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Regular Article

Fabrication of Ru-doped CuMnBP micro cluster electrocatalyst with high
efficiency and stability for electrochemical water splitting application at the
industrial-level current density

Shusen Lin , Rutuja Mandavkar , Md Ahasan Habib , Sumiya Akter Dristy , Mehedi Hasan Joni ,
Jae-Hun Jeong *, Jihoon Lee *

Department of Electronic Engineering, College of Electronics and Information, Kwangwoon University, Nowon-gu Seoul, 01897, South Korea

G R A P H I C A L A B S T R A C T

A novel dual-function Ru/CuMnBP micro particle electrocatalyst is successfully fabricated via hydrothermal reaction and Ru soaking approaches for overall water
splitting application, which exhibits a low cell voltage of 3.13 V at an industrial level current density of 2000 mA/cm2 in 1M KOH. The designed hybrid Pt/C|| Ru/
CuMnBP shows higher catalytic behavior, requiring a lower bias of 2.64 V to maintain the current density of 2000 mA/cm2.
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A B S T R A C T

Electrochemical water splitting has been considered as a key pathway to generate environmentally friendly green
hydrogen energy and it is essential to design highly efficient electrocatalysts at affordable cost to facilitate the
redox reactions of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In this work, a novel
micro-clustered Ru/CuMnBP electrocatalyst is introduced, prepared via hydrothermal deposition and soaking-
assisted Ru doping approaches on Ni foam substrate. Ru/CuMnBP micro-clusters exhibit relatively low HER/
OER turnover overpotentials of 11 mV and 85 mV at 10 mA/cm2 in 1 M KOH. It also demonstrates a low 2-E
turnover cell voltage of 1.53 V at 10 mA/cm2 for the overall water-splitting, which is comparable with the
benchmark electrodes of Pt/C||RuO2. At a super high-current density of 2000 mA/cm2, the dual functional Ru/
CuMnBP demonstrates an exceptionally low 2-E cell voltage of 3.13 V and also exhibits superior stability for over
10 h in 1 M KOH. Excellent electrochemical performances originate from the large electrochemical active surface
area with the micro cluster morphology, high intrinsic activity of CuMnBP micro-clusters optimized through
component ratio adjustment and the beneficial Ru doping effect, which enhances active site density, conductivity
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and stability. The usage of Ru in small quantities via the simple soaking doping approach significantly improves
electrochemical reaction rates for both HER and OER, making Ru/CuMnBP micro-clusters promising candidates
for advanced electrocatalytic applications.

1. Introduction

Climate and environmental issues have led to a growing demand for
renewable and green energy resources and hydrogen is considered as a
potential energy alternative due to its advantages such as high energy
density, zero-carbon emission and easy storage-transportation, etc.
[1–5]. Hydrogen can be categorized in grey, blue, brown and green, etc.
depending on the generation approaches. Electrochemical water split-
ting is a promising approach to generating green hydrogen with zero-
carbon emission, which involves two heterogeneous electrochemical
reactions of hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), namely water splitting. Traditionally, noble-metal-
based electrodes such as Pt/IrO2 and RuO2 exhibit excellent HER and
OER performances but their scarcity and high cost hinder the industrial-
scale application. At the same time, industry-relevant conditions such as
high current density (HCD) and extended operational periods are
economically crucial. HCD operation can ensure high-rate hydrogen
production and economic advantages [6]. However, the extreme con-
ditions associated with high bias can challenge the catalytic stability of
electrocatalysts [6]. Thus, developing high-performance electrocatalysts
that can operate under the HCD with high catalytic stability at afford-
able cost is of great importance for large-scale green-hydrogen
implementation.

In the last decades, numerous efforts have been devoted to the design
of electrocatalysts with the earth-abundant transition metals (TMs), i.e.,
Fe, Ni, Co, Cu, W, Mn, etc. such as TM-based carbides, nitrides, oxides,
phosphides [5,7,8]. Nowadays, the combination of multiple metallic
TMs with non-metallics is getting more research interest in designing
high-performance electrocatalysts. The advantage of each element
might be adapted to proper combination and condition. For example,
the Cu oxidation states of 0, +1 and +2 can exhibit remarkable activity
in the OER whereas low ionic conductivity for hydrogen protons can
limit the HER kinetics [9,10]. On the other hand, the reversible cycling
between the Mn2+, Mn3+, and Mn4+ oxidation states can demonstrate
stable surface adsorption/desorption of H protons, which can be ad-
vantageous for HER activity [11,12]. Thus, putting Cu and Mn together
in an electrocatalyst can be a viable choice. Cu can offer excellent
corrosion resistance, earth-abundance, outstanding electrical and ther-
mal conductivity and favorable electronic properties [13,14]. Mn is an
economical and environment-friendly metal that can demonstrate high
catalytic activity in alkaline electrolytes. In terms of non-metallic com-
ponents, phosphorus (P) and boron (B) together can be worthwhile
choices. In the integration of phosphorus with the TM, the P atoms can
act as H proton and hydride acceptors, which is favorable for HER re-
action [15]. For instance, the NiCuP catalyst exhibited excellent HER
reaction and the NiCuP functioned as fast electron conductive channels
with the higher conductivity of metal phosphides as compared with that
of metal oxides [16,17]. Boron can supply electrons to the metallic sites,
leading to the electron-enriched metal surface, which is beneficial for
OER [18]. Also, the stability and surface conductivity can be largely
improved since the TM-B can prevent excessive oxidation [19]. At the
same time, hetero-atom doping (HAD) can be another route to improve
the catalytic performance of electrocatalysts. HAD can offer added
active sites, and improved intrinsic activity [20]. Meantime, some re-
ported that poly-crystallization or amorphization can improve the active
sites and stability of electrocatalysts as compared with the crystal
counterparts [21,22]. HAD is a process of incorporating additional
atoms into an already existing crystal matrix and thus poly-
crystallization can occur inevitably, and this might bring improved
active sites and stability through the doping process. Ru is known as a

top OER electrocatalyst due to the existence of Ru–O moieties and the
Ru–H bond is similar to the Pt–H bond, indicating strong HER activity
as well [20,23–26]. Through the HAD of Ru, only a fractional amount of
Ru is necessary as compared with the pure Ru electrocatalysts. In this
regard, doping a small amount of Ru into the CuMnBP matrix can be a
promising way to further enhance the electrical conductivity and
improve the intrinsic activity. In short, the combination of Cu, Mn, B and
P and Ru-doping can be a rational route to fabricate highly effective
electrocatalysts to improve both the HER and OER.

Herein, the Ru-doped CuMnBP electrode, namely Ru/CuMnBP, has
been successfully fabricated as a bifunctional electrocatalyst for efficient
overall water-splitting application. Various parameters such as reaction
time, temperature and concentrations were thoroughly investigated. In
addition, post-annealing is adapted at different stages to improve the
overall crystallinity of electrocatalysts. The micro-clustered Ru/
CuMnBP electrode exhibits excellent HER/OER activity and comparable
or even better performances over the benchmark electrodes of Pt/C and
RuO2. Very low turnover HER/OER overpotentials and 2-E cell voltage
are clearly demonstrated by the Ru/CuMnBP. In addition, excellent HCD
characteristics are observed under very high current operation and su-
perior electrode stability is observed with the Ru/CuMnBP. Systematic
precursor optimization can largely maximize the catalytic advantages of
each element and Ru doping can further improve the intrinsic activity of
electrocatalysts by increasing active sites and conductivity. Also, the
micro-cluster topology can offer a large surface area that ensures suffi-
cient contact between the electrode and electrolyte. Overall, the Ru/
CuMnBP micro-clusters have a high potential in realistic industrial
applications.

2. Experimental section

2.1. Source materials and precursor preparation

The precursor solution containing copper (II) sulfate (CuSO4⋅5H2O,
≥ 98.0 %), manganese (II) sulfate (MnSO4⋅H2O, ≥ 98.0 %), sodium
hypophosphite (H2NaPO2⋅H2O,≥ 99.0 %), boric acid (H3BO3,≥ 99.5 %)
and urea (CH4N2O, ≥ 99.0 %) dissolved in 30 mL DI water was used for
the fabrication of CuMnBP electrode. All the chemicals were purchased
from Sigma-Aldrich (USA) and were used as received without further
purification. Details regarding the molarity used and concentration
optimization are provided in the corresponding section. Ruthenium (III)
chloride (RuCl3⋅H2O, ≥ 99.98 %) was dissolved in 30 mL DI water to
make a homogeneous Ru precursor for the doping process. The molarity
of Ru was specified in the corresponding section.

2.2. Fabrication of Ru/CuMnBP electrode

CuMnBP electrodes were firstly fabricated by a hydrothermal
deposition, with systematic optimization of reaction parameters and
precursor configuration. The hydrothermal reaction duration changed
from 2, 4, 8, 12 to 16 hrs at a fixed temperature of 100 ◦C and then the
temperature was varied from 100 to 160 ◦C with intervals of 20 ◦C.
Subsequently, the precursor configuration was optimized by varying the
molarity ratio of B-P and Cu-Mn. After that, the post-annealing treat-
ment was conducted and optimized to enhance electrode performance.
The annealing duration was varied at intervals of 2, 4, 8, 12, and 16 h,
while the temperature was set at 100, 200, 300, and 500 ◦C. The tem-
perature rising rate was 4 ◦C/s during the vacuum annealing process.
The surface morphology, catalytic activities and corresponding discus-
sion along with the changed parameters can be found in Fig. S7 – S18
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and supplementary S-1.2. The optimal CuMnBP electrode was achieved
under the following conditions: synthesis at 120 ◦C for 4 h, using a
precursor solution containing 6 mmol B, 6 mmol P, 1.8 mmol Cu, 0.2
mmol Mn, and 10 mmol urea, followed by annealing at 300 ◦C for 10
min. The concentration of Ru dopant, soaking time and temperature
were optimized and specified in the corresponding section. The sche-
matic of the synthesis process is displayed in Fig. S2.

2.3. Physical and optical characterization

The surface morphological and elemental analysis were performed
by using a scanning electron microscope (SEM, Regulus 8230 Hitachi,
Japan) and energy-dispersive X-ray spectrometer (EDS, Ultimax, Oxford
Instruments United Kingdom) instruments. The Raman measurement
was done in NOST system (Nostoptiks, South Korea) integrated with a
532 nm laser, spectrograph (ANDOR SR-500, United Kingdom), charge-
coupled device (CCD) and various optics. The crystallographic nature
and diffraction planes were examined by X-ray diffraction (XRD, D8
Advance, Bruker, USA) at a scanning rate of 2◦/min by the Cu Kα ra-
diation (λ = 1.5406 Å). The element composition and chemical state
were analyzed by utilizing X-ray photoelectron spectroscopy (XPS) at
1.5 KV under < 10− 8 torr with the X-ray spot size of 10 µm (FC-XP10,
Thermo Fisher Scientific, USA).

2.4. Electrochemical characterization

3-electrode (3-E) electrochemical measurements were performed by
using a standard Wizmac workstation system (Wizmac, South Korea) in
which the Ru/CuMnBP electrode was employed as a working electrode,
Ag/AgCl as reference electrode and Platinum as contour electrode
respectively. The linear scanning voltammetry (LSV) curves were
measured by applying the potential ranging from − 0.6 V to 0.2 V vs.
RHE and 1.2 V to 2.0 V vs. RHE for HER and OER respectively with a
sweeping rate of 5 mV/s. The polarization curves were plotted as
received without an iR correction. The electrochemical impedance
spectroscopy (EIS) measurements were performed in the frequency
range of 100 kHz to 0.1 Hz at 10 mA/cm2 with an amplitude of 5 mV.
The cyclic voltammetry (CV) was recorded at various scan speeds be-
tween 40 and 180 mV/s in the non-faradic potential range of 0.2–0.3 V
vs. RHE for the HER and 1.04–1.14 V vs. RHE for the OER.

3. Result and discussion

3.1. Optimization and structure characterization of Ru/CuMnBP
electrode

In this work, the Ru-doped CuMnBP, namely Ru/CuMnBP micro
clusters electrode was fabricated for overall water splitting application.
The based CuMnBP electrode was synthesized on bare nickel foam (NF)
using a hydrothermal approach. To maximize the intrinsic activity of Cu,
Mn, B and P and to improve the efficiency of the electrode, the fabri-
cation parameters have been systematically optimized such as hydro-
thermal deposition condition (duration and temperature), Cu-Mn
concentration, B-P concentration and post-annealing treatment as
shown in Figs. S7–S18. The details have been discussed in supplemen-
tary S-1.2. As a result, the precursor mixture containing 1.8 mmol of
CuSO4, 0.2 mmol of MnSO4, 6 mmol of NaH2PO2 and H3BO3 and 10
mmol of NH2CONH2 was identified to reach the highest HER/OER ac-
tivity. Here, Cu-based electrodes generally exhibited superior electrical
conductivity and stability and their multiple oxidation states are
particularly effective for the adsorption and desorption of electrolyte
ions during the redox reaction [13]. Similarly, Mn’s reversible cycling
among their oxidation states is favorable for OER reaction and its low
electrical conductivity can be compensated by the incorporation of Cu
element [27]. As for boron (B), owing to its distinctive electronic
properties of forming strong chemical bonds with itself and with metal

atoms, it can serve as a bridge among the deposited atoms [19]. P-
containing materials exhibited fast carrier mobility and strong electro-
negativity, which can significantly boost the absorption of positively
charged protons (H+) [28,29]. Here, the incorporation of B and P can
also improve the limited ionic conductivity in Cu and Mn via the kinetic
electron transfer. The vacuum annealing process is used to further
enhance the quality of local crystallinity [28,29].

Subsequently, Ru heteroatom was doped into CuMnBP matrix using
a simple soaking approach to enhance the intrinsic activity. The doping
temperature was firstly varied as seen in Fig. S19–S22. SEM images
revealed that the pronounced micro-cluster structure remained stable at
room temperature. Nevertheless, surface agglomeration started to
appear when the doping temperature exceeded over 100 ◦C, primarily
due to the surface adatom diffusion initiated by thermal energy. The
change in surface morphology indicates the decreased active surface
area, which negatively affects catalytic activity. The EDS spectra and
HER/OER activity for this set are provided in Fig. S19–S22. The doping
duration was then varied from 5 to 20 mins as seen in Fig. S23–S26. The
microcluster was stably maintained on the nickel foam as shown in
Fig. S23. The EDS spectra are provided in Fig. S24–S25. The best HER/
OER results were obtained at 10 mins as seen in Fig. S26.

Fig. 1 shows the surface characterization of Ru/CuMnBP electrodes
for the Ru dopant concentration variation set. Despite the increased
molarity of Ru, there was no obvious change in surface morphology as
seen in Fig. 1a-d. The EDS spectrum for the 1 mg sample is shown in
Fig. 1e, revealing the coexistence of Ru, Cu, Mn, B and P elements. The
EDS phase maps for single particles are shown in Fig. 1(f–f-5), indicating
that Ru dopant was uniformly loaded on the CuMnBP matrix. The cor-
responding line profiles in Fig. 1(g-1–g-5) clearly shows the elemental
distribution across micro cluster structure. The weight percentage
indicated that only a small fraction amount of Ru was used here. The
large-scale SEM images and EDS spectra are provided in Fig. S27–S29.

The Raman spectra for this set are shown in Fig. 2a, where several
characteristic peaks were observed at 467, 604, 995 and 1061 cm− 1. The
Raman band at 467 cm− 1 is similar to the Mn–O bond [30]. The peak at
603 cm− 1 can be related to the Cu–O bonds due to the existence of CuO
and Cu(OH)2 [13]. The Raman peaks at 995 and 1061 cm− 1 can corre-
spond to antisymmetric stretching vibrations of the phosphate [PO4]3−

ligands and the peak centered at 1035 cm− 1 might correspond to active
oxygen species (O–O) [31–33]. Here, the 1 mg Ru sample demonstrated
the highest peak intensity, indicating high-quality crystallinity. How-
ever, along with the increased molarity of Ru, the peak intensity grad-
ually decreased. The trend in peak intensity changes for 995 and 1061
cm− 1 can be found in the corresponding contour plots in Fig. 2(a-1–a-2).
The degradation can be mainly due to the increased density of spatial
arrangements during the heteroatom doping, which can increase the
possibility of a disorder in surface crystallinity [34]. X-ray diffraction
(XRD) was employed to examine the polycrystalline structure of the Ru/
CuMnBP electrode as shown in Fig. 2b. The two main diffraction peaks
at 44.12⁰ and 51.40⁰ correspond to the (111) and (200) planes of bare
nickel foam substrate [35]. Additionally, several small peaks at 26.93,
31.80, 33.06, 34.99, 59.28 and 61.25⁰ were observed together with
multiple secondary peaks throughout the spectrum. However, after
comparing with ICCD/JCPDS database, there are no exactly matched
XRD patterns as seen in Figs. S39–S40. This indicated that the crystalline
orientation was randomly distributed on the surface of the electrode,
resulting in mixed phases due to the polycrystalline nature of the Ru/
CuMnBP electrode [36]. It is worth mentioning that the polycrystalline
nature of the electrode could accelerate the reaction kinetics by
enhancing the electron density [37,38]. Also, more active sites can be
exposed as compared to the surface in the single crystal phase. On the
other hand, Ru heteroatom doping can generate more surface regions
that are oriented in different directions. Such increased grain boundaries
in polycrystalline structures demonstrate enhanced stability since mul-
tiple grains can distribute stress and strain more effectively [39]. A more
details discussion of XRD can be found in the supplementary S-1.7.

S. Lin et al.



Journal of Colloid And Interface Science 677 (2025) 587–598

590

To probe the surface elemental composition and valance states of
Ru/CuMnBP electrode, an X-ray photoelectron spectroscopy (XPS) was
performed as shown in Fig. 2(c–c-5). The full spectrum in Fig. 2c con-
firms the co-existence of Ru, Cu, Mn, B and P elements. In the high-
resolution Ru 3d spectrum in Fig. 2(c-1), three peaks were observed,
located at 279.6, 285.4 and 284.8 eV. The peaks at 284.8 and 279.6 eV
can be assigned to the Ru 3d3/2 and 3d5/2 and the peak centered at 285.4
eV corresponds to the C–C bond [40]. As compared to the pristine Ru
3d3/2 and 3d5/2 peaks at 280.1 and 284.27 eV according to the XPS
handbook, the negative shift was observed, indicating the increased
electron density in the vicinity of Ru atoms [41]. Here, the binding
energy (BE) shift in Ru is probably due to the lattice strain and local
electronic redistribution [42]. For Cu 2p spectrum in Fig. 2(c-2), the
peaks at 933.61 and 953.34 eV correspond to Cu+ 2p3/2 and 2p1/2,
indicating the formation of Cu2O [43]. The BEs of 935.68 and 954.58 eV
are related to Cu2+ 2p3/2 and 2p1/2, suggesting the existence of CuO on
the surface [43,44]. The shake-up satellite peaks were found at 942.43
and 962.0 eV [43]. The pristine Cu 2p3/2 and 2p1/2 peaks are located at
933.4 and 953.3 eV and here positive shift was demonstrated for both,
indicating the electron donating process and the strong electronic
interaction [43]. In Mn 2p spectrum, the BE values of 640.5 and 650.2
eV corresponding to MnO and peaks at 642.4 and 652.8 eV indicated the
presence of MnO2 [44]. As compared to its pristine peaks of Mn 2p3/2
and 2p1/2 (639.0 and 650.05 eV), the deconvoluted peaks exhibited a

slightly positive shift, meaning the kinetic electron transfer process from
Mn to other elements. In P 2p spectrum, P 2p3/2 and 2p1/2 peaks were
found at 129.17 and 130.0 eV, which exhibited negative shifts of 0.73
and 0.74 eV from its pristine positions (129.9 and 130.74 eV) respec-
tively. BE shifting towards lower energy indicated more electron occu-
pation near P atoms [42]. The deconvoluted peaks centered at 131.03
and 136.93 eV correspond to (PO4)3− and P2O5 respectively [45]. Here,
P has various oxidation states and its valence can change from P3+ to Px+

(x < 5). The BEs of its intermediate oxides are generally located from
131 to 136 eV [46]. The B 1s spectrum in Fig. 2(c-5) exhibits two distinct
peaks at 190.7 and 186.8 eV, which are assigned to the B2O3 oxidation
states and B0 elemental state [47]. The B 1s level exhibited a negative
shift of 2.6 eV from its initial position (189.4 eV), indicating increased
electron density and orbital hybridization with other elements.[47]
With regard to O 1s spectrum as seen in Fig. S56a, three peaks were
observed, located at 535.7, 534.0 and 531.5 eV, which were assigned to
absorbed H2O, M–OH and M–O bonds (M = Ru, Cu and Mn) [48]. The
pristine O 1s peak is found at 531.0 eV and here the negative shift in-
dicates gaining electrons to form metal-oxide bond [48]. Overall, the
kinetic electron transfer process among Cu, Mn, B and P indicated the
strong bond chemical bond formation and the addition of Ru heteroatom
demonstrated the ability to modulate the electronic structure of
CuMnBP matrix. Additional XPS discussions are provided in supple-
mentary S-1.8.

Fig. 1. Ru/CuMnBP electrodes with Ru dopant concentration variation. (a–d) SEM images of Ru/CuMnBP electrodes. (e) EDS spectrum of 1 mg Ru/CuMnBP
electrode. (f–f-5) EDS phase maps of Ru Lα, Cu Lα1, Mn Lα1, P Kα and B Kα. (g–g-5) EDS line profiles.
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3.2. Electrochemical characterization of Ru/CuMnBP electrode

Fig. 3 shows the electrochemical performance of Ru/CuMnBP elec-
trodes in a 3-electrode (3-E) setup, with varying molarities of Ru in 1 M
KOH. The HER/OER linear sweep voltammetry (LSV) results are pre-
sented in Fig. 3a and Fig. 3e. Both HER and OER activity followed the
order of 1 mg > 3 mg > 5 mg > 10 mg. The 1 mg sample exhibited the
lowest overpotential values of 67 and 346 mV at the current density of
100 mA/cm2 for HER/OER respectively. This superior performance of
the 1 mg sample can be attributed to its highest surface crystallinity,
which is crucial for efficient charge transfer and transport. Additionally,
the balance between the trap states and extra active sites is imperative
and here I mg was proved to be the optimal molarity for maximizing the
intrinsic activity. The specific values at 50 and 100 mA/cm2 are shown
in Fig. 3(a-1) and Fig. 3(e-1). In terms of gas generation mechanism, the
HER reaction in an alkaline medium can be described as the Volmer and
Heyrovsky steps, in which the active sites of the metal can react with the
water molecule. M+H2O → M-H*+ OH (Volmer step), M-H*+ H2O+e−

→ M+OH− + H2 (Heyrovsky step). At the same time, the high coverage
of M-H species tends to combine, indicating the Tafel step (2 M-H* → 2
M+H2) [10,49]. The alkaline OER reaction pathway can be summarized
by the following steps[10,49]: OH− +M=M-OH+e− , M-OH+OH− =M-
O+H2O+e− , 2 M-O→2M+O2. Another reaction route can also occur M-
O+OH− = M-OOH+e− ; M-OOH+OH− → O2 + H2O+e− + M. M repre-
sents the metallic active sites (Cu, Mn and Ru). On the other hand, the
oxidation peaks were commonly observed in all OER results, mainly due
to the oxidation state transformation of Co0/CuIII and Mn(II)/Mn(IV)

[10,49]. The full scan CV measurement and detailed discussion are
provided in Fig. S41 and supplementary S-1.5. Further, to get detailed
insights into HER and OER kinetics, the Tafel slopes were studied as
shown in Fig. 3(a-2) and Fig. 3(e-2). The 1 mg electrode shows the
smallest Tafel slope of 59 and 186 mV/dec for HER/OER as compared to
other electrodes, indicating the highest reaction rate and improved
charge transfer characteristics. The Tafel slope of HER is located in be-
tween the well-known Tafel slopes of 40 and 120 mV/dec, meaning that
the reactions are dominated by the Heyrovsky step. For OER, the slope
value over 120 mV/dec indicated that the rate-determining reactions
may involve beyond simple electron transfer processes such as the for-
mation of M-OH active sites or M-O species [50]. Electrochemical
impedance spectroscopy (EIS) measurement was conducted to further
probe the HER/OER kinetics as seen in Fig. 3b and Fig. 3f. The 1 mg
electrode had the lowest charge transfer (Rct) value of 23.62 Ω at 0.011
V for HER and 35.43 Ω at 1.31 V for OER respectively. These lower
resistance values can be attributed to the improved conductivity and
faster charge transferability between the surface of the electrode and
electrolyte [51]. To assess the electrochemical active surface area
(ECSA) of the electrode, the double layer capacitance (Cdl) was calcu-
lated as seen in Fig. 3c and Fig. 3g based on the CV measurement. The
corresponding anodic and cathodic current density plots are shown in
Figs. S30–S32. The highest Cdl value was observed in the 1 mg electrode
with the Cdl of 8.9 and 7.5 mF/cm2 for HER/OER, indicating the highest
electrochemical active surface area. The ECSA was calculated to be
111.25 and 94.5 mF/cm2 for HER and OER using the equation of ECSA
= A × Cdl/Cs [52]. A is the geometric surface area of Ru/CuMnBP. Cs

Fig. 2. Structural analyses on the Ru/CuMnBP electrode. (a) Raman spectra of Ru/CuMnBP in Ru concentration variation set. (a-1–a-2) Corresponding Raman
contour plots at 995 and 1061 cm− 1. (b) X-ray diffraction (XRD) pattern. (c) X-ray photoelectron spectroscopy (XPS) full scan of Ru/CuMnBP. (c-1–c-5) Zoom-in XPS
spectra of Ru 3d, Cu2p, Mn 2p, P 2p and B 1s.
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represents the surface electronic double layer of the ideal smooth elec-
trode, typically taken as 0.040 mF/cm2 in an alkaline solution. Turnover
frequency (TOF) values were calculated to assess the intrinsic activity of
the Ru/CuMnBP electrode as seen in Fig. 3d and 3 h. Here, it was
assumed that all the atoms were actively participating in the redox re-
action. Similarly, the 1 mg sample demonstrated the lowest value of 4.9
and 1.6 site− 1 s− 1 for HER/OER, indicating improved catalytic activity.
The detailed calculation and description were provided in supplemen-
tary S-1.6. The Ru doping effect on CuMnBP was also systematically
investigated as seen in Fig. S33–S38 and the corresponding discussion is
provided in supplementary S-1.10.

In addition, to determine the faradic efficiency (EF), the generated
H2 and O2 from experimental results and theoretical calculations were
compared. The experimentally generated H2 and O2 were collected by
using the water–gas displacement method as seen in Fig. S42 and the CA
measurement was conducted at 60 mA for a constant 30 min. The
detailed calculations are provided in supplementary S-1.10. The specific
values from experimental and theoretical calculation along with the
time progression are shown in Fig. S43. Here, the Ru/CuMnBP electrode
demonstrated 93.5 and 91.8 % efficiency respectively as seen in Fig. 4a.

Overall the optimized Ru/CuMnBP electrode exhibited improved HER/
OER catalytic performance. The enlarged surface area, enhanced elec-
trical conductivity and increased quality of crystallinity enabled a high
rate of adsorption and desorption of hydride/oxyhydroxide in-
termediates. Also, the balance between Cu and Mn has maximized the
intransitive activity and minimized the by-product generation. The B-P
ratio adjustment further optimizes the absorption energy of active sites
towards intermediates by altering the electronic structure of metals and
forming metal-boride or metal-phosphide bonds. Moreover, as discussed
in the XPS section, the kinetic electron transfer from B and P can lead to
electron-enriched active sites, which are particularly good for catalytic
reactions. Meanwhile, the Ru doping induced the formation of addi-
tional active sites and presented the modulated electronic structure,
which is also critical for gas generation [52]. Fig. 4b-c shows the HER
and OER performance comparison of the as-prepared best Ru/CuMnBP
electrode. In Fig. 4b, it was found that the Ru/CuMnBP electrode
demonstrated quite good HER activity, which ranks it as one of the best
electrocatalysts among recent publications. The OER activity of Ru/
CuMnBP is also comparable to other transition-metal-based electrodes
as seen in Fig. 4c. The specific values are provided in Table 1 and S1.

Fig. 3. 3-electrode (3-E) electrochemical analyses on the Ru doping concentration variation set in 1 M KOH. (a, e) HER/OER polarization curves. (a-1, e-1) Specific
overpotentials at 50 and 100 mA/cm2. (a-2, e-2) Tafel slopes. (b, f) Electrochemical impedance spectroscopy (EIS). (c, g) Double-layer capacitance (Cdl) values. (d,h)
Turnover frequency (TOF) values.
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Further, the electrochemical performance of Ru/CuMnBP was tested in
different pH media such as KOH, H2SO4 and neutral PBS solutions and
was compared with benchmark Pt/C and RuO2 electrodes as seen in
Fig. 4d–i. The fabrication details of Pt/C and RuO2 electrodes are pro-
vided in supplementary S-1.5 and the corresponding surface morpho-
logical, optical and electrochemical characterization are shown in

Fig. S5–S6. In alkaline media in Fig. 4d, the Ru/CuMnBP electrode
demonstrated 36 mV overpotential at 50 mA/cm2, while 63 mV is
required for the Pt/C electrode to reach the same current density. For
OER as seen in Fig. 4g, The catalytic activity of Ru/CuMnBP is compa-
rable to the reference electrode with 266 mV at 50 mA/cm2 as compared
to the 270 mV in RuO2. In an acidic solution, slight degradation
appeared for HER at high current density for both Ru/CuMnBP and Pt/C
with the overpotential values of 307 and 263 mV at 500 mA/cm2 as seen
in Fig. 4e. For OER in Fig. 4h, both electrodes also exhibited decreased
activity with the overpotential values of 1059 and 916 mV reaching 500
mA/cm2. As an oxidizing agent, it interacts with the metal or metalloid
species on the surface and causes corrosion, which results in a decrease
in performance [53]. In PBS solutions as seen in Fig. 4f and i, more
degradation was observed here, which is mainly due to the poor con-
ductivity, that limited the charger transfer process [54]. As compared to
bare Ni foam as seen in Fig. S44, the Ru/CuMnBP electrode demon-
strated large enhancement, indicating superior high intrinsic activity.
Further, the steady-state response in KOH solution was conducted for
both HER at 0.01, 0.03, 0.06 and 0.12 V and OER at 1.31, 1.57, 1.63 and
1.68 V for ~ 30 min as shown in Fig. S45. The CA output was stably
maintained at a certain current density and after comparing the values
obtained from LSV curves, there were neglectable changes without
exceeding 1.44 % and 2.52 % for both HER and OER respectively [55].
The repeatability test was performed via testing the HER/OERr results
after 1000 cycles CV measurement as seen in Fig. S46. The obtained
results are almost similar to the initial value.

Based on the above results, the 2-electrode (2-E) activities of Ru/
CuMnBP in different pH media were examined and summarized in
Fig. S47 by taking Ru/CuMnBP electrodes as both anodic and cathode,
namely Ru/CuMnBP || Ru/CuMnBP. The LSV results show that the cell
voltages of 2.03, 2.59 and 2.84 V were required at 500 mA/cm2 in
alkaline, acidic and neutral media respectively. Especially, in the KOH

Fig. 4. 3-E electrochemical performances of the best Ru/CuMnBP electrode in different pH solutions as compared with the benchmark electrodes. (a) Faradic ef-
ficiency at different time intervals for HER and OER. (b, c) HER/OER performance comparison of the state of art electrodes at 50 mA/cm2. (d–f) HER polarization
curves in 1 M KOH, 0.5 M H2SO4 and 1 M PBS. (g–i) OER polarization curves.

Table 1
3-E HER performance comparison of transition metal-based electrodes at the
current density of 10 and 50 mA/cm2.

Electrocatalysts Electrolyte
Solution

Overpotential
[mV] at 10
mA/cm2

Overpotential
[mV] at 50
mA/cm2

Reference

Cu/Ru@GN 1 M KOH 8 25 [63]
Ru/CuMnBP 1 M KOH 11 36 This

work
MoNi4/MoO3-X 1 M KOH 17 38 [64]
Ni-S-Mn
deposits

1 M KOH 20 75 [65]

W3CoB3 1 M KOH 21 74 [66]
Fe0.5Co0.5P
nanowires

0.5 m
H2SO4

37 48 [67]

NiMoB 1 M KOH 37 97 [38]
CoP 0.5 m

H2SO4

67 150 [68]

CoMnB 1 M KOH − 98 [69]
NiP1.93Se0.07 0.5

M H2SO4

102 − [70]

Mn-Ni2P 1 M NaOH 103 180 [71]
Ni–Cu–P film 1 M KOH 120 160 [72]
CoCuP 1 M KOH 138 190 [73]
Cu3P NW array 0.5 m

H2SO4

143 240 [74]

Cu3P/CM 1 M KOH 252 390 [75]
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solution, Ru/CuMnBP demonstrated comparable performance to the
benchmark system. Given the high rate of production generation and
economic advantages, the decent catalytic activity at current density
(>500 mA/cm2) is critical for industrial application [6]. Hence, the
electrochemical performance at a high current density of 2000 mA/cm2

was tested as seen in Fig. 5. In Fig. 5a, the Ru/CuMnBP demonstrated a
better result at 2000 mA/cm2 with the cell voltage of 3.13 V as
compared to the benchmark system of 3.21 V. Further, the Ru/CuMnBP
|| Ru/CuMnBP system was tested in 6 M KOH solution as seen in Fig. 5b.
A lower voltage of 2.85 V was required to maintain the same current
density, which is mainly due to the increased concentration of K+ and
OH− ions. The long-term stability is another critical factor in evaluating
electrocatalysts and here 120 h-continuous operation was conducted in
harsh industrial conditions (6 M KOH @ 60 ◦C) as seen in Fig. 5c. The
output was stably maintained at a constant value of 2.86 V without too
much fluctuation, which is similar to the value extracted from the LSV
results. The CA response at different voltages is provided in Fig. S48,
where the results obtained from CA output matched well with that from
LSV curves. The repeatability test in Fig. S49 exhibited minor changes
after 1000 cycles of redox redox reactions. The 2-E performance was
carried out in the natural seawater (SW) and river water (RW) with and
without KOH for further study as shown in Fig. S50 and Fig. 5d. In RW as
seen in Fig. S50a, both systems exhibited quite low activity here, which
was mainly due to the lack of conductive ions in RW [42]. After the
addition of KOH into RW, 2.21 and 1.90 V at 100 mA/cm2 were required
for Ru/CuMnBP and benchmark electrode respectively. In SW in
Fig. S50b, 4.66 and 5.61 V were needed to catalyze the 800 mA/cm2 and
in SW+1 M KOH, 6.00 and 6.18 V were required to maintain 1500 mA/
cm2. Natural water may contain dissolved salts, particulates, various
chemical compounds, and interfering anions like chlorides thus reduced
performance was observed for river water.[56] despite the existence of

contains and impurities, the induced K± and OH− can effectively
improve the ionic conductivity of the solution [57].

By taking advantage of OER results of Ru/CuMnBP, a hybrid system
configured by Ru/CuMnPB, Pt/C||RuO2 was proposed. The electro-
chemical activity in 1 and 6 M KOH solution are shown in Fig. 5(e–f).
Here it was found that there is a huge increase in both experimental and
industrial conditions with the cell voltage of 2.64 and 2.54 V to maintain
the 2000 mA/cm2. Such high activity is suitable for industrial applica-
tions, indicating that the Ru/CuMnBP electrode is promising in replac-
ing the traditional RuO2 electrode. Furthermore, the long-term stability
of 12 hrs was performed as shown in Fig. 5g, revealing superior stability
without significant fluctuation in output. The electrochemical perfor-
mances of the hybrid system in different pH media are provided in
Fig. S51. CA response and stability test are provided in Figs. S52–S53,
which all confirmed the superior stability of the hybrid system. Here the
slight fluctuations in CA curves at 1500 and 2000 mA/cm2 can be due to
the high-rate bubble generation and high polarization environment. The
SW+KOH examination of the hybrid system in Fig. 5h demonstrated a
better catalytic activity of 5.27 V at 1500 mA/cm2 than others. The
performances in pure SW and RW+KOH are provided in Fig. S54.
Overall, the electrochemical properties of Ru/CuMnBP electrode are
summarized in Tables S2 – S4. The comparison of two-electrode per-
formance with other transition metal-based electrodes at 50 mA/cm2 in
1 M KOH is provided in Fig. 5i and the corresponding specific values are
summarized in Table 2.

3.3. Characterization after stability test

Fig. 6 shows the morphological and optical analysis of Ru/CuMnBP
electrode following the stability test. The SEM image of the fresh elec-
trode in Fig. 6a shows the micro-clusters approximately 1 µm in width

Fig. 5. 2-E performance of Ru/CuMnBP MPs, Hybrid and benchmark in different KOH and natural water. (a) Bi-functional performances of Ru/CuMnBP in 1 M KOH
at high current density. (b) Comparison of high-current LSV in 1 M (25 ◦C) and 6 M (60 ◦C) KOH. (c) Stability performance in 6 M KOH at 60 ◦C for 120 h. (d) 2-E
performance in seawater (SW) + KOH. (e) 2-E performance of hybrid, Ru/CuMnBP and benchmark configuration in 1 M KO. (f) 2-E performance for hybrid in 1 M
(25 ◦C) and 6 M (60 ◦C) KOH. (g) Stability test at 1500 mA/cm2 for hybrid configuration. (h) LSV curves in SW+KOH. (i) 2-E performance comparison.
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while a rougher surface is observed post-stability in Fig. 6(a-1). The
increased surface roughness is likely due to the H2 or O2 bubbles for-
mation during long-time stability tests [58]. Also, the formation of
oxidation species such as MnO, CuOH and CuOOH leads to the modifi-
cation of the crystallographic structure [59–61]. The Raman analysis
before and after the stability test is shown in Fig. 6b. Less intense peaks
were observed, primarily due to local crystal phase changes and the
formation of an amorphous surface [62]. Further, the XRD pattern was

collected post-stability test as seen in Fig. 6c, revealing similar peaks to
those of the fresh Ru/CuMnBP but with a reduced intensity. The
disappearance of some sub-peaks may be attributed to the phase trans-
formation process that can alter or diminish the crystal planes [62].
Further, the XPS characterization was conducted to investigate the
chemical surface of the states of the Ru/CuMnBP electrode after stability
measurement as shown in Fig. 6(d–d-4). For Ru 3d, no obvious changes
were observed. In the case of Cu 2p spectrum in Fig. 6(d-2), an increase
in CuO portion and peak intensity of the corresponding shakeup satellite
peaks were noted, which was mainly due to the oxidation process.
Similarly, for B 1s and P 2p spectra, the corresponding oxidation states
are more pronounced due to the inevitable oxidation. The O 1s spectrum
in Fig. S56(b) also exhibited an increased portion of oxidation states of
M-O (Ru, Cu and Mn). The electrochemical performance compassion
was before and after the stability test as seen in Fig. S55, indicating that
the results are repeatable with minimal differences.

4. Conclusion

In summary, a novel bifunctional Ru/CuMnBP electrode was suc-
cessfully fabricated for electrochemical water splitting application. The
electrode required extremely low overpotentials of 11 mV for HER and
85 mV for OER at 10 mA/cm2, facilitating efficient overall water split-
ting with a cell voltage of 1.53 V at 10 mA/cm2. The superior catalytic
activity of the Ru/CuMnBP electrode can be attributed to the balanced
incorporation of Cu, Mn, B and P components along with Ru heteroatom
doping which induced an increased number of active sites, improved
conductivity and enhanced ECSA. At the industrial-level current density

Table 2
Comparison of 2-electrode overall water splitting performance of transition
metal-based electrode at the current density of 50 mA/cm2.

Electrocatalysts Electrolyte Solution Overpotential [V]
at 50 mA/cm2

Reference

FeNiSe 1 M KOH 1.36 [76]
W3CoB3 1 M KOH 1.52 [66]
Ru/CuMnBP 1 M KOH 1.53 This work
NiMoB 1 M KOH 1.61 [38]
NiCo2S4 1 M KOH 1.63 [77]
Cu0.4Ni0.3
− Co0.3Se2

1 M KOH 1.67 [78]

CoMnB 1 M KOH 1.68 [69]
Co-Cu3P/CF 1 M KOH 1.71 [79]
Mo/Mn-Ni-S/NF 1 M KOH 1.77 [80]
Ni-Fe-O 1 M KOH 1.78 [81]
Cu2S-Co(OH)2/Cu 1 M KOH 1.79 [82]
CuFe/NF 1 M KOH 1.82 [83]
Cu-Co-Se 1 M KOH 1.98 [84]
Co-Ni-B 1 M KOH 2.05 [85]

Fig. 6. Surface and elemental characterization of Ru/CuMnPB electrode after stability performance. SEM images of (a) Before and (a-1) After stability test at 1000
mA/cm2 for 12 hrs. (b) Raman spectra comparison. (c) XRD spectra comparison. (d) Full scan of XPS spectrum of Ru/CuMnBP (anode) after the stability test. (d-1–d-
5) High-resolution XPS spectra as labeled.
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of 2000 mA/cm2, the Ru/CuMnBP electrode demonstrated a cell voltage
of 3.13 V, which is comparable to the benchmark system. Furthermore,
the hybrid configuration of Pt/C||Ru/CuMnBP exhibited much
enhanced catalyst activity, requiring only 2.64 V to maintain 2000 mA/
cm2. Also, the Ru/CuMnBP demonstrated splitting capability in acid,
neutral, river water and seawater, making it a promising alternative for
realistic application. Overall, our work not only offers new insights into
the catalytic behavior at industrial-level current densities but also in-
troduces a novel highly effective bi-functional electrode with high po-
tential to replace traditional benchmark systems.
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