
decreases the cost of catalyst by introducing relatively earth-abundant
transition metals to substitute Ru.

Results and discussion
Synthesis and characterizations of NbxMn0.2-xRu0.8O2

To effectively improve the stability of RuO2 based catalyst for acidic
OER through doping heterogeneous elements, the following rationale
was considered. First, the radius of the doped metal ion should be
close to that of Ru4+ according to Hume-Rothery rules28,29. Second, the
electronegativity difference between the target metal ion to be intro-
duced and Ru site in the solid solution should not be too large to
prevent the formation of impurities. Third, the Ru valence state should
be regulated by the doped metal atoms and its oxidation state should
not significantly increase during the acidic OER process. Considering
the aforementioned guiding principles, the slightly larger radius of
Nb5+ than Ru4+ (0.64 Å versus 0.62 Å) and our previous result24 were
taken as solid foundation to select Nb as one of the incorporated
elements. The less electronegativity of Nb4+ (χNb4+ = 1.690) than that of
Ru4+ (χRu4+ = 1.84824,30) could increase the electron density on the Ru
site through weakening the covalency between Ru and O, and hence,
eliminate the excessive oxidation of Ru site. In addition, the third
element of Mn with same valence state and slightly smaller radius to
Ru4+ (0.58 Å for Mn3+ and 0.53Å for Mn4+) is selected to balance the
charge and release the lattice stress in Nb doped RuO2 for further
improving activity and stability.

Thus, we prepare Mn and Nb co-doped RuO2 (Fig. 1a) by utilizing
the sol-gel method (see details in the Experimental Procedures). The
Ru to metals (Nb and Mn) ratio is maintained at 0.8 to 0.2 (samples
designated as NxM0.2-xRO) while the Nb andMn ratio is tuned through
varying the ratio of metal precursor i,e., NbxMn0.2-xRu0.8O2 (x = 0.05,
0.07, 0.1, 0.13, and 0.15). As comparisons, the Nb0.2Ru0.8O2 (NRO),
Mn0.2Ru0.8O2 (MRO) and home-made RuO2 (HM-RuO2) samples were
alsopreparedvia the samemethod. The elemental ratios of Ru,Nb, and
Mn in the as-prepared NxM0.2-xRO samples were confirmed by energy-
dispersive X-ray spectroscopy (EDS), and the products show almost
same ratio with that of the precursor used (Supplementary Figs. 1–7
and Supplementary Table 1). The scanning electron microcopy (SEM)
images in Supplementary Fig. 8 reveal the as-prepared samples exhibit
nanoparticle morphology with the size of 20–30 nm. X-ray diffraction
(XRD) patterns collected from the various samples (Fig. 1b) showed
that as-prepared NxM0.2-xROpossesses the same crystal phase as rutile
RuO2 (JCPDS file no. 43-1027) without any evidence for impurity from
Nb2O5 andMnO2, suggesting theNb andMnsubstitution of Ru in RuO2

lattice. Since the radius of Nb4+ is larger than that of Ru4+, the diffrac-
tion peaks corresponding to (110) and (101) planes shift toward smaller
degree with the increase in Nb content. While, the Mn substitution
drive the diffraction peaks to the original degree, especially for the
(101) and (110) plane24,31. When the doping ratio of Nb and Mn is 1:1
(N0.1M0.1RO), the XRD peak positions are basically consistent with
those of home-made RuO2 due to the synergistic and complementary
characteristics of Nb and Mn elements. From the high- resolution
transmission electron microscopy (HRTEM, Fig. 1c) image and the
corresponding selected area electron diffraction patterns (Supple-
mentary Figs. 9, 10), the N0.1M0.1RO and rutile RuO2 samples exhibit
similar lattice spacing of 0.318 nm for (110) plane. As shown in Fig. 1d,
the TEM image and corresponding elemental mappings verified the
uniform distribution of Ru, Mn, and Nb throughout the samples.
Raman spectra conduced on N0.1M0.1RO (Fig. 1e) demonstrate three
peak around 511, 623, and 691 cm−1, which can be assigned to Eg, A1g,
and B2g modes, respectively, of rutile RuO2

32. Notably, the absence of
vibration modes for Nb and Mn based oxide species further rule out
the existence of other oxide impurities.

Next, the surface electronic properties and the chemical coordi-
nation environment of NxM0.2-xRO samples were investigated using
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X-ray photoelectron spectroscopy (XPS) and synchrotron XAS. High
resolution Ru 3d XPS spectra exhibit two peaks located at 282.00 and
286.20 eV corresponding to Ru 3d5/2 and Ru 3d3/2 (Fig. 2a), which
display a slight shift to the lower binding energy by about 0.4 eV
compared with that of HM-RuO2

11. This result indicates the valence
state of Ru for N0.1M0.1RO sample is below +4. Meanwhile, we can
clearly see that dopingNborMn ion can reduce the valence state of Ru
in NxM0.2-xRO. The co-doping of Nb and Mn in RuO2 will further give
rise to the lower valence state of Ru. From this XPS analysis, the ratio of
Ru3+/Ru4+ is higher in the N0.1M0.1RO sample (0.67) compared to that in
the NRO (0.43) andMRO (0.54), indicating a higher abundance of Ru3+

species33. Additionally, the Nb 3dXPS analysis (Supplementary Fig. 11a)
of the N0.1M0.1RO sample exhibits the peak centered at 206.30 eV, for
Nb 3d5/2, which is 0.7 eV lower than that of Nb5+ (207 eV) and 1.1 eV
higher than that of Nb4+ (205.2 eV)34. Hence, the oxidation state of Nb
in N0.1M0.1RO is between +4 and +5.Meanwhile, the XPS analysis of Mn
in the as-synthesized samples (Supplementary Fig. 11b) shows that the
Mn 2p3/2 peak in N0.1M0.1RO is positioned at the same binding energy
as that ofMn2O3, suggesting that the valence state ofMn is close to +3.
Whereas the oxidation state of Mn in MRO samples is close to +4.
These results revealed the balanced and decreased valence states of
Nb and Mn in the N0.1M0.1RO crystal compared to the single-element
doping ones (i.e., NRO and MRO samples).

To study the chemical coordination environment after introdu-
cing the Nb and Mn ions into rutile RuO2, we conducted synchrotron
XAS. The X-ray absorption near-edge structure (XANES) spectra at Ru
K-edge (Fig. 2b) presents similar spectral pattern to that of standard
C-RuO2with a slight shift to the lower energy. Accordingly, the valence
states of Ru and Mn in various samples are calculated based on their
absorption energy (E0) which was obtained from the first maximum in

the first-order derivative as the electron vacancy, respectively35,36

(Supplementary Fig. 12a). The average oxidation state of Ru in
N0.1M0.1RO (ca. 3.79) is lower than that in RuO2, which is consistent
with XPS analysis. The XANES at the Mn K-edge (Fig. 2c) show that the
absorption energy for N0.1M0.1RO sample is located between Mn2O3

and MnO2 standards, indicating the average oxidation state of Mn in
N0.1M0.1RO and MRO is between +3 and +4. Specifically, the oxidation
state of Mn in N0.1M0.1RO andMRO is calculated to be +3.25 and +3.52,
respectively (Supplementary Fig. 12b). We anticipate that the co-
existence of Nb and Mn ions in rutile RuO2 could simultaneously
reduce the initial valence state of Ru by donating electrons throughM-
O-Ru that emanate from the electronegativity differences (χMn3+ = 1.73,
χNb4+ = 1.690, and χRu4+ = 1.848). Furthermore, extended X-ray
absorption fine structure (EXAFS) spectra of Ru K-edge and Mn
K-edge reveal the coordination structures of N0.1M0.1RO, MRO, with
C-RuO2, C-MnO2, RuCl3, and Ru foil as the references (Fig. 2d). Two
main peaks of ~1.44 and ~2.91 Å corresponding to the first Ru–O shell
and the next nearest Ru-Ru/Mn/Nb shell in RuK-edge EXAFS are clearly
observed. The length of the first shell in N0.1M0.1RO is almost the same
as that in C-RuO2 due to the balanced strain and charge. Notably, the
first Mn-O shell in Mn K-edge EXAFS spectra of N0.1M0.1RO exhibit the
same peak position with the first Ru-O shell in Ru K-edge EXAFS, and
next M-M shells in Mn K-edge EXAFS spectra for N0.1M0.1RO are
obviously different from Mn K-edge EXAFS spectra of MnO2 and
Mn2O3. These results indicate the substitution of Ru by Mn could
partially isolate Ru sites and possess a coordination environment
similar to that of the Ru site in N0.1M0.1RO without Mn-O-Mn coordi-
nation. Accordingly, the EXAFS wavelet transformed (WT) analysis in
Fig. 2f, g reveals that the intensity maxima corresponding to the
nearest neighbor Ru-O/Mn-O is located at ~4.7 Å−1, which is similar to

Fig. 1 | Structural and compositional characterizations of NxM0.2-xRO samples.
a Schematic of theNb andMn co-doped rutile RuO2 crystal.bXRDpatterns (left) of
the as-synthesized N0.1M0.1RO, HM-RuO2, NRO, and MRO samples. The XRD peaks
at 28° and 35° for (110) and (101) planes are magnified (right). c HRTEM image of

N0.1M0.1RO. d TEM image and corresponding EDS elemental mappings of
N0.1M0.1RO. e Raman spectra of NxM0.2-xRO, compared with those of C-RuO2,
C-MnO2, and C-Nb2O5 powder.
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that of C-RuO2 (Fig. 2e). In addition, the Nb K-edge EXAFS spectra of
the first Nb-O shell in N0.1M0.1RO also exhibit a similar coordination
environment with that of Ru in N0.1M0.1RO, further excluding the for-
mation of Nb–O–Nb coordination and Nb2O5 impurities (Supplemen-
tary Figs. 13 and 14 and Supplementary Table 2).

The O K-edge XANES spectra collected from various samples are
then analyzed (Fig. 2h). Five peaks of “a–e” at the O K-edge that arise
from the dipole transitions from 1s to unoccupied 2p states of O site
are observed. And the fine features presented are due to the transition
between the hybridized states of O 2p and Ru 4d or Ru 5sp in the
octahedral (Oh) crystal field with rutile structure sharing similar spec-
tra pattern: “a” peak at 529.5 eV (t2g) and “b” peak at 532.4 eV (eg) are
transition from O 1s to unoccupied O2p-M4d hybridized states of split
t2g and eg; while “c–e” peaks (539.2, 543.1, and 545.8 eV) are transitions
fromO 1 s to O 2p-Ru 5sp hybridized bands37,38. Accordingly, the fission
energy value39 of 10Dq between t2g and eg in various samples are cal-
culated (Supplementary Table 3). Meanwhile, the normalized relative
intensity analysis of “a” and “b” peaks (i.e., Ieg/It2g)

40 could further
provide insight into the local structural and electronic state of Ru. The
calculated Ieg/It2g ratios for NRO (~ 1.03) is larger than that for C-RuO2

(~0.84). In addition, we can find that if Mn ions are introduced, the
change in the fission energy values for MRO (~ 3.01) is slightly
increased and the Ieg/It2g ratio is slightly decreased (~ 0.81) compared
to those of C-RuO2, which demonstrate the inverse trend with those of
NRO. Due to the synergistic effect of guest Nb and Mn elements,
N0.1M0.1RO possesses the lower 10 Dq value (~2.82) and the higher Ieg/
It2g ratio (~ 0.94) than C-RuO2. This suggests that the electrons on the
t2g state of Ru 4d in N0.1M0.1RO is increased, reducing the dipole
transition probability from the O 1s and valence state of Ru38,39,41. In
other words, the smaller 10Dq value or higher Ieg/It2g, the more Run+

(3 < n < 4) ions in the sample. As a result, the co-doping of guestNb and
Mn in N0.1M0.1RO demonstrate themoderate fission energy and Ieg/It2g
ratio values, leading to the negligible change in crystal symmetry.
These results arewell consistentwith XPS analysis results. TheO 1sXPS
spectra of NRO sample (Supplementary Fig. 15) demonstrate a peak
located at 530.87 eV corresponding to lattice oxygen, and this peak is
higher than that for C-RuO2 sample. However, Mn incorporation
effectively regulated its electronic structure (XPS peak shift to the
lower binding energy), which is mainly due to the smaller electro-
negativity of Mn3+ compared to Nb5+ and Ru4+(χMn3+ = 1.73 versus
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Fig. 2 | XPS and XAS characterizations for NxM0.2-xRO samples. a Ru 3d XPS
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EXAFS for N0.1M0.1RO. g Mn K-edge WT-EXAFS for N0.1M0.1RO. h O K-edge XAS
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χNb5+ = 1.862, and χRu4+ = 1.848)30,42. Therefore, the position of the lat-
tice oxygen peak of the synthesized N0.1M0.1RO sample lies between
the NRO andMRO. Combined with the previous XAS and XPS analysis,
we can conclude that the N0.1M0.1RO sample possess an unchanged
rutile crystal structure similar with C-RuO2, but Ru site exists in its
lower valence state.

Electrochemical acidic OER property of NxM0.2-xRO in three-
electrode system
The OER catalytic activities of N0.1M0.1RO catalysts are evaluated in a
traditional three-electrode systemusingO2 saturated0.5MH2SO4 (see
Methods for the details). The working electrodes were prepared with
different mass loadings of 0.4 and 3mg cm−2. As the comparison, the
C-RuO2, NRO, MRO, and HM-RuO2 samples were studied under the
same condition. The linear scanning voltammetry (LSV) curves after iR
correction in Fig. 3a and the corresponding overpotential values are
presented in Fig. 3b. The N0.1M0.1RO, C-RuO2, HM-RuO2, MRO, and
NRO electrodes with mass loading of 0.4mgcm−2 require a catalytic
overpotential of 207, 344, 224, 195, and 235mV, respectively, to deliver
a current density of 10mAcm−2. When themass loading was increased
to 3mg cm−2, there is no obvious difference in the overpotential values
under the same current density (Fig. 3a, b and Supplementary
Figs. 16 and 17). The introduction of Mn can improve the activity of
RuO2 more easily than Nb. We also conduct a comparative analysis of
activity and stability of NxM0.2-xRO (x =0.05, 0.07, 0.1, 0.13, and 0.15)
samples with different Nb/Mn doping ratios (Supplementary Fig. 18).
The N0.1M0.1RO catalyst exhibits significantly enhanced activity, Tafel
slope, and stability compared with others due to the synergistic effect

of Nb and Mn with optimum doping amount. Specifically, the
N0.1M0.1RO sample also shows the highestmass activity of 127.0 A gRu

−1

at 1.48 V vs. RHE (Supplementary Fig. 19 and Table 4), which is 2.12,
1.94, and 22.13 folds higher than that of NRO, HM-RuO2, and C-RuO2,
respectively. The N0.1M0.1RO electrode exhibits a lower Tafel slope
value of 55.3mV dec−1 (Fig. 3c) compared to the NRO (62.1mV dec−1),
HM-RuO2 (57.0mV dec−1), and C-RuO2 (85.4mV dec−1) electrodes,
aligning with recently reported findings20,24. This suggests that mod-
erate Nb andMndoping plays a critical role in promoting OER kinetics
and accelerating electron transfer.

The durability of N0.1M0.1RO catalyst is also an important para-
meter for evaluating the performance of catalysts. Figure 3d (top)
shows the chronopotentiometry curve of the catalysts loaded on a Ti
mesh with a loading mass of 0.4 mgcata cm

−2 at 10mA cm−2. It can be
seen that there is no change in the potential during a continous 200-h
testing. While the C-RuO2, HM-RuO2, NRO, and MRO electrodes
showed a rapid decay in activity within 8, 21, 92, and 157h testing,
respectively. To better evaluate the stability of catalysts, the induc-
tively coupled plasma mass spectrometry (ICP-MS) analysis were cor-
respondingly used to monitor the dissolution of Ru, Mn, and Nb ions
during the long-term stability test43. As shown in Fig. 3e and Supple-
mentary Table 5, the dissolved Ru, Nb and Mn ions from N0.1M0.1RO
electrode were only 0.33 wtRu%, 0.25 wtNb%, and 0.37 wtMn% within
200-h reaction, respectively. As the comparison, the dissolution of Ru
from the C-RuO2 and HM-RuO2 electrodes is 6.0 wtRu% and 4.5 wtRu%
within 10-h and 24-h reaction, respectively. These findings confirm the
significantly prohibited Ru dissolution after co-doping the Mn and Nb
elements. The higher concentration of Ru ions in the electrolytes in
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Fig. 3 | ElectrocatalyticpropertiesofNxM0.2-xROcatalysts towardsOER in0.5M
H2SO4 electrolyte. a, b Polarization curves with 90% iR-correction (a) of
N0.1M0.1RO (with Rs = 4.47 ± 0.4Ω at 0.4mg cm−2 loading and 3.15 ± 0.4Ω at
3mg cm−2 loading), NRO (with Rs = 5.16 ± 0.5Ω at 0.4mg cm−2 loading and
3.14 ± 0.5Ω at 3mg cm−2 loading), MRO (with Rs = 4.82 ± 0.4Ω at 0.4mg cm−2

loading and 3.70 ± 0.4Ω at 3mg cm−2 loading), home-made RuO2 (with Rs = 5.02
± 0.5Ω at 0.4mg cm−2 loading and 3.41 ± 0.5Ω at 3mg cm−2 loading), and C-RuO2

(with Rs = 4.71 ± 0.6Ω at 0.4mg cm−2 loading and 3.70 ± 0.6Ω at 3mg cm−2 loading)
at a scan rate of 5mV s−1 and the corresponding overpotential values (b). Note, the

non-iR corrected voltammograms and Nyquist plots of all the catalysts mentioned
above are shown in Supplementary Figs. 16 and 17, the method for fabricating the
electrodes is detailed in the Methods section. c The corresponding Tafel plots
collected from NxM0.2-xRO, HM-RuO2, and C-RuO2. d Comparison of chron-
opotentiometry responses of N0.1M0.1RO, NRO, MRO, HM-RuO2, and C-RuO2 elec-
trodes at current densities of 10, 100 or 200mAcm−2 (Top, 0.4mg cm−2 catalyst
loaded on Ti mesh; Bottom, 3mg cm−2 catalyst loaded on the carbon paper).
e S-number values collected from NxM0.2-xRO, HM-RuO2, and C-RuO2 electrode
during the stability test in the top of the (d).
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which NRO (3.7 wtRu% for 95-h reaction) andMRO (4.0 wtRu% for 165-h
reaction) electrodes were measured also reveal the synergistic and
complementary effect of doped Mn and Nb ions to boost the stability
ofN0.1M0.1ROelectrode. Furthermore, the stability number (S-number)
of N0.1M0.1RO catalyst is determined as 2.27 × 106, much higher than
those of MRO (1.49 × 105) and NRO (9.80 × 104) electrocatalysts, and
also well-placed among reported Ru-based and Ir-based catalysts
(Supplementary Table 6).

Catalyst stability at high potential is also crucial for employing an
acidic OER electrode at industrial scale. In this regard, we investigate
and compare the stability of the as-synthesized catalysts by chron-
opotentiometry (CP) measurements under high current densities (100
and 200mA cm−2, Fig. 3d). The dramatically decay is observed within
10-h testing on the C-RuO2 (1.03 V) electrodes under the current den-
sity of 100mA cm−2 due to the severe leach of the Ru sites. Notably, the
N0.1M0.1RO electrode is operated at a current density of 200mAcm−2

for 400h with low attenuation rate of 0.08mVh−1 (Supplementary
Table 7), outperforming the HM-RuO2 (920mV decay within 38.4 h),
NRO (874mV decay within 106.8 h) and MRO (1778mV decay within
171.6 h) electrodes. This shows that the two elements incorporated via
the sol-gel method play synergistic role to improve the activity (viaMn
introduction) and stability (by using Nb).

Then,we thoroughly compared the stability ofN0.1M0.1RO catalyst
with other recently reported Ru-based catalysts utilizing decay rate
and operation time as comparison metrics. Generally, operation at
higher current density could lead to more severe decay in the catalyst
performance. Supplementary Table 7 illustrates that the N0.1M0.1RO

electrode exhibits superior performance compared to the current
benchmark sample tested in 0.5M H2SO4. The stability of N0.1M0.1RO
under working conditions was verified by Raman characterization
technique. As depicted in Supplementary Fig. 20, the crystal structure
remains almost unchanged during continuous acidic OER catalysis
over 400h as evidenced by the Raman vibrational displacement below
700 cm−1 at the 200mA cm−2. Further, the electrolyte after stability
testing was analyzed using inductively coupled plasma mass spectro-
metry (ICP-MS). As shown in Supplementary Table 8, the Ru dissolu-
tion rate in the electrolyte when the N0.1M0.1RO electrode operated
under 200mA cm−2 for 400 h is only 0.020%, which is significantly
lower than the values forC-RuO2 operated under 100mAcm−2 for 9.6 h
(2.98%), MRO (0.073%) and NRO (0.090%) operated at 200mAcm−2

for 171.6 h and 106.8 h, respectively. This dramatically reduced Ru
dissolution rate indicates that the co-doping with Nb and Mn can
effectively prevent the collapse and inactivation of the RuO2 crystal
structure.

Mechanism explanation for OER activity and stability of
N0.1M0.1RO catalyst
The adsorption evolution mechanism (AEM) and the lattice oxygen
mechanism (LOM)were consideredbasedon the previous studies15,44,45

(Supplementary Fig. 21). To experimentally probe theOERmechanism,
operando Raman spectrum analysis was performed on N0.1M0.1RO
catalyst in 0.1M HClO4 (Supplementary Fig. 22). Figure 4a shows the
operando Raman spectra of N0.1M0.1RO catalyst under different
potential ranging from open circuit potential (OCP) to 1.8 V. Notably, a
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Fig. 4 | Operando experimental studies and theoretical calculations for acidic
OER activity and stability of N0.1M0.1RO catalyst. a In-situ Raman measurement
onN0.1M0.1ROcatalyst loadedon the carbonpaper substrate. The testswere carried
out at different potentials (from 1.3 to 1.8 V vs. RHE without iR correction) in 0.1M
HClO4. b DEMS signals of 32O2,
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responsewascollectedduring threeCVcycles in thepotential rangeof 1.14 to 1.69V
Vs. RHE at a scan rate of 5mV s−1. c DEMS signals of 32O2,
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36O2 from the

gaseous products for 18O-labelled N0.1M0.1RO catalysts in H2
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electrolyte in the potential range of 1.14 to 1.79V versus RHE at a scan rate of
5mV s−1, which is repeated three cycles. d The comparison of mass spectroscopy
peak area ratio of 34O2/
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lysts in H2

18O aqueous H2SO4 electrolyte (left) and 34O2/
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18O labelled
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16O aqueous H2SO4

electrolyte (right).eThe free energy diagram forAEMpath on the surface ofOH-Ov-
N0.1M0.1RO (110) and N0.1M0.1RO (110) model, compared with RuO2 (110), MRO
(110), andNRO (110)models, at 0 V. The energy barrier of the rate determining step
for the different reaction steps are labeled by arrows.
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peak around 1058 cm−1 assigned for the stretching vibration of *OO/
*OOH species is observed at potential above 1.5 V vs RHE. This peak
emerges as the potential reaches the OER region (≥ 1.5 V), suggesting
the generation of *OO/*OOH intermediate. Note that the Raman peaks
at 933 cm−1 and 460 cm−1 are the typical vibration peak of ClO4

− and
RuO2

.xH2O
46, respectively. This result suggests that the OER process

on N0.1M0.1RO catalyst mainly follows the AEM mechanism47,48. Next,
we further conducted operando differential electrochemical mass
spectrometry (DEMS) measurements via isotope 18O-labelling
method49 (Fig. 4b, c and Supplementary Fig. 23). First, the
N0.1M0.1RO was labeled with 18O by performing OER through three CV-
cycle operations in H2

18O/0.5M H2SO4 (Supplementary Fig. 24). If the
lattice oxygen is involved, 18O would be labeled on the catalyst surface.
Figure 4b shows that the 36O2 signal of >90% is dominated with trace
32O2 of 0.3–0.5% and 34O2 of ~9%, and the ratio of 34O2 versus 36O2

signals remains relatively constant (~ 10%) over three cycles in H2
18O/

0.5M H2SO4 (Fig. 4d, left). As controls, the C-RuO2 and MRO catalysts
were also measured under the same condition (Supplementary
Figs. 25–27) and the ratio of 34O2 versus

36O2 signal for C-RuO2was kept
~10%, which is similar to that obtained with N0.1M0.1RO catalyst and
lower than that (> 10%) for MRO catalyst. Then, we tested the same
electrodes (i.e., 18O-labelled N0.1M0.1RO) in H2

16O/0.5M H2SO4 after
carefully washing it by H2

16O (Fig. 4c). The highest 32O2 signal of > 99%
was detected from 18O- labelled N0.1M0.1RO, along with the unchanged
34O2:

32O2 ratio of 0.65% ~ 0.80% (Fig. 4d, right) and negligible 36O2. It
can be observed that the 34O2:

32O2 ratio gradually decreases in H2
16O/

0.5MH2SO4 electrolyte after three CV cycles. Meanwhile, the 34O2:
32O2

ratio for 18O-labelled C-RuO2 is higher than that for 18O-labelled
N0.1M0.1RO under the same CV test (Supplementary Fig. 27). These
results imply that the lattice oxygen would participate in OER in the
beginning, and then the OER process mainly proceeds through the
AEM pathway. To confirm this point, the N0.1M0.1RO catalyst after 50-h
durability test (i.e., N0.1M0.1RO 50 h@10mAcm−2) was collected and
further be measured through the isotope 18O-labelling process. As
shown in Supplementary Fig. 28, the ratio of 34O2 versus

32O2 signals for
18O-labelled N0.1M0.1RO 50h@10mA cm−2 remained at ~0.4% in H2

16O/
0.5M H2SO4, much lower than that for the fresh N0.1M0.1RO catalyst.
These findings indicate that the lattice oxygen in the N0.1M0.1RO cat-
alyst would be gradually passivated, resulting in the suppression of the
LOM pathway and subsequently enhancing the stability of
OER (Fig. 4d).

DFT calculations were then preformed to theoretically under-
stand the effect ofMn andNb substitution in RuO2 on theOER activity.
The N0.1M0.1ROmodel is built on the RuO2 (110) structure, with partial
Ru sites substituted by Nb andMn atoms (Supplementary Fig. 29), and
the most stable one as the potential active surface. Based on the XPS
and XAS analysis results, the OH-N0.1M0.1RO model and OH-Ov-
N0.1M0.1RO model with oxygen vacancy were also constructed to
simulate the catalyst after reaction. The post-screened RuO2 (110),
MRO (110), and NRO (110) surfaces were also simulated and calculated
for comparison (Supplementary Figs. 29–33). As shown in Supple-
mentary Figs. 34 and 35, the energy barrier for N0.1M0.1RO at U =0V is
higher for LOM (3.90 eV) than AEM (1.78 eV), which indicates that the
AEM is more favorable. The theoretical results, in-situ Raman analysis
and isotope-labeled DEMS could reveal that N0.1M0.1ROmainly follows
the AEM pathway. The free energy diagram of the AEM path on
N0.1M0.1RO model (Fig. 4e) shows that the *OOH→O2 step is the rate-
determining step. Meanwhile, the obtained energy barrier of 1.78 eV
for N0.1M0.1RO model is smallest among all models (1.95 eV for RuO2,
1.93 eV for MRO and 1.85 eV for NRO). These results reveal that the
synergistic effect of Nb and Mn substitution in N0.1M0.1RO endows
higher catalytic activity towards OER, which is also confirmed by the
higher adsorption energy (3.14 eV) for the key intermediate *OOH on
N0.1M0.1RO to releaseO2molecular (Supplementary Table9).When the
surface of the N0.1M0.1RO model is covered by OH species in OH-

N0.1M0.1RO model, the energy barrier is 1.73 eV under AEM pathway,
which is comparable to that of LOMpathway (1.97 eV) (Supplementary
Fig. 36). This theoretical result suggests that when the OH adsorbs on
theN0.1M0.1ROcatalyst surface alongwith the start of reaction, theOER
process could follow the LOM pathway to contribute to the formation
of oxygen vacancies in the catalyst, which could be further confirmed
through the following ex-situ XAS analysis and the change in the
coordination number around Ru. The same calculations conducted on
the OH-Ov-N0.1M0.1RO (Supplementary Fig. 37) reveal that the energy
barrier of LOM (3.20 eV) is much higher than that of AEM (1.76 eV),
indicating that the local lattice oxygen could be finally passivated
(namely, AEM-LPLOM) and stabilized in the crystal structure contain-
ing OH and oxygen vacancies. Afterwards, the OER process on OH-Ov-
N0.1M0.1RO would follow the AEM pathway and the catalyst presents
robust stability within long-term stability testing. Although it is gen-
erally considered that Mn is unstable in acid, the higher demetallation
energy values of Mn in both N0.1M0.1RO (3.9 eV) andOH-Ov-N0.1M0.1RO
models (3.8 eV) than that in the MnO2 (2.6 eV) were achieved to verify
the improved stability of Mn sites during the OER process (Supple-
mentary Figs. 38 and 39). Besides, based on the ion electronegativity
values (χMn3+ = 1.73, χNb4+ = 1.690, and χRu4+ = 1.848), the lower elec-
tronegativity of Nb4+ and Mn3+ compared to that of Ru4+ suggests that
theNb andMn sites aremore oxyphilic50,51, which is consistentwith the
XAS analysis results with higher coordination number around Nb and
Mn. TheBader charge analysis of theN0.1M0.1RO andOH-Ov-N0.1M0.1RO
models (Supplementary Fig. 40) shows that both Nb and Mn sites are
more likely to donate electrons to oxygen atoms, thereby preventing
the formation of soluble RuO4 and enhancing structural stability dur-
ing the OER. The highest energy values for Ru demetalization (2.16 eV)
andO loss (2.50 eV) from theOH-Ov-N0.1M0.1ROmodel are achieved on
OH-Ov-N0.1M0.1RO (Supplementary Figs. 41 and 42), further providing
evidence for its robust stability. In short, co-doping of Nb- andMn- not
only improves the activity of the catalyst, but also enhances its stability
during OER catalysis.

Ex-situ XAS analysis of N0.1M0.1RO during acidic OER process
To further understand the role of co-doped Nb and Mn in RuO2 for
enhancing acidic OERperformance and stability, we conducted ex-situ
XAS characterizations under different current densities and operation
time. Two identical N0.1M0.1RO electrodes were utilized for evaluating
them at different operation time: the first electrode was tested at a
small current density of 10mAcm−2 for 50 h (denoted as N0.1M0.1RO
50 h@10mAcm−2) while the second one was evaluated at a higher
current density of 200mA cm−2 for 150h (denoted as N0.1M0.1RO
150 h@200mAcm−2). Then, the XANES and EXAFS spectra of these
two electrodes were recorded. As shown in Fig. 5a, the XANES spectra
at Ru K-edge collected on both of N0.1M0.1RO electrodes show a very
similar spectral pattern to that of the original one with slight shift in
absorption energies and decreased white line intensity. When
N0.1M0.1RO electrode was operated at 10mA cm−2 for 50 h, the
absorption energy for N0.1M0.1RO 50 h@10mAcm−2 is red-shifted with
a lower average oxidation state of Ru. Whereas a slightly decrease on
the oxidation state is recorded for the N0.1M0.1RO 150 h@200mAcm−2

compared with that for N0.1M0.1RO 50h@10mA cm−2 electrode.
Accordingly, the average oxidation state of Ru for N0.1M0.1RO is cal-
culated to be +3.79 for N0.1M0.1RO, +3.32 for N0.1M0.1RO
50 h@10mAcm−2, and +3.26 for N0.1M0.1RO 150 h@200mAcm−2,
confirming that the average oxidation state of Ru exhibits a decreasing
trend after the long-term stability measurement. This is in accord to
the trend observed in Nb-doped RuO2

24.
In contrast, the Mn K-edge XANES spectra (Fig. 5b) show a dif-

ferent trend with the average oxidation state ofMn, i.e., +3.25 for fresh
N0.1M0.1RO, +3.89 for N0.1M0.1RO 50h@10mAcm−2 and +3.45 for
N0.1M0.1RO 150h@200mAcm−2, although a similar spectral pattern to
that original one is alsopresented.Notably, the average oxidation state
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of Nb shows a slight increase from +4.37 to +4.84 at the beginning and
finally restored to +4.79 after the long-term stability test (Fig. 5c, d and
Supplementary Fig. 43). Meanwhile, fresh N0.1M0.1RO and spent over
N0.1M0.1RO 100 h@200mA cm−2 catalyst were characterized using
Low-magnification TEM (Supplementary Fig. 44). These further cor-
roborates with the XPS analysis where the Ru 3d XPS spectra of
N0.1M0.1RO 50h@10mAcm−2 sample (Supplementary Fig. 45) exhibit a
notable red-shift (by about 0.3 eV) in its 3d5/2 or 3d3/2 peak11,52. It can be
noted that the valence state of Ru inN0.1M0.1RO 150 h@200mAcm−2 is
still lower than the original one with the obviously red-shift in binding
energy. As a comparison, the Nb-3d XPS spectra (Supplementary
Fig. 46a) show that the 3d5/2 peak shifts to higher binding energy by
0.48 eV for N0.1M0.1RO 50h@10mA cm−2, but this shift is less sig-
nificant (0.07 eV) in N0.1M0.1RO 150 h@200mAcm−2. The Mn 2p XPS
analysis (Supplementary Fig. 46b) also demonstrates the same trend as
shown in ex-situ XANES spectra. In addition, the M-O peak for
N0.1M0.1RO 50h@10mA cm−2 and N0.1M0.1RO 150 h@200mAcm−2

samples in the O 1s XPS spectra shifted by ~0.27 and 0.62 eV respec-
tively to lower binding energy, compared to that of original N0.1M0.1RO

(Fig. 5e). Moreover, the ratio of OH to M-O peak gradually increases
from 85.5% for fresh N0.1M0.1RO to higher values for tested samples,
i.e.,163.2% for N0.1M0.1RO 50 h@10mAcm−2 and 346.6% for N0.1M0.1RO
150 h@200mAcm−2. We speculate that the catalyst surface would
gradually hydrogenate after a period of reaction, thus stabilizing the
Ru site with lower oxidation state. Overall, these observations indicate
the incorporation of both Mn and Nb could effectively relieve the
valence oscillation of Ru to stabilize the catalyst during the acidicOER.

The EXAFS profiles in R space of N0.1M0.1RO 50 h@10mAcm−2

further show the slightly longer Ru-O bond and decreased intensity
(Fig. 5f and Supplementary Fig. 47), suggesting the reduced number of
coordinated oxygens (Supplementary Table 2). The coordination
number (CN) of the first Ru-O shell demonstrates a decreased value of
4.79 at 10mAcm−2 for 50 h, and finally stabilized to 5.01 at
200mAcm−2 for 150h. We speculate that the first step of the reaction
maybe thediffusionof oxygenaroundRuO6 toNbO6/MnO6,whichcan
be seen from the decrease in the coordination number (CN) of the first
shell Ru-O and the increase of the coordination number (CN) of the
first shell Nb-O and Mn-O. After a period of reaction, RuOx, NbOx, and
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N0.1M0.1RO catalyst for acidic OER. a–c Ru K-edge (a), Mn K-edge (b), and Nb
K-edge (c) XANES spectra of N0.1M0.1RO after different operation times under dif-
ferent current densities in 0.5MH2SO4. Insets, extended imageof the selected area.
d The valence state evolution of Ru, Nb, and Mn elements during the acidic OER
measurement. e O 1 s XPS spectra of original N0.1M0.1RO, N0.1M0.1RO

50h@10mAcm−2 and N0.1M0.1RO 150 h@200mAcm−2 in 0.5M H2SO4.
f Corresponding Fourier-transformed Ru K-edge EXAFS profiles in R spaces for
N0.1M0.1RO and Fourier-transformed EXAFS profile comparison in Ru, Mn, and Nb
K-edges of N0.1M0.1RO after 150h durability tests under 200mAcm−2. g The illus-
tration of the oxygen diffusion in the N0.1M0.1RO based on the EXAFS analysis
results.
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MnOx groups reached dynamic equilibrium and their coordination
numbers remained relatively constant (Fig. 5g and Supplementary
Table 2). The unchanged first Ru-O shell after a long time at high
current stability suggests the robust stability of N0.1M0.1RO catalyst
during acidic OER measurement. Additionally, the Mn K-edge and Nb
K-edge EXAFS spectra with the first M-O shell for N0.1M0.1RO
150 h@200mAcm−2 demonstrate a similar profile to the Ru K-edge
EXAFS (Fig. 5f), evidencing that Nb and Mn are stable in RuO2 matrix
and no impurities are formed, without segregation. It is noted that the
Mn-O and Nb-O bond length in N0.1M0.1RO 150 h@200mAcm−2

shortens by 0.011 Å and 0.031 Å compared to that of original one,
respectively. However, negligible change is observed on Ru-O bond
length (Supplementary Fig. 47). As a result, the oxidation behavior of
Nb and Mn ions during the long-term acidic OER reaction strengthens
bond between Nb/Mn and O, giving rise to shorting the second scat-
tering path. Therefore, the difference in Ru-O, Mn-O, and Nb-O bond
length can increase the electron density around Ru sites, which is
beneficial to stabilize RuO2 and protects Ru sites from over-oxidation
during OER catalysis at high current density. O K-Edge XAS spectra
shows that there is no change in the fission energy value of 10Dq and
Ieg/It2g ratio (Supplementary Fig. 48 and Supplementary Table 10),
indicating the maintained crystal structure and absence of oxygen
vacancy. As a result, the N0.1M0.1RO electrode demonstrates a superior
stability for acidic OER under 200mA cm−2 for 400 h with only 27mV
decay (Supplementary Fig. 49). Post-characterizations, including XRD,
SEM, Raman, and EDS analysis of the N0.1M0.1RO catalyst evidence the
unchanged morphology, stable crystal structure and elemental ratios
(Supplementary Figs. 50 and 51).

Electrocatalytic activity in a PWMWE device for overall water
splitting
Given the electrocatalytic property of N0.1M0.1RO catalyst for acidic
OER in a three-electrode system, we further evaluate its performance
in a PEM electrolyzer (Fig. 6a, b) by applying Pt/C (20wt%) as the

cathode catalyst. Amembrane electrode assembly (MEA)wasprepared
by catalyst coated film (CCM) method through spraying catalyst ink
onto the 2 × 2 cm2 Nafion 117membranewith amass loading of 2mgcat.
cm−2 (see Methods for details). The steady-state polarization curves
operated at 80 °C (Fig. 6c) show that the cell voltage required to reach
a current density of 1 A cm−2 and 2 A cm−2 in N0.1M0.1RO||20% Pt/C
electrolyzer is 1.70 V and 1.85 V, respectively, which is much lower
compared with C-RuO2|| 20% Pt/C electrolyzer (1.86 V and 2.20 V).
Notably, the energy efficiency of the PEM electrolyzer reaches to 72.4%
under 1 A cm−2 (see Supplementary Note I). Moreover, the PEM elec-
trolyzer using N0.1M0.1RO catalyst could be operated at 0.5 A cm−2 for
at least 1000 h with the cell voltage and attenuation rate of 1.63 V and
3.6%, respectively (Fig. 6d). By contrast, the PEM electrolyzer using
C-RuO2 as anode catalyst shows an obvious decay of 0.2 V after only
3.6-h continuous operation at 0.5 A cm−2. Even if we assume that all Ru
sites in the N0.1M0.1RO nanocatalyst are active for the OER, the lower
bound estimated turnover frequency (TOF) of N0.1M0.1RO is 0.41 O2 s

−1

at 0.5 A cm−2, which is higher than that of C-RuO2 (0.34O2 s−1, Sup-
plementary Table 11). The real TOF value should be much higher than
the theoretical value since the calculations assumed all the Ru sites
(even buried inside) as active sites for OER. When we assume only the
surface Ru sites (estimated around 1.93%, Supplementary Table 11,
using reported method4) are active towards OER, the TOF of
N0.1M0.1RO can be estimated as 21.2O2 s−1. Moreover, the corre-
sponding energy consumption of this PEM electrolyzer operated at
0.5 A cm−2 is 43.68 kWh for 1 kg H2 (see details in Supplementary Note
I), less than the International Renewable Energy Agency’s goal of
achieving an electrical efficiency of <45 kWh for 1 kg H2 by 2050.
According to the calculation procedure from the US DOE53, the esti-
mated cost of 1 kg of hydrogen produced by this PEM electrolyzer is
about US$0.99 (make up the energy consumption of 6 kWh kgH2

−1),
which is lower than the DOE target of US$2 per kg of H2. Subsequently,
we proceeded to apply the as-prepared N0.1M0.1RO in a PEM electro-
lyzer (anode) with a higher current density of 1 A cm−2. Notably, the cell

Fig. 6 | Overall water splitting PEM electrolyzer using N0.1M0.1RO as the anode
catalyst in pure water at 80 °C. a, b Schematic diagram (a) and photograph (b) of
the PEM electrolyzer device. c Steady-state polarization curves collected from the

PEMelectrolyzer utilizingN0.1M0.1ROorC-RuO2 as an anode catalyst and 20wt%Pt/
C as a cathode catalyst. d Chronopotentiometry curve of the PEM electrolyzer
under 500mA cm−2 (top) and 1 A cm−2 (bottom).
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voltage can bemaintained over 100h of electrolysis with 13mV decay,
implying the potential of using N0.1M0.1RO catalyst for practical
application (Fig. 6d). This PEM electrolyzer demonstrates the superior
operation durability for H2 evolution, outperformingmost of reported
devices fabricated with Ru-based catalysts and even Ir-based catalysts
(Supplementary Table 12).

In summary, we propose a synergistic complementary co-doping
strategy to design a RuO2 based OER catalyst with high activity and
stability, enabling operation of PEMWE device at current density
>0.5A cm−2 for >1000h. Detailed XAS analysis on metal and oxygen
elements demonstrate that the fluctuation of valence state of Nb and
Mn atoms in RuO2 and the charge redistribution effect in Ru-O-Nb/Mn
structural motif can dynamically tailor the charge of Ru site, prevent-
ing the overoxidation of Ru site to 4+ during OER. Theoretical calcu-
lations further demonstrate that the co-substitution of Nb andMn can
stabilize the lattice oxygen and surface Ru site by increasing the for-
mation energy. The PEMWE device assembled with N0.1M0.1RO as OER
catalyst can be stably operated for 1000h at 0.5 A cm−2 with a small
decay rate of 59μVh−1, outperforming the reported benchmarks. This
work offers insight for rational catalyst design for practical, cost-
effective, and highly efficient PEM water electrolyzer.

Methods
Chemicals and materials
Ruthenium chloride hydrate (RuCl3·3H2O, 99.9%), niobium chloride
(NbCl5, 99.9%), manganese dichloride hydrate (MnCl2·4H2O, 99.9%),
commercial rutile-type RuO2 (99.9%), and poly (vinyl pyrrolidone)
(PVP, 99.9%) were all purchased from Aladdin Biological Technology
Co., Ltd. Ethanol (99.9%), and 5wt% Nafion solution were purchased
from Sigma-Aldrich. The carbon fiber paper (TGP-H-060) was pur-
chased from Toray Industries, Inc. All chemicals were used as received
without any further purification. The utilized aqueous solutions were
prepared using deionized water with a resistivity of 18.2MΩ cm−1.

Synthesis of NbxMn0.2-xRu0.8O2 nanoparticles
The traditional sol-gel method was used to synthesize the catalyst
under an ambient condition. First, 0.025mmol NbCl5, 0.025mmol
MnCl2·4H2O and 0.2mmol RuCl3·3H2O were dissolved in 10mL etha-
nol, respectively, and mixed in a 20mL reaction flask to avoid the
hydrolysis of metal precursors. The resulting maroon homogeneous
solution was then sonicated for 10min, followed by the addition of
60mgPVP to themixture toobtain a light-yellow suspension.Next, the
sealed vial is transferred to the oil bath and stirred at 80 °C for 6 h.
Then, the bottle cap is opened to evaporate all the ethanol solvent,
obtaining a yellow-green powder precursor. Finally, the obtained
precursors were transferred to a porcelain boat and annealed in an air
atmosphere for 3 h in a tube furnace at 400 °C at a ramp rate of 5 °C
min−1. The collected black product is labeled Nb0.1Mn0.1Ru0.8O2

(N0.1M0.1RO). Home-made RuO2 (HM-RuO2), Nb0.2Ru0.8O2 (NRO),
Mn0.2Ru0.8O2 (MRO), and NxM0.2-xRO (where x represents the doping
amount of Nb, x = 0.05, 0.07, 0.13, and 0.15) were prepared by the
same synthesis method under different Ru/Nb/Mn feeding ratios.

Electrochemical measurements
Electrochemical measurements were performed using an electro-
chemicalworkstation (Model CHI660E, CH instrument) and a standard
three-electrode electrochemical cell. The catalytic activity of the
sampleswas recorded in0.5MH2SO4 solution (pH=0.22 ±0.04) using
prepared or commercial samples, platinum sheets, and Ag/AgCl
(saturated KCl) as working electrodes, counter electrodes, and refer-
ence electrodes, respectively. The reference electrode was calibrated
in hydrogen-saturated 0.5M H2SO4. The calibrated value for Ag/AgCl
in saturated KCl was equal to 0.188 (close to the theoretical value of
0.197). All potentials were referenced to RHE via the following equa-
tion [E (V vs. RHE) = 0.188 +0.059 × pH]. And all polarization curves

were corrected for iR compensation within the cell. The catalyst ink is
preparedbydissolving 5mgof as preparedor commercial catalyst into
a solution containing 980μL of ethanol and 20μl of 5wt% Nafion
solution. In order to compare the OER activity of NxM0.2-xRO and
C-RuO2, 1mL of as-prepared ink was dropped on a carbon fiber paper
within a 1 cm2 area for the above three-electrode test. Themass loading
of catalysts is weighed and calculated as 3mgcm−2. LSV curves are
scanned NxM0.2-xRO and C-RuO2 in 0.8–1.8 V vs. Ag/AgCl voltage win-
dow with 0.5M H2SO4 as electrolyte and a scanning rate of 5mV s−1.
Considering that the attenuation rate in OER testing is strongly influ-
enced by various factors, including catalyst layer quality, active site
blockage by microbubbles, and changes in surface oxidation state54,55.
For large-scale preselection of promising catalyst designs, it remains
important to use RDE technology to rapidly characterize new catalysts
prepared frommilligramquantities ofmaterials56. For themass loading
of catalysts is weighed and calculated as 0.4mg cm−2, 20μL of pre-
pared ink was dropped onto the rotation disc electrode within a
0.2475 cm2 area for the above three-electrode test. All polarization
curves were corrected by ohmic potential drop (iR) caused by the
electrolyte/contact resistance of the setup. The Ohmic loss is cor-
rected by subtracting the ohmic voltage drop from the measured
potential, so the iR-corrected potential is expressed as E-90% iRs
(where i is the current and Rs is the series resistance during the OER
test)20,24. The ohmic resistance is determined at high frequencies using
electrochemical impedance spectroscopy (EIS). Chronopotentiometry
tests were carried out in 0.5M H2SO4 electrolyte, platinum sheet as
cathode and OER catalyst dropped on Ti mesh (the mass loading of
catalysts is weighed and calculated as 0.4mg cm−2) or carbon fiber
paper (the mass loading of catalysts is weighed and calculated as
3mg cm−2) as anode in a two-electrode system with current density of
10mAcm−2 or 200mAcm−2, respectively. The data obtained from CP
stability tests were not iR corrected and displayed as raw data. The
Tafel slopes were derived from LSV curves at a low overpotential fitted
to the Tafel Eq. (1):

η=a+ b log j ð1Þ

whereη is the overpotential, a is the constant, b is the Tafel slope, and j
is the current density.

ICP analysis of the Ru/Nb/Mn dissolution
The dissolution of catalysts during the OER process at 100 or
200mAcm−2 in a total volume of 50mL electrolyte was quantified by
inductively coupled plasma optical emission spectrometry (ICP-OES,
iCAP7400, Thermo Fisher). A volume (10mL) of electrolyte was used
to fulfill the limit of detection of the equipment. The electrolyte for
N0.1M0.1ROwas sampled after 400h electrolysis, for NROwas sampled
after 106.8 h electrolysis, for MRO was sampled after 171.6 h electro-
lysis, for HM-RuO2 was sampled after 38.4 h electrolysis, while the
electrolyte for C-RuO2 was sampled after 9.58 h electrolysis.

PEM electrolyzer test
The anode catalyst for preparing the MEA was N0.1M0.1RO or C-RuO2,
and the cathode catalyst was commercial Pt/C (20% wt%) by the
catalyst-coated membrane method with a geometric area of 2 × 2 cm
(4 cm2). Firstly, A Nafion 117 membrane was sequentially washed by
5wt% H2O2, 0.5M H2SO4, and deionized water at 80 °C for 1, 1, and
0.5 h, respectively. After the above steps are completed, the mem-
brane is stored in 0.5M H2SO4 electrolyte. Then, the anode catalyst
was dispersed in a mixture of isopropyl alcohol and Nafion solution
with the amount of 20wt% for ionomer. For the cathode, the Pt/C
electrocatalyst was suspended in a mixture of isopropanol, distilled
water, andNafion solutionwith the amount of 40wt% for ionomer. The
ink was ultrasonically homogenized and sprayed onto two sides of
Nafion 117 film at 120 °C. The mass loads of anode and cathode
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catalysts were controlled at 2mgcat cm
−2 and 0.4mgPt cm

−2, respec-
tively. Finally, the device is integrated by pressing the cathodic diffu-
sion layer, CCM, PTL, and two Ti end plates with flow fields together
(Fig. 6a). The area covered by the serpentine channel, that is the active
area, is 4 cm2. The PEM electrolyzers were operated at 80 °C with dis-
tilled water as reactant under a flow rate of 30mLmin−1. Before the
polarization test, the cell was activated at 1 A cm−2 for 1 h. The steady-
state polarization curve was acquired under a galvanostatic mode of 0
to 4 A cm−1. Stability of PEM electrolyzer measured at 500mAcm−2. All
data of PEM electrolyzer has not been iR corrected and displayed as
raw data.

Material characterizations
Powder X-ray diffraction patterns of different NxM0.2-xRO samples
were collected using an X-ray diffractometer (Shimadzu6000) equip-
pedwith CuKa radiation (k = 1.5418 Å). The size andmorphology of the
NxM0.2-xRO samples were characterized using a transmission electron
microscope (TEM, JEM-2100). HR-TEM was performed on a double
aberration-corrected FEI Titan3 80–300 Schottky FEG-TEM (field
emission gun transmission electron microscope) operating at 300 kV.
The corresponding elemental mappings of energy-dispersive X-ray
spectroscopy (EDX) were obtained using an energy-dispersive spec-
trometer (Oxford). XPS measurements were conducted on an X-ray
photoelectron spectrometer (Thermo Electron ESCALAB250). Due to
the overlap between the C1s peak and the Ru 3d peak, we added
sodiumchloride solidpowder as the internal standard substance to the
catalyst, which was corrected indirectly by sodium and chlorine ele-
ments. X-ray absorption spectra (XAS)were collected at Beamline 14W
at Shanghai Synchrotron Radiation Facility (SSRF). The as-prepared
sample powder (40mg) was directly coated on the adhesive tape
(Scotch Magic Tape, 1 × 0.5 cm2) for the XAS collection. As for ex-situ
characterizations on N0.1M0.1RO 50h@10mAcm−2 and N0.1M0.1RO
150 h@200mAcm−2 samples, they were directly taken out from the
electrolyte after the testing and washed with ethanol several times
followed by drying process under an infrared lamp for further XAS
analysis. The Beijing Synchrotron Radiation Facility (BSRF) 4B9B beam
provides soft X-rays with an energy range of 10–1100 eV. A branch
protruding from the spherical grating is used for soft X-rays in the
62–1100 eV energy range, from which O-K-Edge XAS spectra are
obtained and analyzed.

In situ Raman characterizations
The N0.1M0.1RO catalyst was uniformly dispersed on carbon paper
electrode as the anode, and the mass loading was 5mgcat cm

−2. In
addition, platinum sheet was used as the counter electrode and Ag/
AgCl (saturated KCl) as the reference electrode, and they were jointly
assembled in a homemade electrochemical set-up with 0.1M HClO4

electrolyte. Raman spectra were recorded using LabRAM Aramis by
applying different potentials (1.3–1.8 V vs.RHE, without iR correction)
with 532 nm laser as excitation source.

DEMS tests
The online DEMS system used was the QAS 100 device (Linglu
Instruments, Shanghai), which was carried out in an electrochemical
cell with a typical three-electrode system. As for the electrochemical
system, the Ag/AgCl and Pt wire are served as reference and counter
electrodes, respectively. The working electrode is a porous Au film
supported on a porous polytetrafluoroethylene membrane. The cata-
lysts ink was dropped cast onto the Au film and naturally dried. For
isotope labeling measurements, 2mL of 0.5M H2SO4 was prepared
using H2

18O (97 at. %+) as solvent. First, the N0.1M0.1RO catalyst was
performed three cycles in 18O-labeled 0.5M H2SO4 electrolyte in the
potential range of 1.14 to 1.69 V versus RHE at a scan rate of 5mVs−1 for
isotope labeling, and the gaseous products of 32O2,

34O2, and
36O2 sig-

nals were recorded bymass spectrometer analysis. Electrodes and cell

were then rinsed with 16O water for 20min to remove any H2
18O resi-

dual and scanned in a 0.5M H2SO4 solution of H2
16O at 5mV s−1 from

1.14 V to 1.79 V versus RHE. The samemethod is used to recordgaseous
products by mass spectrometry.

Theoretical calculations
All computation studies were performed using the projector aug-
mented wave method57 as implemented in the Vienna ab initio simu-
lation package58. The Perdew–Burke–Ernzerhof functional59 for the
exchange–correction potential and an energy cut-off of 450eV were
used. Spin polarization was adopted for all calculations. To consider
long-range van der Waals (vdW) interactions, the DFT-D2 method of
Grimme60 was employed. Atomic structures were fully released until
forces on all atoms were less than 0.02 eVÅ−1, the energy convergence
criterion was set to 10−5 eV. A 3 × 2 unit cell with a 6-layer thickness was
employed with 20 Å vacuum space in the z-direction to avoid image
interactions.Thebottomthree layerswerekeptfixedwhile the top free
layers were relaxed during geometry optimization based on the stable
rutile RuO2 (110). 3 × 2 × 1 Monkhorst–Pack k-meshes were used to
sample the Brillouin zone for geometry relaxation.

To evaluate the catalytic activity of different systems, free energy
diagrams for the OER were calculated based on the computational
hydrogen electrode (CHE) model reported by Nørskov et al.61, which
involves four elementary reaction steps, was used to evaluate the
activity of the catalyst. The Gibbs free energy change, ΔE, of each
elementary step was obtained based on the following equation, in
which the contributions of zero-point energy (ΔEZPE) and entropy
(TΔS) changes were considered:

ΔG=ΔE +ΔZPE � TΔS+ΔGU ð2Þ

WhereΔE is the calculated energy change of the intermediates, such as
*OH, *O, and *OOH. ΔGU = −eU, with U representing the applied elec-
trode potential.

The reaction free energy of equations for OER can be described as
a four-electron transfer reaction pathway in acidic media based on
AEM and LOM.

Data availability
All data needed to evaluate the conclusions in the paper are presented
in the paper or the Supplementary Information. Source data are pro-
vided with this paper. Extra data is available from the corresponding
author upon request. Source data are provided with this paper.
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