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Abstract Reasonable design and controllable synthesis of

non-Pt catalysts with high methanol oxidation activity are

regarded as a valid way to promote the large-scale com-

mercial applications of direct methanol fuel cells

(DMFCs). Herein, we develop a convenient and cost-ef-

fective approach to the successful fabrication of nanosized

Rh grown on single-walled carbon nanohorns (Rh/

SWCNH) as anode catalysts for DMFCs. The unique

architectural configuration endows the as-obtained hybrids

with a series of intriguing structural merits, including large

specific surface areas, abundant opened holes, optimized

electronic structures, homogeneous Rh dispersion, and

good electrical conductivity. As a consequence, the

resulting Rh/SWCNH catalysts exhibit exceptional elec-

trocatalytic properties in terms of a large electrochemically

active surface area of 102.5 m2�g-1, a high mass activity of

784.0 mA�mg-1, as well as reliable long-term durability

towards the methanol oxidation reaction in alkaline media,

thereby holding great potential as alternatives for com-

mercial Pt/carbon black and Pd/carbon black catalysts.

Keywords Rhodium; Carbon nanohorns;

Electrocatalysts; Methanol oxidation; Fuel cells

1 Introduction

Along with the growing public awareness of energy con-

servation and environment protection, the development of

high-efficiency and clean energy conversion technologies

have attracted widespread attention in the past few years

[1–4]. In particular, the fuel cell systems are able to

directly convert the chemical energy of fuels into electric

energy, which has broad application prospects in aero-

space, electric vehicles, and portable electronic equipment

[5–7]. Among various kinds of fuel cells, direct methanol

fuel cells (DMFCs) have some unique characteristics such

as high energy-conversion efficiency, low pollution emis-

sions, concise structural design, and convenient storage and

transportation of the liquid methanol [8–10]. However, the

inherently sluggish kinetics of methanol oxidation reaction

at the anode seriously hampers the overall power density of

the DMFCs, which highlights the need for the exploration

and utilization of highly active electrode catalysts [11–13].

As is well known, platinum (Pt) and its derivatives

possess unique electrocatalytic activity towards the

methanol oxidation, while their scarcity and high prices

largely increase the overall manufacturing costs of the fuel

cells [14–16]. Meanwhile, Pt atoms easily adsorb the

intermediate carbonaceous species (mainly CO) arising

from the incomplete methanol oxidation process, which

would significantly deteriorate the catalytic ability of the

Pt-based catalysts [17–19]. In view of these problems, the

development of non-Pt catalysts with acceptable cost and

strong anti-poisoning capacity has aroused extensive

research interests [20–23]. Recently, the use of rhodium
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(Rh) nanocrystals as fuel cell catalysts have become a hot

topic due to their superior electrocatalytic activity in

alkaline mediums as well as greater resistance to CO in

comparison with the Pt catalysts [24–26]. Noteworthy, as a

noble metal, the amount of metal Rh in the fuel cell sys-

tems must be minimized in order to match the requirements

of commercial production. Therefore, it is indispensable to

prepare small-sized and well-dispersed Rh catalysts with

advanced architectural design to achieve a high Rh uti-

lization efficiency.

Combining noble metal nanocrystals with various sup-

porting materials has long been regarded as an efficient

strategy to reduce their usage as well as improve the cat-

alytic performance [27–29]. Specially, with continual

advances in nanotechnology, carbonaceous nanomaterials

with large specific surface areas and high electrical con-

ductivity have been demonstrated as high-quality supports

for dispersing noble metal catalysts [30, 31]. Nonetheless,

conventional carbon nanomaterials, such as carbon nano-

fiber, carbon nanotubes, and graphene, commonly lack

adequate and rational porous structures, which is unfavor-

able for the rapid transport of the methanol electrolyte to

the internal metal active sites [32, 33]. Moreover, due to

their high graphitization degrees, most pristine carbon

nanomaterials are electrochemically inert and thereby

cannot directly engage in the electrocatalytic processes

[34–36].

As a rising star in the low-dimensional carbon family,

single-walled carbon nanohorns (SWCNHs) have shown a

number of structural advantages in comparison with

conventional nanocarbons [37, 38]. Specifically,

SWCNHs are horn-shaped single-walled tubules with

plenty of open holes, which are able to serve as ideal

platforms for the nucleation and growth of noble metal

nanoparticles and simultaneously provide numerous

channels for the fast diffusion of external electrolytes

[39, 40]. In addition, both theoretical and experimental

investigations have revealed that the carbon atoms dis-

tributed at the conical tip positions of SWCNHs are more

reactive than those at the basal plane positions, thereby

leading to improved electrocatalytic ability [41, 42].

Therefore, it is of great interest to explore the possibility

of Rh nanocrystals/SWCNH hybrid, which is expected to

dramatically enhance the methanol oxidation performance

as a result of strong concerted effects between the com-

ponents. To our knowledge, neither fabrication nor elec-

trocatalytic properties of this intriguing nanostructure

have been reported so far.

In this study, we report a convenient and cost-effective

approach to the synthesis of nanosized Rh grown on

SWCNHs (Rh/SWCNH) as anode catalysts towards

methanol oxidation reaction. The formation procedures

leading to the Rh/SWCNH hybrids are illustrated in Fig. 1.

As the starting material, pristine SWCNHs are made up of

single-layered graphene with sp2 carbon atoms, which tend

to spontaneously assemble to form a ‘‘dahlia-like’’ spher-

ical architecture with a large number of opened holes. After

ultrasonic treatment, the separated SWCNHs can be well

dispersed in the ethylene glycol solution to form a uniform

black suspension. Subsequently, the introduction of the

Rh(NO3)3 solution enables the growth of Rh nanoparticles

on both the internal and external surfaces of SWCNHs

under the solvothermal condition, giving birth to the Rh/

SWCNH catalysts. Benefiting from the large specific sur-

face area, interconnected open-pore nanostructure, opti-

mized electronic structures, homogeneous Rh dispersion,

and high electrical conductivity, the resulting Rh/SWCNH

catalysts express unusual electrocatalytic properties

towards methanol oxidation reaction, including large

electrochemically active surface area, high mass/specific

activity, and reliable durability, all of which are signifi-

cantly superior to those of traditional Rh/carbon black (Rh/

C), Rh/carbon nanotube (Rh/CNT), Rh/reduced graphene

oxide (Rh/RGO) as well as Pt/C and Pd/C catalysts with

the same noble metal loading.

2 Experimental

2.1 Chemicals and materials

Commercial SWCNHs (Nanjing XFNANO Materials

Tech Co., Ltd), CNTs (CAS Chengdu Organic Chemistry

Co., Ltd), graphene oxide (Nanjing XFNANO Materials

Fig. 1 Schematic illustration of synthetic procedures for Rh/
SWCNH architecture
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Tech Co., Ltd), carbon black (Vulcan XC-72R, Cabot

Corp.), Rh(NO3)3 (Shanghai Jiuling Chemical Co., Ltd),

K2PtCl4 (Alfa Aesar), and Pd(NO3)2 (Alfa Aesar)

were directly used as received without further

purification.

2.2 Synthesis of Rh/SWCNH catalysts

A facile and cost-effective solvothermal method was

developed to prepare the Rh/SWCNH catalysts with

various Rh contents (10.0 wt%, 20.0 wt%, 30.0 wt%,

and 40.0 wt%). The typical procedures, for instance,

when the Rh content is 20.0 wt%, are as follows: 10 mg

SWCNH powder was first added into 40 ml ethylene

glycol and 40 ml deionized water, and then kept ultra-

sonic treatment for 45 min to form a homogeneous black

dispersion. Subsequently, 19 ll Rh(NO3)3 solution

(1.28 mol�L-1) was introduced into the SWCNH dis-

persion under magnetic stirring for 15 min. Afterward,

the above reaction system was transferred into a 100 ml

Teflon-lined stainless steel autoclave and heated at

140 �C for 10 h. The as-generated product, named as

20%-Rh/SWCNH, was washed, filtered, and finally col-

lected with the help of vacuum freeze drying. By

adjusting the dosage of Rh(NO3)3 solution, the control-

lable fabrication of the 10%-Rh/SWCNH, 30%-Rh/

SWCNH, and 40%-Rh/SWCNH catalysts was also

achieved. For the purpose of comparison, the same

approach was employed to load Rh nanoparticles on the

conventional carbon black, CNT, and RGO supports, and

the resulting materials were named as 20%-Rh/C, 20%-

Rh/CNT, and 20%-Rh/RGO, respectively. Similarly, Pt

and Pd nanoparticles were also anchored onto the con-

ventional carbon black support by the use of K2PtCl4
and Pd(NO3)2 as metal precursors through the above

approach, and the obtained materials were named as

20%-Pt/C and 20%-Pd/C, respectively.

2.3 Characterization

The microstructure and morphology of the Rh/SWCNH

hybrid were investigated by field emission scanning

electron microscopy (FESEM, JEOL 6500F) and trans-

mission electron microscopy (TEM, JEOL JEM-2100)

equipped with energy dispersive X-ray (EDX) spec-

troscopy. The crystal textures, composition, and chemical

states of the Rh/SWCNH hybrid were studied by X-ray

powder diffraction (XRD, Bruker D8 Advance diffrac-

tometer with Cu Ka radiation (k = 0.154 nm)) and X-ray

photoelectron spectra (XPS, Perkin Elmer RBD upgraded

PHI-5000C ESCA system with Al Ka radiation).

2.4 Electrocatalytic measurements

The electrocatalytic performances of all samples were

measured on a CHI 760E electrochemical workstation with

a standard three-electrode system at room temperature. In

this system, a Pt wire was served as the counter electrode, a

saturated calomel electrode (SCE) was used as the refer-

ence electrode, and a glassy carbon (GC) disk coated with

thin films of catalysts was applied as the working electrode.

The GC disk was 3 mm in diameter and 0.07065 cm2 in

geometric area. The preparation procedures of working

electrode were as follows: 2 mg catalyst powder was dis-

persed in a mixed solution containing 475 ll water, 475 ll
ethanol, and 50 ll 5% Nafion by sonication for 30 min.

Then 5 ll of the above suspension was carefully trans-

ferred onto the surface of working electrode and dried

naturally before test. The methanol oxidation properties of

the Rh/SWCNH as well as reference catalysts were sys-

tematically examined by cyclic voltammetry (CV), linear

sweep voltammetry (LSV), chronoamperometry and alter-

nating current (AC) impedance techniques in 1 mol�L-1

KOH and 1 mol�L-1 methanol solution.

3 Results and discussion

The nanostructure and morphology of the as-fabricated Rh/

SWCNH hybrid were first observed by means of FESEM

and TEM. As shown in Fig. 2a, b, typical FESEM images

reveal that the Rh/SWCNH hybrid is composed of

numerous horn-shaped tubules with sizes ranging from the

nanometer range to several sub-micrometers. Meanwhile, it

is found that most nanohorns possess a rough surface,

implying the successful deposition of Rh nanoparticles on

SWCNHs. Under close inspection by TEM (Fig. 2c–e), the

almost transparent SWCNH supports with cone-head

structures are decorated uniformly by a large number of Rh

nanoparticles with an average diameter of 3.3 nm. Inter-

estingly, with the metal Rh content increasing in the Rh/

SWCNH hybrids, more and more nanoparticles with the

similar particle sizes (3.2–3.6 nm) are observed to be

highly dispersed onto the SWCNH surface (Fig. S1). There

is no Rh nanoparticle that is scattered out of the SWCNH

supports, suggesting a strong interaction between Rh and

support. High-resolution TEM (HRTEM) analysis further

discloses that the interplanar spacings of 0.19 and 0.22 nm

are assigned to the exposed (200) and (111) planes of cubic

Rh nanocrystals, respectively (Fig. 2f, g). Besides, high-

angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) image and corresponding

elemental mapping images confirm that the Rh/SWCNH
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hybrid contains C, O, and Rh as the main components

(Fig. 2h–k and Fig. S2), which are homogeneously dis-

tributed in the architecture.

The crystalline structure and elemental compositions of

the Rh/SWCNH hybrid were then investigated by XRD and

XPS analysis. Figure 3a depicts typical XRD patterns of

Rh/SWCNH, Rh/RGO, Rh/CNT, and Rh/C samples.

Clearly, the diffraction peak situated at around 2h = 25.0�
can be detected, which is indexed to the characteristic

(002) plane of graphitic SWCNH materials. Meanwhile,

other four diffraction peaks centered at 2h = 41.1�, 47.7�,
69.8�, and 84.1� are also visible, corresponding to the

(111), (200), (220), and (311) planes of the fcc Rh

nanocrystals. In addition, according to the Scherrer equa-

tion, the average Rh size of Rh/SWCNH is calculated to

be * 3.1 nm, which is in good agreement with the above-

mentioned TEM result, evidencing that the utilization of

SWCNH as support can restrain the overgrowth of Rh

nanocrystals. Moreover, XPS elemental analysis verifies

that the Rh/SWCNH hybrid is made from C, O, and Rh

without any obvious impurities (Fig. S3). The high-reso-

lution C 1s spectrum of Rh/SWCNH shown in Fig. 3b

discloses that there are three types of C bonding configu-

rations, consisting of sp2 C–C, C–OH, and HO-C=O spe-

cies with binding energies of 284.8, 286.2 and 290.1 eV,

respectively. Correspondingly, the complex O 1s spectrum

was deconvoluted into three peaks located at 533.5, 532.6,

and 531.7 eV (Fig. 3c), which are related to the C–OH,

C=O, and HO-C=O groups, respectively [43]. Besides, as

displayed in Fig. 3d, the Rh 3d spectrum was resolved into

two pairs of energy peaks: the two intensive peaks at 307.7

and 312.5 eV are originated from metallic Rh, while the

other two weak peaks at 309.0 and 313.6 eV belong to Rh

oxide. Notably, the binding energies for both metallic Rh0

Fig. 2 SEM and TEM analysis of 20%-Rh/SWCNH catalyst: a, b typical FESEM images, c–e TEM images (inset in c being Rh particle
size distribution), and f, g HRTEM images of Rh/SWCNH catalyst; h–k HAADF-STEM image and corresponding elemental mapping
analysis of C, O, and Rh
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and Rh3? peaks of Rh/SWCNH are shifted negatively with

respect to those of Rh/C (Fig. S4), convincingly demon-

strating the direct electronic interaction between Rh and

SWCNHs, which can lower the mobility of Rh on the

SWCNH surface and thereby prevent the agglomeration of

Rh nanoparticles.

Inspired by their attractive structural merits, the newly-

designed Rh/SWCNH hybrids were coated onto the GC

electrodes and measured as anode catalysts towards the

methanol oxidation in alkaline medium. CV method was

first applied in 1 mol�L-1 KOH solution to measure the

electrochemically active surface area (ECSA) values of

various Rh/SWCNH catalysts with varying Rh loadings. As

shown in Fig. 4a, all CV curves exhibit well-defined

hydrogen adsorption and desorption peaks in the potential

regions from - 0.75 to - 1.05 V. After calculating the

hydrogen adsorption peak areas, the 20%-Rh/SWCNH

catalyst is found to have the largest ECSA value of up to

102.5 m2�g-1, followed by 30%-Rh/SWCNH (91.2

m2�g-1), 40%-Rh/SWCNH (76.4 m2�g-1), and 10%-Rh/

SWCNH (63.2 m2�g-1). Notably, the ECSA value of 20%-

Rh/SWCNH is also remarkably larger than that of 20%-Rh/

RGO (52.2 m2�g-1), 20%-Rh/CNT (44.8 m2�g-1), and

20%-Rh/C (36.0 m2�g-1), suggesting that the SWCNH-

supported Rh nanocrystals are electrochemically more

accessible for catalytic reactions (Fig. 4b, c and Table S1).

The methanol oxidation activities of the different Rh-

based catalysts were then evaluated in the presence of

1 mol�L-1 KOH and 1 mol�L-1 methanol solution. As can

be seen from Fig. 4d and Fig. S5, the positive scan of the

CV curve is characterized by a prominent methanol oxi-

dation current peak at around - 0.4 V, while the backward

current peak at around - 0.7 V is due to the oxidation of

the CO byproducts [44]. Remarkably, the methanol oxi-

dation current densities on different Rh/SWCNH electrodes

follow the order of 20%-Rh/SWCNH (784.0 mA�mg-1)

[ 30%-Rh/SWCNH (523.7 mA�mg-1)[ 40%-Rh/SWCNH

(450.5 mA�mg-1)[ 10%-Rh/SWCNH (408.0 mA�mg-1),

similar to the ECSA trend.Meanwhile, the ECSA-normalized

specific activity of 20%-Rh/SWCNH electrode is determined

to be 0.76 mA�cm-2, much higher than those of other refer-

ence electrodes (Fig. S6). In addition, the mass activity of the

optimized20%-Rh/SWCNHcatalyst is alsomore competitive

than that of 20%-Rh/RGO (290.9 mA�mg-1), 20%-Rh/CNT

(216.5 mA�mg-1), 20%-Rh/C (161.2 mA�mg-1), as well as

the recent state-of-the-art Rh-based catalysts, such as

Fig. 3 a Representative XRD patterns of Rh/SWCNH, Rh/RGO, Rh/CNT, and Rh/C samples; high-resolution b C 1s, c O 1s, and d Rh
3d XPS spectra of Rh/SWCNH sample
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graphene-supported Rh [24, 44], porous Rh nanosheets

[45], Rh-based dendrites [46] and bimetallic Rh-based

alloy [47] (Fig. 4e, f and Table S2). The superior methanol

oxidation performance of the Rh/SWCNH catalysts should

be attributed not only to the homogeneous dispersion of

small-sized Rh nanoparticles, but also to the high chemical

activity of SWCNHs with interconnected porous features.

In order to gain more insights into the practicability of

the Rh/SWCNH catalyst, chronoamperometric technique

was employed to examine its long-term electrocatalytic

stability for 3000 s. As displayed in Fig. 5a, b, with a

constant electrode potential, the methanol oxidation

currents on all electrodes are obviously attenuated over

the time due to the adsorption of CO poisoning species

on the active Rh sites. Impressively, among these

investigated electrodes, the 20%-Rh/SWCNH electrode

maintains the highest oxidation current as well as the

lowest decay rate (* 25% loss) during the whole test

process, giving the most outstanding durability for

methanol electrooxidation, which is probably linked to

the strong Rh-SWCNH electronic interaction that can

keep the Rh nanoparticles clean and at the same time

prevent them from agglomeration, dissolution as well as

Ostwald ripening. Figure S7 depicts TEM images of the

20%-Rh/SWCNH catalyst subjected to the chronoam-

perometric test, where the dispersion and average size of

the SWCNH-supported Rh nanoparticles remain

unchanged after long-term reaction, testifying its good

structural stability.

The improved anti-poisoning ability of the Rh/SWCNH

catalyst was further validated by the CO-stripping tests. As

clearly seen from Fig. S8, the 20%-Rh/SWCNH electrode

shows relatively low onset and peak potentials of CO

oxidation when compared with the 20%-Rh/RGO, 20%-

Rh/CNT, and 20%-Rh/C electrodes, unraveling that the

utilization of SWCNHs as supports is favorable for elimi-

nating the byproducts on the Rh sites. Additionally, the

difference in the electrical conductivity between Rh/

SWCNH and conventional Rh/C catalysts was investigated

by the AC impedance measurements. As can be seen from

Fig. 5c, d, based on the semicircle diameters, the charge-

transfer resistance of 20%-Rh/SWCNH (15.8 X) is found to

Fig. 4 CVs of a Rh/SWCNH catalysts with different Rh dosages and b 20%-Rh/RGO, 20%-Rh/CNT, and 20%-Rh/C in 1 mol�L-1 KOH
solution at 50 mV�s-1; c ECSA values of various catalysts; CVs of d Rh/SWCNH catalysts with different Pd dosages and e 20%-Rh/
RGO, 20%-Rh/CNT, and 20%-Rh/C in 1 mol�L-1 KOH with 1 mol�L-1 CH3OH solution at 50 mV�s-1; f mass activities of various
catalysts

1Rare Met. (2022) 41(6):2108–2117

Nanosized Rh grown on single-walled carbon nanohorns for efficient methanol oxidation reaction 2113



be much smaller than that of 20%-Rh/C (4813.0 X), which
can endow the catalytic system with a large population of

the triple-phase boundaries for the rapid methanol oxida-

tion kinetics.

Besides, the electrocatalytic properties of the Rh/

SWCNH catalyst were further compared with those of

more widely used 20%-Pt/C and 20%-Pd/C catalysts to

assess its commercial prospect. Under the same test

conditions, the ECSA values of the 20%-Pt/C and 20%-

Pd/C catalysts are calculated to be 71.4 and 58.8 m2�g-1,

respectively, which are less competitive than that of the

20%-Rh/SWCNH catalyst (Fig. 6a). Moreover, the

methanol oxidation tests further revealed that the mass

and specific activities of the 20%-Rh/SWCNH catalyst are

obviously higher than those of 20%-Pt/C and 20%-Pd/C

(Fig. 6b, c and Fig. S9), attesting a better catalytic effi-

ciency for 20%-Rh/SWCNH. In addition, both

chronoamperometric and continuous CV tests demon-

strated that 20%-Rh/SWCNH could provide more sus-

tainable electrocatalytic performance than 20%-Pt/C and

20%-Pd/C (Fig. 6d and Fig. S10), which is very

conducive to prolonging the service life of the fuel cell

devices.

4 Conclusion

In summary, the controllable synthesis of nanosized Rh

grown on SWCNH matrix has been achieved through a

facile and cost-effective approach. Due to their distinctive

textural features including large specific surface areas,

interconnected open-pore nature, optimized electronic

structures, homogeneous Rh dispersion, and high electrical

conductivity, the as-derived Rh/SWCNH hybrids possess

large ECSA values, high mass activity, and good long-term

stability toward alkaline methanol oxidation reaction, sig-

nificantly superior to those of conventional Rh/C, Rh/CNT,

Rh/RGO as well as commercial Pt/C and Pd/C catalysts.

Such kinds of transition metal-decorated SWCNH catalysts

are also expected to hold great potential for other energy-

and environment-related applications beyond fuel cells,

such as metal-air batteries, sensors, and photocatalysis.

Fig. 5 a Chronoamperometric curves of different catalysts recorded in 1 mol�L-1 KOH with 1 mol�L-1 CH3OH solution at - 0.5 V (vs.
SCE); b methanol oxidation mass activities of various electrodes before and after chronoamperometry tests; c, d AC impedance
spectra of 20%-Rh/SWCNH, and 20%-Rh/C catalysts collected in 1 mol�L-1 KOH with 1 mol�L-1 CH3OH solution (inset of d being
corresponding equivalent circuit)
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