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A B S T R A C T

Single-phase rhombohedral CrxRh2− xO3 nanofibers are demonstrated as an excellent and stable electrocatalyst 
for oxygen evolution reaction (OER) under alkaline condition. Facile optimization of the annealing temperature 
for electrospun nanofibers composed of Cr/Rh metal precursors and poly(vinylpyrrolidone) could produce highly 
porous nanofibers of single-phase CrxRh2− xO3 by randomly distributing two metal ions of Cr3+ and Rh3+ in the 
rhombohedral crystalline lattice sites. Single-phase CrxRh2− xO3 could then induce the best synergistic effect of Cr 
and Rh owing to the perturbation of the surface electronic structure of the electrocatalyst active site and much 
enlarged electroactive surface area. Density functional theory (DFT) simulation integrated with experimental 
data indicated that the increased activity was due to moderate d-band center energy levels. This regulates oxygen 
desorption and adsorption capacities in the intermediates (*OH, *O, and *OOH). Conclusively, CrxRh2− xO3 
nanofibers exhibited superior OER catalytic performances (low overpotential and Tafel slope with high stability 
and easy product desorption) compared to other Rh-related catalysts reported to date.

1. Introduction

As a clean energy source, hydrogen is presented as an important 
alternative and has the advantages of abundant stockpiles, sustainabil
ity, and eco-friendliness. Hydrogen production through electrochemical 
water splitting is considered as one of the sustainable zero-carbon 
emission strategies, compared to the typical vapor formation or coal 
gasification based on the reaction between fossil fuels and steam [1–3]. 
However, it is still difficult to achieve high-efficiency hydrogen pro
duction on an industrial scale using renewable energy. Essentially, the 
oxygen evolution reaction (OER) at the anode as a half-cell reaction of 
the water electrolyzer has much slower kinetics than the hydrogen 
evolution reaction at the cathode due to the slow four-electron transfer 
process of the OER [4–7]. Thus, the development of cost-effective 
electrocatalysts to accelerate the sluggish kinetics of OER with 
enhanced durability is an important step toward realizing this goal.

Generally, rutile-structured Ru and Ir oxides have been known as 
state-of-the-art electrocatalysts that considerably improve the electro
catalytic performances for OER [8–12] However, their practical appli
cations still suffer from their limited resources, prohibitive cost of noble 
metal, and poor durability [13]. To address the aforementioned limi
tations, tremendous strategies have been developed for more efficient 
utilization of precious metals while improving OER catalyst activity and 
stability and reducing precious metal usage. The existing strategies can 
be classified into two major types: (1) adjusting the morphology of 
catalyst to expose more active sites, such as nanoparticles/nanoframes 
[14–17], nanotubes/nanoneedles [18,19], and nanosheets [20,21]; and 
(2) altering the electronic structure of the catalyst to control interme
diate adsorption, which in turn improves the intrinsic activity of each 
active site, including a mixed phase or solid solution with first-row 
transition metals (Ni, Co, Cu, and Cr, etc.) [22–26]. Common sense is 
that the surface electronic structure is a major factor influencing the 
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catalytic activity, and in particular, the incorporation of heteroatoms 
can control the intrinsic electronic structure of the electrocatalyst active 
site [27].

Particularly, Cr has recently attracted more attention as a potential 
electrode material for OER [28], due to its various attainable redox 
states (Cr0, Cr2+, Cr3+ and Cr6+) and substantial abundance in the 
earth’s crust [29]. Cr is also a critical component of stainless steel, which 
is used as the current collector in alkaline electrolyzers [30]. In light of 
several studies applying Cr as an electrocatalytic component, it is clear 
that pure Cr is generally considered catalytically inert due to its low 
electronic conductivity but Cr contributes indirectly to the observed 
activity [30,31]. To the best of our knowledge, only a few nanomaterials 
fabricated with a combination of Cr and noble metal have been reported, 
in an attempt to circumvent the cost and complexity of electrocatalytic 
components [25,26,32]. Thus, a better understanding of the physico
chemical properties of the Cr-based electrocatalysts and their develop
ment using a facile synthetic methodology are still challenging.

In this paper, we demonstrate, for the first time, the synthesis of 
single-phase rhombohedral structured CrxRh2− xO3 porous nanofibers by 
electrospinning and following calcination step and scrutinize their 
electrochemical performances as a promising electrocatalyst for effec
tive OER in alkaline condition. In general, electrospinning is a remark
ably simple and versatile technology, and is currently considered one of 
the most fascinating directions for the manufacture of low-dimensional 
nanostructures with various morphologies [33–35]. By simply modi
fying annealing temperature, we successfully synthesized single-phase 
nanomaterials having optimal electronic synergistic effect between Cr 
and Rh ions, and figured out how elaborate condition affects porous 
structures (e.g., pore size) that maximize the benefits of electrospinning 
technology. Density functional theory (DFT) analysis indicates that 
CrRhO3 can intensify the charge distribution and elevate the density of 
states (DOS) near the Fermi level, thus consequently increasing 
CrRhO3’s energy level. Since OER overpotentials are strongly related to 
the energy level of the d-band center (εd) [36], a moderate increase in 
the energy levels induces this trend while balancing the 
oxygen-containing intermediates’ adsorption and desorption capacities 
(*OH, *O, and *OOH). Therefore, the significantly improved OER ac
tivity of single-phase rhombohedral electrospun CrxRh2− xO3 suggests 
our synthetic methodology applicable to new materials as an effective 
OER electrocatalyst.

2. Experimental

2.1. Materials

Chromium(III) chloride hexa-hydrate (CrCl3⋅6H2O ≥ 98.0 %), 
rhodium(III) chloride hydrate (RhCl3⋅xH2O ≥ 99.9 %), poly(vinyl
pyrrolidone) (PVP, MW ≈ 1300,000), potassium hydroxide (KOH), po
tassium hexacyanoferrate (III), potassium chloride and Nafion (5 wt % 
solution) were purchased from Sigma-Aldrich (St. Louis, MO. USA). N,N- 
dimethyl-formamide (DMF, extra pure grade) was purchased from 
DUKSAN (Korea). Commercial iridium (Ir/C, 20 wt % Ir loaded on 
Vulcan XC-72) was purchased from Premetek Company. All aqueous 
solutions were prepared using deionized water (resistivity ≥ 18 
MΩ⋅cm).

2.2. Synthetic methods of CrxRh2− xO3 nanofibers

CrxRh2− xO3 nanofibers were synthesized through electrospinning 
and subsequent heat treatment. 20.9 mg of rhodium precursor 
(RhCl3⋅xH2O, 0.1 mM) and 26.6 mg of chromium precursor 
(CrCl3⋅6H2O, 0.1 mM) were added to 2.2 mL of a mixed solvent (DMF: 
deionized water = 1.2:1) and completely dissolved by 10 min of soni
cation. 300 mg of PVP was added to the solution and stirred at 450 rpm 
for 17 h for stabilization. The prepared homogeneous mixture was 
placed in a plastic syringe, connected to a needle tip, and mounted on an 

electrospinning device (Nano NC ESR200R2). The distance between the 
needle tip and collector was adjusted to 11 cm where a voltage of 12.5 
kV was applied and the precursor solution radiated through the needle 
at a speed of 7 μL min− 1. The collected spun-fibers were heated to four 
different targeted temperatures (400, 450, 500 and 550 ◦C) at a rate of 
10 ◦C min− 1 and maintained for 1 h and 30 min under a condition where 
He and O2 flow 90 sccm and 5 sccm, respectively. For comparison, 
chromium oxide and rhodium oxide, which were single metal oxides, 
were synthesized in the same manner using only one metal precursor 
(either CrCl3⋅6H2O or RhCl3⋅xH2O) with an annealing temperature of 
450 ◦C.

2.3. Physical characterization

Morphologies, physical structures and chemical compositions of the 
synthesized nanofibers were characterized by using inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES; Perkin-Elmer OPTIMA 
8300), X-ray diffraction (XRD; Rigaku D/Max-2000/PC X-ray diffrac
tometer using Cu Kα radiation), field-emission scanning electron mi
croscopy (FE-SEM; JOEL JSM-7610F equipped with energy dispersive X- 
ray spectrometer (EDS)), high-resolution transmission electron micro
scopy (HR-TEM; JEOL JEM-ARM 200F NEOARM) equipped with 
selected area electron diffraction (SAED) micrographs and energy 
dispersive X-ray spectroscopy (EDS) mapping and angle-resolved X-ray 
photoelectron spectrometer (XPS). Nitrogen adsorption-desorption 
isotherm was obtained utilizing a BELSORP-max instrument at a tem
perature of 77 K.

2.4. Electrochemical measurements

Electrochemical measurements were performed using a three- 
electrode system on a CHI920C electrochemical station (CH In
struments). A Pt wire and a saturated calomel electrode (SCE) were used 
as the counter electrode and reference electrode, respectively. The 
catalyst ink was prepared by dispersing each prepared catalyst in 
deionized water to a concentration of 2 mg mL− 1. 6 µL each of the well- 
dispersed samples was loaded on a glassy carbon (GC, diameter: 3 mm) 
disk electrode and dried for 10 min at 60 ◦C in an oven. This process was 
repeated five times to load 60 µg of each synthesized nanomaterial in 
total. Then, 10 µL of 0.1 wt % Nafion (diluted in ethanol) was added 
dropwise onto the modified-GC electrode and dried in an oven for 10 
min. A GC rotating disk electrode (RDE) loaded with each sample was 
used as the working electrode. All the potentials in SCE scale were 
converted to reversible hydrogen electrode (RHE) scale potentials to 
remove the pH effect and corrected with iR-compensation (100 %). To 
measure the catalytic activities toward the OER, RDE voltammetry was 
carried out using an electrochemical analyzer (RDE-1 rotor/Epsilon 
electrochemical analyzed, BASi) in Ar-saturated 1.0 M KOH aqueous 
(aq) solution at a rotation rate of 1600 rpm. Cyclic voltammetry (CV) 
tests were performed in a non-faradaic potential range of 0.2 V in 1.0 M 
KOH (aq) solution to estimate the capacitive currents of the catalysts. 
Electrochemical impedance spectroscopy (EIS) was conducted in 1.0 M 
KOH (aq) solution at a potential of 1.517 V (vs RHE) in the frequency 
range from 0.01 Hz to 1 kHz. Each of the OER polarization curves was 
normalized to the electrode geometric surface areas (GSAs). The GSAs 
were obtained with chronocoulometry (CC) experiments in 0.1 M KCl 
solution containing 10 mM K3[Fe(CN)6] [37].

2.5. Computational methods

According to the XRD results, we carefully examined the electro
catalyst and its crystalline structure via density functional theory (DFT) 
calculations using Vienna ab initio Simulation Package (VASP) [38,39]. 
The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
was applied along with Grimme’s DFT-D3 functional with a 
semi-empirical GGA type theory [40]. The projector augmented wave 
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method (PAW) was implemented in VASP for ion-electron interactions 
[41]. To prevent the atom interaction between neighboring slabs, vac
uum layer of 16 Å was applied in the Z direction. Plane-wave basis set 
520 eV was fixed as cut-off energy. The 2 × 2 × 1 supercell was con
structed and relaxed totally until the Hellman-Feynman forces were 
lower than 0.02 eV Å− 1. For Brillouin zone sampling, a Γ-centered 7 × 2 
× 1 k-point mesh was employed, offering sufficient accuracy for surface 
slab calculations and capturing the system’s anisotropic periodicity.

The formation energy (Ef) is defined as in Eq. (1) below: 

Ef = E∗ −
∑

i
niEi (1) 

where E*, ni and Ei represent the energy of every crystal structure, the 
number of the elements in the crystal, the energy of each constituting 
element, respectively.

For the OER calculation, a four electron-mechanism was used to 
simplify the OER process. Based on the following reactions the OER 
mechanism can be expressed: 

OH− + * → OH* + e− ΔG1                                                             (2)

OH* + OH− → O* + H2O + e− ΔG2                                               (3)

O* + OH− → OOH* + e− ΔG3                                                        (4)

OOH* + OH− → O2 + * + H2O + e− ΔG4                                       (5)

where OHads, Oads, OOHads are intermediate species adsorbed on the 
active sites of catalyst and ΔG1, ΔG2, ΔG3, and ΔG4 are Gibbs free energy 
changes in each reaction step. The change in Gibbs free energy (ΔG) in 
each of the reaction steps (2) to (5) is determined using Eq. (6). 

ΔG = ΔE + ΔZPE − TΔS − neU + ΔG(pH)                                     (6)

ΔE value is calculated using the energy of the catalyst with oxygen 
species. ΔZPE and ΔS denote changes in zero-point energy and entropy, 
respectively. T represents temperature under standard conditions 
298.15 K, P = 1 bar, pH = 0). In addition, the term − neU is often used to 
correct the bias effect involved in electron transfer, where U denotes 
electrode potential. ΔG(pH) = ΔkT ln([H+]) is a free energy correction 
term based on H+ ion concentration. Theoretical overpotentials (η) of all 
considered structures were calculated by the following equation [42,
43]. 

ηOER =
max{ΔG1, ΔG2, ΔG3, ΔG4}

e
− 1.23(V) (7) 

where max{ΔG1, ΔG2, ΔG3, ΔG4} denotes the Gibbs energy change in 
the elementary step.

Fig. 1. XRD patterns of the as-prepared catalysts: (a) CrxRh2− xO3–400, (b) CrxRh2− xO3–450, (c) CrxRh2− xO3–500, (d) CrxRh2− xO3–550, (e) Cr2O3 and (f) RhOy. 
Representative patterns for CrRhO3, Cr2O3, Rh2O3, and Rh from the JCPDS database are provided for comparison.
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3. Results and discussion

3.1. Physical characterization

Cr-Rh binary metal oxides were synthesized through a facile elec
trospinning and subsequent heat treatment at a series of temperatures 
between 400 and 550 ◦C. For clarify, in this work, the as-prepared Cr-Rh 
alloy metal oxides were denoted as CrxRh2− xO3-T, where T is the cor
responding annealing temperature in ◦C (i.e., 400, 450, 500 and 550). 
The crystal structures were verified with XRD technique. Fig. 1 shows 
the diffraction peaks of Cr-Rh binary metal oxides calcined at different 
temperatures and single metal oxides (denoted as Cr2O3 and RhOy) 
synthesized at 450 ◦C. All the XRD patterns of CrxRh2− xO3-T were well 
indexed to the pure rhombohedral CrRhO3 (JCPDS 42–410), while an 
additional impurity phase was found in CrxRh2− xO3–500 and − 550. The 
eight distinct diffraction peaks of CrxRh2− xO3-T at 24.1◦, 33.1◦, 35.7◦, 
40.9◦, 49.5◦, 54.1◦, 62.5◦, and 64.1◦ were assigned to (012), (104), 
(110), (113), (024), (116), (214), and (300) planes of CrRhO3, which 
were barely observed for alloy metal oxides produced at lower annealing 
temperature, 350 ◦C (Fig. S1). The diffraction peaks of CrxRh2− xO3–400 
showed particularly weaker intensity than those of the other 
CrxRh2− xO3-T materials, suggesting the declined crystallinity owing to 
the decreased annealing temperature [44–46]. The XRD spectrum of 
CrxRh2− xO3–450 clearly showed the peaks corresponding to CrRhO3 
without other miscellaneous peaks, supporting the successful formation 
of highly pure rhombohedral CrRhO3 phase (Fig. 1b). For 
CrxRh2− xO3–500, the additional small peaks appeared at 35.0◦ and 
53.4◦ corresponding to (110) and (012) planes of Rh2O3 rhombohedral 
phase (JCPDS 41–541). CrxRh2− xO3–550, annealed at even higher 
temperature, exhibited more distinct peaks at 23.8◦, 32.8◦, 35.0◦, 
48.72◦, 53.4◦, and 61.5◦ being assigned to (116), (104), (110), (024), 
(012) and (214) planes of Rh2O3 rhombohedral phase (JCPDS 41–541). 
Note that all the peaks of rhombohedral CrRhO3 are slightly shifted to 
higher diffraction angles toward the locations of rhombohedral Cr2O3 
peaks (JCPDS 38–1479) as shown in Fig. 1a-d and Fig. S2. Given that 
Cr3+ ion (75.5 pm) is absolutely smaller than Rh3+ ion (80.5 pm), it is 
reasonable to accept that the blue-shifted peaks indicate the presence of 
greater amount of Cr than Rh in the CrRhO3 phase [47], also confirmed 
with EDS analyses (vide infra). The XRD spectrum of pure Cr2O3 in 
Fig. 1e corresponded to Cr2O3 rhombohedral structure consistent with 
the reference values (JCPDS 38–1479), indicating the well-synthesized 
single phase at the same thermal oxidation condition. As shown in 
Fig. 1f, the diffraction patterns of RhOy calcined at 450 ◦C exhibited 
complex features with predominant peaks at 23.8◦, 32.8◦, 35.0◦ 38.9◦, 
48.7◦ and 53.4◦ corresponding to (116), (104), (110), (113), (024) and 
(012) planes of rhombohedral Rh2O3 phase (JCPDS 41–541). In addi
tion, RhOy presented small peaks at 41.1◦, 47.8◦ and 69.9◦ assigned to 
(111), (200) and (220) of Rh(0) metal cubic phase (JCPDS 65–2866) and 
other peaks at 34.2◦, 60.0◦ and 62.1◦ associated with (114), (220) and 
(200) planes of orthorhombic Rh2O3 phase (JCPDS 71–674). This clearly 
demonstrates that the electrospun pure Rh oxide calcined at 450 ◦C exist 
in a mixture form of two different phases of Rh2O3 and a tiny amount of 
Rh(0) metal. In contrast, binary oxide alloys formed with Cr metal 
precursors at the same annealing temperature as 450 ◦C exist as a single 
rhombohedral phase of CrRhO3 without any by-product. Since the ionic 
size of Cr3+ and Rh3+ in the formation of CrRhO3 is not much different, it 
is reasonably suggested that Rh ions prefer to be randomly incorporated 
into Cr2O3 rather than to be presented as segregated single oxides or 
metal under precisely controlled conditions. Moreover, the incorpora
tion of Rh ions into Cr2O3 structures might cause the structural distor
tion in the synthesized CrxRh2− xO3-T; and these structural defects could 
enhance OER performance by increasing active sites for electrochemical 
catalysis, as previously reported [48–50]. In addition, the crystallite 
sizes of Cr2O3 and CrxRh2− xO3-T were calculated based on Scherrer 
equation [D = Kλ/(β⋅cosθ), where D is the mean size of the crystalline 
domains, K is the Scherrer constant, λ is the wavelength of X-ray, β is the 

peak full width at half maximum in radians, and θ is the Bragg angle] 
applied to the (104) plane for all materials [51]. The estimated crys
tallite sizes were 31.9, 30.7, 23.7, 28.6, and 28.6 nm for Cr2O3, 
CrxRh2− xO3–400, CrxRh2− xO3–450, CrxRh2− xO3–500, and 
CrxRh2− xO3–550, respectively. It suggests that the annealing tempera
ture and the incorporation of Rh3+ ions influence the crystallite sizes of 
Cr2O3 host. It should be noted that the synthesis of single rhombohedral 
CrRhO3 structure has not ever been reported previously since the X-ray 
diffraction data of the rhombohedral framework, first studied in 1961 by 
Khanolkar [52], especially none using electrospinning techniques.

In the SEM images (Fig. 2), all CrxRh2− xO3-T materials showed 
fibrous structures consistently but different surficial roughness 
depending on the thermal oxidation temperature, while as-spun mate
rials were very smooth nanofibers (Fig. S3). Due to a rather low 
annealing temperature insufficient for the complete PVP decomposition, 
CrxRh2− xO3–400 exhibited a relatively larger diameter than the other 
CrxRh2− xO3-T nanofibers (Table S1). Both CrxRh2− xO3–400 and 
CrxRh2− xO− 450 revealed the smooth surfaces. Contrastively, the surfi
cial morphology of CrxRh2− xO− 500 and CrxRh2− xO3–550 was rough, 
indicating that aggregated nanoparticles seemed to exist porously on the 
surface of nanofibers (Fig. 2c and d). RhOy showed the smooth fibrous 
shape, and Cr2O3 exhibited a collapsed tube-like shape in which small- 
sized nanoparticles formed through excessive self-aggregation were 
continuously connected. Based on the EDS results, all CrxRh2− xO3-T 
materials were similarly composed of a little higher Cr content than Rh 
even though the electrospinning precursor solution contained the equal 
atomic contents of Cr and Rh (Table S2). The molar ratio of Cr: Rh for 
CrxRh2− xO3–450 was measured to be 53.5: 46.5 from ICP-AES analysis 
(Table S3), well matched with the composition measured by EDS.

The detailed crystal structure and morphology of CrxRh2− xO3-T were 
characterized using HRTEM, as shown in Fig. 3 and Fig. S4. Interest
ingly, the TEM images showed that the nanofibers, observed as very 
smooth ones in the SEM image, were formed with nicely packed nano
particles having an average diameter of about 3 nm (Fig. 3a). HRTEM 
image and the corresponding fast Fourier transform (FFT) clearly indi
cated the high crystallinity of CrxRh2− xO3–450 (Fig. 3b). The d-spacing 
values of 0.250, 0.3677 and 0.1691 nm, measured from the lattice 
resolved HRTEM image, approximately corresponded to the (110), 
(012), and (116) lattice planes of rhombohedral CrRhO3 unit cell, 
respectively. The slight difference compared with those calculated from 
the reference CrRhO3 (JCPDS 42–410) [52] is ascribed to the difference 
in the unit cell size, consistent with the XRD peak shifts in Fig. S2. In 
Fig. 3c, EDS mapping data confirm that Cr, Rh, and O atoms are uni
formly distributed through the entire CrxRh2− xO3–450 nanofiber. To 
further investigate the impact of calcination temperature on the porous 
surface structure of the nanofibers generated via nanoparticle packing, 
the TEM images for CrxRh2− xO3-T (Fig. S4) were analyzed to determine 
the pore sizes which were plotted as a function of the annealing tem
perature (Fig. S5). These estimated values reveal that the pore sizes of 
CrxRh2− xO3-T with T ≥ 450 have a linear correlation with the annealing 
temperature, suggesting more aggregation to form larger nanoparticles 
at higher annealing temperature [53]. Generally, an elongated fibrous 
structure can provide high conductivity for electron transport [54]. 
Besides, its porous surface structure has a high specific surface area, 
which is additionally advantageous for obtaining high electrocatalytic 
activities.

To support these estimations, the porosity and BET surface area of 
the CrxRh2− xO3–450 and − 500 exhibiting the highest catalytic activity 
were analyzed as shown in Fig. S6 and Table S4. The N2 adsorption- 
desorption isotherms for both CrxRh2− xO3–450 and CrxRh2− xO3–500 
exhibited the combination of type I and type IV isotherms of the IUPAC 
classification, indicating the presence of both micropore and mesopore 
structures. The average pore diameters for CrxRh2− xO3–450 and 
CrxRh2− xO3–500 were measured to be 1.54 nm and 3.47 nm, respec
tively, from BET analysis using BJH method. These sizes are in good 
agreement with the sizes estimated by HR-TEM analysis (1.11 nm and 
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3.61 nm), thereby confirming the smaller pore size of CrxRh2− xO3–450. 
Additionally, the BET surface area of CrxRh2− xO3–450 was found to be 
318.47 m2 g− 1, which is more than double that of CrxRh2− xO3–500. This 
increase in the surface area leads to a greater exposed reactive surface, 
thereby explaining the enhanced OER activity of CrxRh2− xO3–450 
despite its comparable total pore volume to CrxRh2− xO3–500.

Fig. 4 shows the high resolution XPS spectra of CrxRh2− xO3–450. The 
low-resolution survey spectrum in Fig. 4a shows that only Cr, O, and Rh 
without other elemental traces clearly exist on the surface of the 
CrxRh2− xO3–450 evidencing the high purity. The Cr 2p XPS spectrum 
(Fig. 4b) shows two prominent peaks around 586 eV and 576 eV, which 
are typical split spin-orbit Cr 2p1/2 and Cr 2p3/2, respectively, for the 
Cr3+ in Cr2O3 [55]. In fact, the Cr3+ 2p3/2 peak was deconvoluted to five 
constituent peaks. Multiplet splitting occurs when atom has an unpaired 
electron such as Cr3+, because the unpaired electron in the outer shell 
can be coupled with that of the core shell caused by photoionization, 
resulting in various final states [55]. The binding energies and relative 
areas of Cr 2p3/2 five constituent peaks were very close to the reference 
values of Cr3+ 2p3/2 in Cr2O3 as shown in Table S5 [55]. Since none of 
these five peaks were similarly positioned to either Cr(0) 2p3/2 (574.2 
eV) or Cr4+ 2p3/2 (579.0 eV), Cr atoms in CrxRh2− xO3–450 were 
considered to have an oxidation state of +3 [56]. Rh 3d doublet peaks at 
313.2 eV and 308.4 eV in Fig. 4c were consistent with the Rh3+ 3d3/2 
and 3d5/2, respectively [57]. These peak positions are very close to the 

standard peaks of Rh2O3 (313.2 eV for 3d3/2 and 308.5 eV for 3d5/2), but 
different from those of metallic Rh (311.7 eV for 3d3/2 and 307.0 eV for 
3d5/2) [57]. This demonstrates that Rh in CrxRh2− xO3 is present as Rh3+, 
substituting some Cr3+ sites of Cr2O3. In Fig. 4d, O 1s peak at 529.8 eV 
corresponded to a typical peak of oxygen directly bonded to metal in the 
lattice, and a broad shoulder peak located at about 531.3 eV was related 
to oxygen present on the surface, such as hydroxide and moisture from 
the environment [58]. XPS analyses along with XRD and HRTEM mea
surements consistently support that CrxRh2− xO3–450 forms a single 
rhombohedral phase CrRhO3 where Cr and Rh elements are present as 
Cr3+ and Rh3+. A comparison of the chemical states of CrxRh2− xO3–450 
with the single metal oxides (Cr2O3 and RhOy) are shown in Fig. S7. The 
Cr 2p core-level XPS profiles, which consist of distinct doublets induced 
by spin-orbit splitting corresponding to the 2p3/2 and 2p1/2 states for 
pure Cr2O3 and CrxRh2− xO3–450 nanofibers, clearly showed that the 
peak positions for CrxRh2− xO3–450 nanofibers were slightly shifted to 
higher binding energies compared to those of pure Cr2O3 nanofibers, 
with shifts of 1.2 eV for the Cr 2p1/2 state and 0.3 eV for the Cr 2p3/2 
state, respectively. This indicates that the charge state of Cr ions in 
CrxRh2− xO3–450 nanofibers is more positive than that of pure Cr2O3 
nanofibers due to the partial substitution of Rh3+ ions for Cr3+ ion sites 
in the rhombohedral structure of Cr2O3. Based on the electronegativity 
difference (Cr: 1.66 and Rh: 2.28), it is reasonably expected that Cr is 
less effective at attracting electron density compared to Rh in 

Fig. 2. FE-SEM images of Cr-Rh binary metal oxides and single metal oxides: (a) CrxRh2− xO3–400, (b) CrxRh2− xO3–450, (c) CrxRh2− xO3–500, (d) CrxRh2− xO3–550, 
(e) RhOy, and (f) Cr2O3.
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CrxRh2− xO3–450, leading to the shifts of the peak positions of XPS 3p 
states toward higher binding energies compared to pure Cr2O3. In 
contrast, the peak positions for the Rh 3d XPS spectra for both RhOy and 
CrxRh2− xO3–450 nanofibers are nearly identical. This is likely because a 
pure Rh2O3 phase could not be synthesized under the same synthetic 
conditions. Indeed, XRD analysis (Fig. 1f) confirms the coexistence of 
metallic Rh and Rh2O3 phases in RhOy nanofibers. Therefore, it is 
thought that the Rh 3d XPS peaks of RhOy nanofibers appear at lower 
binding energies than those of pure Rh2O3 and are similar to the binding 
energies observed for the peaks observed for CrxRh2− xO3–450 nano
fibers, where the electron density around Rh3+ ions becomes slightly 
higher due to the interaction with Cr3+ ions.

3.2. Electrochemical characterization for OER

The OER activity of the prepared materials was performed in a strong 
alkaline solution (1.0 M KOH). Fig. 5a shows the linear sweep voltam
metry (LSV) curves with RDE voltammetry. Notably, all CrxRh2− xO3-T 
nanofibers showed the greater OER catalytic performances compared 
with those of single metal oxides (Cr2O3 and RhOy). In particular, 
CrxRh2− xO3–450 exhibited the lowest onset potential (~1.43 V vs RHE, 
~200 mV overpotential) among the tested materials. Additionally, 
overpotential to achieve a current density of 10 mA cm− 2 (η10) was also 
the smallest (255 mV) for CrxRh2− xO3–450: η10 values were 301, 289, 
326, 1044, and 333 mV for CrxRh2− xO3–400, CrxRh2− xO3–500, 
CrxRh2− xO3–550, Cr2O3, and RhOy, respectively. Even compared to the 
state of the art electrocatalyst, Ir/C, CrxRh2− xO3–450 showed 34-mV 
lower η10. The favorable catalysis was much more pronounced at 
higher current density. CrxRh2− xO3–450 required only 308-mV over
potential (1.538 V vs RHE) to attain a current density of 50 mA cm− 2. 

However, RhOy and Ir/C only generated much smaller current density of 
5, 19 mA cm− 2, respectively, at the same potential. It emphasizes the 
highest OER electrocatalytic activity of CrxRh2− xO3–450 among the 
examined materials (Fig. 5b and Table S6) In fact, the OER activity 
decreased upon increasing the annealing temperature above 450 ◦C as 
seen in Fig. S8. It presents a volcano shape, suggesting that 450 ◦C is the 
optimal annealing temperature among the CrxRh2− xO3-T nanomaterials. 
Tafel plots derived from the voltammetric curves using the Tafel equa
tion [η = b log j + a, where η is the overpotential, j is the current density, 
and b is the Tafel slope] [59] are presented in Fig. 5c. The Tafel slopes 
were calculated to be 60.3 mV dec− 1 for CrxRh2− xO3–450, 68.3 mV 
dec− 1 for CrxRh2− xO3–500, and 67.2 mV dec− 1 for CrxRh2− xO3–550, 
revealing the much improved OER kinetics (i.e., smaller Tafel slope) of 
CrxRh2− xO3-T compared to that of RhOy (76.3 mV dec− 1). As afore
mentioned, CrxRh2− xO3–400 showed relatively slower OER kinetics (i.e., 
relatively larger Tafel slope) due to its carbon residue. The Tafel slopes 
and η10 values of the materials (Table S6) showed that CrxRh2− xO3-T 
synthesized at T ≥ 450 ◦C had better OER catalytic activity (lower 
overpotentials and smaller Tafel slopes) than pure metal oxides. The 
apparently worse OER performances of CrxRh2− xO3–500 and 
CrxRh2− xO3–550 among CrxRh2− xO3-T series could be attributed to the 
presence of Rh2O3 in addition to rhombohedral CrRhO3 as confirmed in 
the XRD patterns (Fig. 1).

Turnover frequency (TOF), a fundamental indicator reflecting the 
intrinsic catalytic activity and efficiency of a reaction, serves as an 
important parameter for evaluating electrocatalyst performance. To 
effectively compare the catalytic activities of RhOy and CrxRh2− xO3-T 
catalysts, TOFmetal (considering Cr and Rh as active sites) was calculated 
(Fig. S9 and Table S7). Among all the CrxRh2− xO3-T catalysts and RhOy, 
CrxRh2− xO3–450 showed the highest TOFmetal (0.030 s− 1) value at η =

Fig. 3. (a) Low magnification TEM images and (b) HRTEM image of CrxRh2− xO3–450. The inset shows the FFT of the lattice resolved image. (c) Elemental mapping 
analysis of Cr, Rh and O atoms in CrxRh2− xO3–450.

T. Kwon et al.                                                                                                                                                                                                                                   Applied Surface Science Advances 28 (2025) 100789 

6 



310 mV. This value was approximately 7-fold higher than TOFmetal of 
RhOy (0.0042 s− 1). Thus, CrxRh2− xO3–450 demonstrates significantly 
enhanced catalytic efficiency for the oxygen evolution reaction (OER) 
relative to other CrxRh2− xO3-T catalysts and RhOy, consistent with other 
electrochemical analyses.

To investigate the intrinsic activity of the catalysts more equitably 
[60], the mass activity of each material (at 1.54 V vs RHE) was calcu
lated based on a precious metal, Rh, content. In Fig. S10, 
CrxRh3− xO3–450 displayed a mass activity of 149 mA mgRh

− 1, 19-fold 
higher than that of RhOy (8 mA mgRh

− 1). In comparison to RhOy, 

Fig. 4. (a) Survey XPS spectrum, (b) high resolution Cr 2p XPS spectrum, (c) high resolution Rh 3d XPS spectrum, and (d) high resolution O 1s XPS spectrum of 
single-phase CrxRh2− xO3–450.

Fig. 5. Electrochemical measurements of CrxRh2− xO3-T, Cr2O3, RhOy and Ir/C in Ar-saturated 1.0 M KOH solution. (a) Polarization curves obtained at a scan rate of 
10 mV s− 2 with a rotation speed of 1600 rpm. Inset shows the LSV curve of Cr2O3. (b) The histograms of overpotentials at 10 mA cm− 2 (solid-filled) and 50 mA cm− 2 

(hatch-filled). (c) The Tafel plots derived from the LSVs recorded at 1 mV s− 1. (d) Nyquist plots at 1.517 V (vs. RHE). Inset: plot for Cr2O3.
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CrxRh3− xO3–450 exhibited higher OER activity with greatly reduced 
amount of noble Rh, indicating its beneficial features as an economic 
and excellent OER catalyst.

EIS measurements were performed for the catalyst materials during 
OER process. Nyquist plots in Fig. 5d presented a semicircle for each of 
the materials at an applied potential of 1.517 V (vs RHE), which was well 
fitted with a simple equivalent electrical circuit consisted of three 
components: solution resistance (Rs), charge transfer resistance (Rct), 
and double layer capacitance (Cdl) [61,62]. Actual Rct values for 

CrxRh2− xO3-T materials varied remarkably depending on the annealing 
temperature. In particular, Rct of CrxRh2− xO3–450 was 57.2 Ω, obviously 
smaller than that of the other CrxRh2− xO3-T nanofibers (T = 400, 500 
and 550) as well as RhOy and Cr2O3 (Table S8). The smallest Rct value 
implies the enhanced conductivity and rapid charge transfer capability 
of CrxRh2− xO3–450 possibly attributed to the elaborate construction of 
single-phase rhombohedral CrRhO3.

Electrochemically active surface area (ECSA) is an important indi
cator of OER activity, which is associated with the actual active sites for 

Fig. 6. Cyclic voltammograms of the (a) CrxRh2− xO3–400, (b) CrxRh2− xO3–450, (c) CrxRh2− xO3–500, (d) CrxRh2− xO3–550, (e) RhOy and (f) Cr2O3 in 1.0 M KOH (aq) 
solution at various scan rates (10, 20, 40, 60, 80, and 100 mV s− 1) with a potential width of 0.2 V. (g) Plots of absolute charging current density (Δjc) at the midpoint 
of the potential range against scan rate and (h) the corresponding Cdl values normalized to geometric surface area.
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electrocatalytic reactions [63,64]. Because Cdl is generally assumed to 
be positively proportional to ECSA, capacitive currents were measured 
in a non-faradaic potential region of each material with varying poten
tial scan rate. In Fig. 6, all the materials showed the absolute charging 
current density (Δjc) at the midpoint of the potential range linearly 
proportional to scan rate (R2 > 0.99), except CrxRh2− xO3–400 (Fig. 6g). 
Non-ideal behavior of CrxRh2− xO3–400 could be attributed to the low 
ECSA/conductivity induced by carbon residues from incomplete com
bustion of PVP as aforementioned. As shown in Fig. 6g and 6h, 
CrxRh2− xO3–450 exhibited the greatest slope of Δjc vs scan rate corre
sponding to the largest Cdl value (68.5 mF cm− 2) among all the samples. 
The smallest Cdl value of Cr2O3 revealed the presence of few electro
chemical active sites and thus demonstrated the poor activity of Cr2O3 
during the OER activity. ECSA of CrxRh2− xO3–450 larger than those of 
CrxRh2− xO3–500 and CrxRh2− xO3–550 is reasonable because the pore 
sizes within CrxRh2− xO3-T structures increase at the calcination tem
perature ≥ 450 as discussed above regarding the morphological differ
ences based on the TEM images (Fig. S4 and S5). In short, the formation 
of single CrRhO3 phase and appropriate degree of porosity, causing the 
optimum synergistic effect of Cr and Rh and enlarged ECSA, were 
harmonized to induce the superior OER activity of CrxRh2− xO3–450 
even utilizing less than half of noble Rh content compared to pure RhOy. 
Of importance, the introduction of Cr to Rh made it possible to produce 
the single-phase rhombohedral CrRhO3 possessing the optimum crys
tallite size (in turn, pore size). Note that RhOy, obtained from pure Rh 
precursor under the same synthetic condition, possessed mixed phases of 
rhombohedral and orthorhombic Rh2O3 with metallic Rh. In fact, 
CrxRh2− xO3–450 even exhibits outstanding performances compared to 
other Rh-related catalysts reported to date in alkaline media (Table 1) 
[23,48,65–73].

To investigate the stabilities of CrxRh2− xO3–450, RhOy and Ir/C in 
the OER catalysis, chronopotentiometric measurements were conduct
ed. As shown in Fig. 7a, CrxRh2− xO3–450 achieved a stabilized over
potential to preserve the catalytic current density of 10 mA cm− 2, 
suggesting its outstanding stability for at least 24 h. There was also no 
significant difference in the LSV polarization curves before and after a 
24-h OER for CrxRh2− xO3–450. The OER activity of Ir/C was sharply 
deteriorated after about 10-h OER. Meanwhile, the potential of RhOy 
remained up to 16 h, then started to increase rapidly after 20 h. This 
demonstrates that the presence of Cr certainly contributes to the 
improved long-term durability of CrxRh2− xO3–450. The stability of 
CrxRh2− xO3–450 was compared with previously reported Rh-related 
materials in alkaline media in Table 1. The high stability of 
CrxRh2− xO3–450 was also confirmed with SEM, TEM images and XRD 
patterns after 24-h stability test, where no morphology or crystallinity 
change were observed (Fig. S11 and S12). Furthermore, to demonstrate 
the extended stability, chronopotentiometry was conducted for 48 h 
(Fig. S13). After the 48-h durability test, the observed potential shift was 
only approximately 100 mV. Additionally, XRD, SEM, and EDS analyses 
conducted post-testing revealed no notable changes in the morphology 
or composition of the catalyst, further highlighting the exceptional 
durability of CrxRh2− xO3–450 (Fig. S14 and Table S9).

3.3. DFT analysis

DFT calculations on the electronic properties of the catalyst aid in 
identifying the catalytic activity and active sites of the catalyst. The 
structural models were designed in accordance with XRD analysis re
sults. Thermodynamic stability of a catalyst can be determined by 
computing the formation energy. The calculated formation energy 
values are summarized in Table S10. All the values for Cr2O3, Rh2O3 and 
CrRhO3 are negative, indicating that they can be readily synthesized in 
terms of thermodynamic stability. Furthermore, the formation energy 
values of Cr2O3 and CrRhO3 are lesser than those of Rh2O3 in bulk and 
surface states, as shown in Fig. S15 and Table S10. Understanding the 
electronic structure of a material is crucial to determining its electron 
transfer properties, as well as its catalytic origins. Fig. S16 depicts the 
density of states (DOS) for the catalysts. Since the DOS around Fermi 
level is a critical parameter to estimate the electrical conductivity, 
herein the CrRhO3 shows higher DOS near the Fermi level compared to 
Cr2O3 and Rh2O3, implying higher conductivity. Additionally, the par
tial density of states (PDOS) were analyzed to enumerate the conduc
tivity around Fermi level. To forecast the catalytic activity, the d-band 
center theory has been established [74,75]. According to d-band theory, 
the metal-adsorbate interaction strength is estimated by determining the 
position of the d band center relative to the Fermi level (EF). Also, the 
filling in a metallic environment is determined by the position of d states 
close to the EF. Bonding states are typically filled because their energy 
states are much lower than EF, whereas the electron filling of anti
bonding states is dependent on these energy states relative to the EF and 
contributes to bond strength [76].

The d-band center (εd) model would be a good descriptor of the metal 
interaction because the energy of antibonding states is generally higher 
than that of d states [36]. The PDOS of the catalyst was demonstrated in 
Fig. 8a–c and Fig. S17, where the d-orbital of CrRhO3 was closer to the 
Fermi level for the promising catalyst with εd = − 0.021 eV, whereas 
Cr2O3 and Rh2O3 had the εd values located farther from EF, with εd =

0.297 eV and − 1.668 eV, respectively. The location of the εd in CrRhO3 
is advantageous to increase the conductivity and capacity for the 
adsorption of intermediates during the OER process.

J. K. Nørskov et al. proposed a four-electron-based OER mechanism 
[77]; herein, we used it to plot the free energy diagram shown in 
Fig. 8d–f and the *OH, *O, and *OOH adsorption structures of Cr2O3, 
CrRhO3 and Rh2O3 were demonstrated in Fig. S18-S20. We obtained 
theoretical overpotential (η) on the different active sites of each catalyst. 
In particular, CrRhO3 has a very small η (0.39 V) at the "Cr’’ site, and it is 

Table 1 
Comparison of the OER performances of CrxRh2− xO3–450 with other previously 
reported Rh-related materials in alkaline media.

Catalyst Electrolyte η10 (mV) Tafel 
slope 
(mV 
dec− 1)

Long-term 
stability 
test

Ref.

aCrxRh2− xO3–450 1.0 M KOH 255 60.3 i24 h This 
work

aCo2RhO4 1.0 M 
NaOH

289 66.5 k10 000 s [22]

aNi0.77Rh0.23Oy 1.0 M 
NaOH

310 53.7 k10 000 s [47]

bNiFeRh-LDH 1.0 M KOH 275 29.0 k48 h [64]
cFe,Rh-Ni2P/NF 1.0 M KOH 226 @j30 52.7 k24 h [65]
dRh-Pt-B 1.0 M KOH 326 82.0 − [66]
eCo1.75Rh0.25P 1.0 M KOH 290 31.0 l50 h [67]
fRh/SWNTs 1.0 M KOH 320 89 l10 000 s [68]
gRhTF_ITO 1.0 M KOH 273 33.56 l10 h [69]
hNi1.75Rh0.25P 1.0 M KOH 273.1 30.0 m10 h [70]
iRh/CoAl-150 

LDH
1.0 M KOH 381@j100 75.0 n20 h [71]

jRh(20)@Co 1.0 M KOH 310 56.0 − [72]

a Nanofibers,.
b Rh-doped NiFe-layered double hydroxide nanosheets,.
c Fe,Rh-codoped Ni2P nanosheets on nickel foam,.
d boron-modified RhPt nanoparticles,.
e nanoparticles,.
f Rh nanoparticles on single-walled carbon nanotubes,.
g seaweed like metallic Rh TF through AACVD method.
h Ni1.75Rh0.25P nanoparticles,.
i Rh/CoAl LDH grown on Ni foam,.
j fast galvanic displacement of Co by Rh.
k Stability test through chronopotentiometry at 10 mA cm− 2, stability test 

through chronoamperometry at.
l 1.57 V vs. RHE,.
m 1.5 V vs. RHE, and.
n 1.78 V vs. RHE.
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even smaller than that of commercial catalyst RuO2 (η = 0.42 V) [77]. 
It is noticeable that the "Cr’’ site acts as a better OER site than "Rh’’ in 
the CrRhO3 catalyst. As seen in XPS analysis (Fig. S7), the incorporation 
of Rh ions perturbs the electronic structure of Cr ions by attracting 
electron density toward Rh ions. This electronic interaction within the 
rhombohedral CrRhO3 structure renders Cr ions relatively more 
electron-deficient, which may facilitate their adsorption with 
oxygen-related intermediates of OER. As a result, the alloying effect 
synergistically enhances catalytic activity by lowering the energy barrier 
for OER and promoting favorable reaction kinetics on the catalyst 
surface.

Moreover, the first step (formation of *OH) has the maximum Gibbs 
free energy barrier in the reaction pathway at ’’Cr =1.62 eV" and ’’Rh 
=1.68 eV" of CrRhO3, mainly due to the relatively weaker binding of the 
oxygen to the catalyst at the stage. Furthermore, the comparative 
catalyst still has a higher energy barrier with higher η than the optimal 
catalyst as shown in Table S11. As discussed above, CrRhO3 has the 
εd value of − 0.021 eV, which lies closer to the Fermi level and is asso
ciated with a lower Gibbs energy barrier for OH⁻ adsorption (1.62 eV) 

compared with Rh2O3 or Cr2O3. This implies that tuning the εd closer to 
the Fermi level can enhance adsorption capacity in the rate-determining 
step of the OER pathway. OER at "Cr’’ and "O’’ in Cr2O3 has high η values 
of 0.84 V and 1.33 eV, respectively, whereas Rh2O3 outcomes with η 
values of 0.90 V ("Rh’’) and 0.83 V ("O’’), respectively. The relationship 
between theoretical η vs. εd value for each catalyst is shown in Fig. S21. 
The optimal εd is around − 0.021 eV for CrRhO3, which is close to zero; 
The εd located at too low or too high energy level is detrimental to the 
OER process. According to the Sabatier principle, the reaction in
termediates’ moderate adsorption and desorption energies are crucial 
for catalytic efficiency [78,79]. The OER catalytic activity for Cr2O3 and 
Rh2O3 is restricted by poor bonding to the intermediates caused by εd 
energy levels that are far from the Fermi level. The bond strength be
tween the surface of CrRhO3 and the intermediates are appropriately 
modulated by the electrons at antibonding states as εd energy levels 
increase. Therefore, the synergetic effect of "Cr’’ and "Rh’’ alters the 
energy level and improves catalytic activity by lowering the energy 
barrier and enabling favourable oxygen evolution on the catalyst sur
face. The improved electrocatalytic activity observed in the 

Fig. 7. (a) The chronopotentiometric plot of CrxRh2− xO3–450, RhOy and Ir/C collected at 10 mA cm− 2 for 24 h in 1.0 M KOH without iR-correction. (b) LSV curves of 
CrxRh2− xO3–450 before and after a continuous OER operation for 24 h. The inset shows the corresponding overpotentials at a current density of 10 mA cm− 2.

Fig. 8. (a-c) partial density of states (PDOS) of each catalyst with its d-band center (εd) concerning the Fermi level (EF), and (d-f) OER free energy diagram of Cr2O3, 
CrRhO3, and Rh2O3, respectively.
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experimental measurement was supported by these DFT results.

4. Conclusions

Single-phase rhombohedral CrxRh2− xO3 nanofibers were synthesized 
with electrospinning followed by calcination at a conditioned temper
ature. In particular, annealing at 450 ◦C produced highly porous nano
fibers composed of optimal CrxRh2− xO3 crytallites, allowing the best 
synergistic effect of Cr and Rh; increasing the ECSA greatly; and even
tually resulting in the superior OER catalytic performances. Further
more, theoretical calculations achieved a comprehensive knowledge of 
the inherent high electroactivity CrRhO3 from the perspective of d-band 
centers. Calculations results reveal that CrRhO3 can enhance the εd en
ergy level and facilitate OER intermediates’ (*OH, *O, and *OOH) 
adsorption on the catalyst surface, resulting in the lowest theoretical 
overpotential.
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