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a b s t r a c t

Ruthenium, possessing a comparable metal-hydrogen bond energy to Pt, has emerged as a promising

electrocatalyst for the hydrogen oxidation reaction (HOR), but its practical applications are hindered by

susceptibility to deactivation or dissolution under operating conditions of fuel cells. Herein, graphene-

encapsulated Ru nanoparticles (Ru@NG) was employed as the HOR catalyst for high-temperature polymer

electrolyte membrane fuel cells (HT-PEMFCs). The graphene shells on the Ru can block effectively the sur-

face adsorption of phosphoric acid in electrolyte and CO in anode fuel, but does not affect H2 free access

to Ru sites, thus increase the activity expression and stability of catalysts under the high temperature,

strong acid, and oxidation conditions of the HT-PEMFCs. With Ru@NG as the anode catalyst, the fuel cell

delivers a peak power density of 760mW/cm2 with pure H2, and additionally, it shows better tolerance

to CO that the performance is 1.5 times that of the Pt/C catalysts with H2 fuel containing 1% CO. This

work provides an alternative strategy to design the electrocatalysts for HT-PEMFCs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polymer electrolyte membrane fuel cells (PEMFCs) as a promis-

ing energy transfer device typically operate at 80 °C, but the cost

of high purity H2 is the main barrier for its large-scale commer-

cialization [1–4]. High-temperature PEMFCs (HT-PEMFCs) employ

phosphoric acid (PA) as the proton conduction and operate at 120–

300 °C, which could significantly decrease the fuel cost by directly

utilize crude hydrogen as fuel [5]. Therefore, the development of

high-performance HT-PEMFCs has great significance for boosting

the development of the hydrogen energy industry [6,7].

HT-PEMFCs primarily employ PA as the proton transport con-

ductor, but the strong adsorption of PA on the catalyst surface

can block the contact of the reactants and the active sites, lim-

iting the expression of catalytic activity [8,9]. This challenge can

be addressed by regulating the electronic structure of catalysts,

which can reduce the adsorption amount of PA on the catalyst
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surface and promote effectively the expression of catalytic activ-

ity; or by introducing co-catalysts, which can induce the transfer

adsorbption of PA and enhance proton transport ability, boosting

catalyst performance [10,11]. Furthermore, due to the elevated re-

action temperature and rich PA environment, catalysts are prone

to Oswald ripening deactivation. This can be mitigated by select-

ing more corrosion-resistant supports, thereby improving the sta-

bility of the HT-PEMFCs [12]. Ru metal has the similar energy of

metal-hydrogen to Pt and is much cheaper than Pt, thus acting as

a potential alternative to Pt-based catalysts [13–15]. Unfortunately,

the strong adsorption of oxygen-containing species in electrolytes

on Ru surfaces would reduce the active sites, leading to unsatis-

factory catalytic performance [16]. Moreover, oxyphilic Ru is more

easily transformed to amorphous ruthenium oxide under the oxi-

dation potential, resulting in rapid inactivation of the catalytic per-

formance of Ru-based electrocatalysts [16,17]. Especially during the

start-up or shut-down processes of the fuel cells, the cell polarity

reversal caused by H2 starvation would increase the anode poten-

tial [18,19].

https://doi.org/10.1016/j.cclet.2024.110754
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Fig. 1. (a) Schematic showing preparation of graphene encapsulated Ru nanoparti-

cles (Ru@NG). (b) TEM and (c) HR-TEM images of Ru@NG (Inset: schematic illustra-

tion of Ru@NG). (d) Atomic-resolution HAADF images of Ru@NG. (e) Ru 3p XPS, (f)

XRD, and (g) Raman of Ru NPs and Ru@NG.

These factors pose significant challenges to the application of

Ru-based catalysts in HT-PEMFCs. Recently, our group by using

characteristics of high temperature operating conditions of HT-

PEMFCs has developed a series of high activity and stability cat-

alysts, such as Pt/FeP/C, RuMo/C, Pd/C anode catalysts [20–22].

Moreover, we further developed coupled thermo-electrocatalytic

system, combined the ethanol/methanol thermal catalysis with

electrocatalysis based on Ru-, Pd-, Pt-, and Ir-based catalysts, re-

alizing efficient production of hydrogen and other value-added

chemicals [23–26]. These previous works provide new possibili-

ties for the development of Ru-based catalysts under the high-

temperature operating conditions of HT-PEMFCs.

In this work, graphene-encapsulated Ru nanoparticles (Ru@NG)

were prepared via chemical vapor deposition, addressing effectu-

ally the issues of poor activity and stability of Ru as a catalyst for

HT-PEMFCs (Fig. 1a). Ru nanoparticles (NPs) with graphene shells

can not only regulate the energy of metal-hydrogen and block the

surface adsorption of PA and CO, but also not affect H2 free ac-

cess to Ru sites, thereby enhancing the activity and stability of the

catalysts. The performance of HT-PEMFCs using Ru@NG as the an-

ode catalyst exhibits comparable performance to commercial Pt/C

catalyst, reaching a peak power density (PPD) of 760mW/cm2. Fur-

thermore, it shows higher output power when using hydrogen fuel

containing CO. This work provides valuable insights for the devel-

opment of high-efficiency catalysts in HT-PEMFCs.

The synthesis details of Ru NPs and Ru@NG are given in sup-

porting information. The Ru-based catalysts in this work were syn-

thesized by chemical vapor deposition, as shown in Fig. 1b, the

Ru NPs were obtained after high-temperature treatment and still

exhibited well-dispersed with a uniform size about 3.2 nm. The

high-resolution transmission electron microscopy (HR-TEM) anal-

ysis exhibits that the Ru NPs are coated by graphene shells and

have 0.209nm lattice spacing, the most of graphene shells on the

Ru NPs contain only 1–2 layers (Figs. 1c and d). The morphology

of Ru NPs is similar to Ru@NG except no coated graphene layers,

the particle size and the lattice spacing of Ru NPs are ca. 3.2 and

0.206nm, respectively (Fig. S1 in Supporting information). The EDS

mappings of Ru@NG are shown in Fig. S1d, Ru, C and N elements

are distributed homogeneously over whole catalysts, further indi-

cating the formation of N-doped graphene shells.

X-ray photoelectron spectroscopy (XPS) was utilized to investi-

gate the chemical states of those samples, as shown in Fig. 1e, the

binding energies of Ru 3p3/2 at 462.8 eV and Ru 3p1/2 at 485.1 eV in

Ru@NG were attributed to the presence of metallic Ru0, the dou-

blet pairs at 466.4 and 489.5 eV were assigned to Ruδ+ of oxidation

state, respectively [27–29]. The similar XPS features of Ru could

also be obtained for Ru NPs, but the difference was that the over-

all Ru 3p spectra of Ru NPs shifted to the lower binding energy re-

gions relative to that of Ru@NG. Such binding energy changes may

cause by the N-doped graphene shells in Ru@NG, the N 1s peak for

Ru@NG was deconvoluted into oxidized N (402.8 eV), graphitic N

(401.0 eV), and pyridinic N (399.0 eV) (Fig. S2b in Supporting infor-

mation), the presence of pyridinic N led to the strong electronic in-

teraction between Ru and N-doped graphene shells. The electron-

rich catalyst indicates fewer oxide species in the catalyst, which

may result in better activity and stability. X-ray diffraction (XRD)

spectra showed that both of Ru NPs and Ru@NG have character-

istic peaks of Ru, which were in good agreement with the metal-

lic Ru (PDF #06–0663) (Fig. 1f), a larger shoulder peak means Ru

NPs in Ru@NG with smaller particle sizes. The Raman spectra for

Ru@NG exhibited two characteristic peaks of D and G bands (Fig.

1g), this further confirmed the presence of the graphene shells. The

D/G ratio of 0.32 indicates that the graphene shells on the Ru NPs

has a better crystallinity and fewer defects, enabling better resis-

tance to oxidation. Thermogravimetric analysis determined the rel-

ative content of the graphene shells under an air atmosphere, the

weight of the Ru@NG sample decreased by around 32%, while the

Ru NPs showed almost no change (Fig. S2a in Supporting informa-

tion). Compared to the specific surface areas of Ru NPs (80.5 m2/g),

that of Ru@NG reached 337.5 m2/g after Ru coated with graphene

shells as calculated from nitrogen sorption isotherms (Fig. S3 in

Supporting information).

The cyclic voltammetry (CV) curves of the catalysts were per-

formed in 0.2mol/L H3PO4, a pair of redox peaks of Pt/C in the

range of 0.4–0.75V indicated the strong absorption of PA (Fig.

2a). The HOR activity of the catalysts was assessed by rotating

disk electrode (RDE) at 1600 rpm with a scan rate of 10mV/s in

0.1mol/L HClO4 or 0.2mol/L H3PO4 saturated with H2. HOR po-

larization curves in HClO4 for catalysts are shown in Fig. 2b, the

HOR current density of the Ru@NG/C catalyst is higher than that

of Ru NPs/C at any given potential and approaches to the perfor-

mance of the commercial Pt/C catalyst. In addition, the same trend

of HOR activity was found in H3PO4 (Fig. 2c), Ru@NG/C showed

HOR performance indistinguishable from that of Pt/C, proving that

exhibits excellent PA tolerance. To further investigate the HOR ki-

netics, polarization curves of the three catalysts were performed at

various rotation rates ranging from 3600 rpm to 400 rpm, provid-

ing additional support for the two-electron pathway of the HOR

(Fig. S4 in Supporting information) [30,31]. Moreover, the fitting

HOR kinetic parameters using the Butler-Volmer (B-V) equation,

the Tafel plots versus potential are shown in Figs. 2d and e, all

the B-V plots exhibit a symmetric figure. Compared to Ru NPs/C,

Ru@NG/C exhibited obviously higher current densities in HClO4 or

H3PO4, due to its reaction kinetics much faster than those of Ru

NPs/C. In HClO4 electrolyte, the HOR exchange current density of

Ru@NG/C was slightly lower than that of commercial Pt/C, whereas

the opposite result was obtained in H3PO4 environment (Fig. S5c

in Supporting information). This phenomenon suggests that the

nitrogen-doped graphene shells promoted H3PO4 tolerance and the

HOR kinetic process of Ru-based catalysts in H3PO4 environment.

The Tafel slopes of three catalysts were all higher than 118mV/dec

(Fig. 2f), indicating that the HOR processes follow the Volmer-Tafel

mechanism, where the Volmer step is the rate-determining step,

involving hydrogen dissociation [21,32]. Therefore, adjusting the

binding energy of hydrogen on the catalysts could effectively im-

prove the HOR reaction kinetics.

Membrane electrode assembly (MEA) of HT-PEMFCs was fabri-

cated using PA doped polybenzimidazole (PBI) membrane as the

polymer electrolyte, 2 % PBI in the catalyst layer as the binder, 40

wt% Pt/C as the cathode, and three samples as the anode. The B-

V plots of fuel cells also exhibit a symmetric figure, the HOR ex-

change current density of Ru@NG/C was higher than that of Ru

NPs/C, following the Volmer-Tafel process (Fig. 3a). As shown in
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Fig. 2. (a) CV curve of Pt/C, Ru NPs/C, and Ru@NG/C in 0.2mol/L H3PO4. HOR polarization curves of Ru@NG, Ru NPs/C, and Pt/C in H2-saturated 0.1mol/L (b) HClO4 and (c)

H3PO4, rotation rate: 1600 rpm, scan rate: 10mV/s. B-V plots tested in 0.1mol/L (d) HClO4 and (e) H3PO4. (f) Tafel plots of HOR in different electrolyte were tested with gas

diffusion electrode.

Fig. 3. (a) B-V diagram in fuel cells at 200 °C. (b) The fuel cell performance of the Ru@NG/C anode catalyst varies with reaction temperature. (c) Fuel cell performance

diagram of Pt/C, Ru NPs/C, and Ru@NG/C at 200 °C. (d) Durability comparison of Ru NPs/C and Ru@NG/C at 200 °C. (e) Fuel cell performance of Ru@NG/C, Pt/C and Ru NPs/C

anode catalysts at 160 °C in a mixed gas containing 1% CO. (f) Comparison of DRT of Pt/C, Ru NPs/C and Ru@NG/C at 200 °C.

Fig. 3b, the HT-PEMFCs performance using Ru@NG/C as the an-

ode catalyst exhibited that PPD was increased from 173mW/cm2 to

760mW/cm2 with increasing reaction temperature (120–200 °C).
The enhancement of fuel cell performance is attributed to the ac-

celerated electrode reaction rate caused by the increased reaction

temperature. Both of fuel cell performances of Pt/C and Ru NPs/C

as anode catalysts also improved obviously after increasing reac-

tion temperature (Fig. S6 in Supporting information). The fuel cell

performances of Pt/C, Ru NPs/C, and Ru@NG/C as anode catalysts

at 200 °C were shown for comparison, where PPD of Ru@NG/C

reached 760mW/cm2 and only 2mW/cm2 lower than that of Pt/C

(Fig. 3c). The linear relationship between reaction temperature and

the PPD of Pt/C, Ru NPs/C, and Ru@NG/C was summarized in Fig.

S6c, where Ru@NG/C showed a more significant slope than Pt/C

across the entire temperature range of 120–200 °C. The PPD in-

crease amplitude of Pt/C and Ru@NG/C were 180% and 339%, re-

spectively. In comparison to Ru NPs/C, Ru@NG/C exhibited both

higher PPD and performance increase amplitude, further indicat-

ing that the nitrogen-doped graphene shells significantly improved

the HOR performance of Ru-based catalysts in HT-PEMFCs.

Stability is a vital factor in evaluating the practicability of a

non-platinum catalyst of fuel cell. As displayed in Fig. 3d, Ru@NG/C

displays much superior stability than that of Ru NPs/C. The fuel

cell voltage of Ru@NG/C only decreases by 5.9% after a continuous

120h operation at 0.8 A, while the voltage of Ru NPs/C decreases

by 27% only after 25h. Moreover, the PPD of Ru@NG/C (Fig. S7a in

Supporting information) only decreased by 48mW/cm2 while the

PPD of Ru NPs/C decreased from 487mW/cm2 to 153mW/cm2, the

decline is 334mW/cm2 (Fig. S7b in Supporting information). The

TEM images of Ru NPs/C and Ru@NG/C after the stability test are

displayed in Fig. S8 (Supporting information), no obvious change

and aggregation in Ru@NG/C is observed compared with the origi-

nal sample, but occurring slight aggregation in Ru NPs/C. The XPS

results of Ru 3p were also compared before and after the stability

test, the relative content of Ru0 in Ru@NG/C is almost no degra-

dation after over 120h endurance test, while that in Ru NPs/C de-

creases 9% only after 25h endurance test (Figs. S7c and d in Sup-

porting information). These results reveal that the Ru encapsulated

by graphene shells effectively protects the metal Ru from being

3
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Fig. 4. (a) Schematic diagram of Ru@NG anti-poisoning during HOR in HT-PEMFCs. (b) H∗ absorbed energy at Ru(101), N–C/Ru@NG and Ru@NG models. (c) H2-TPD and (d)

CO-TPD of Ru NPs and Ru@NG. The absorption energy of (e) CO∗ and (f) H2PO4
- on Ru(101) and Ru@NG models.

oxidized to some degree, which explains the superior stability of

Ru@NG/C.

The increased operation temperature can decrease the surface

adsorption of catalysts and ease the CO poisoning of the electro-

catalysts, the tolerance of high CO content of HT-PEMFCs is an in-

dispensable factor. The CO tolerance of these anode catalysts was

investigated at 160 °C under 1% CO/H2 atmosphere. The PPD of the

Ru@NG/C decreased from 454mW/cm2 to 355mW/cm2, with a de-

cline of only 22%, while the performances of Pt/C and Ru NPs/C

decreased by 54% and 34%, respectively (Fig. 3e and Figs. S9a–c in

Supporting information). The performance changes of three cata-

lysts indicate that the CO tolerance of Ru@NG/C outperforms Pt/C

and Ru NPs/C obviously under different CO concentration gradients

(Fig. S9d in Supporting information). To further understand the

cause of the improved HOR activity and exceptional anti-poisoning,

CO-stripping tests of the catalysts were carried out at 160 °C in HT-

PEMFCs. As shown in Fig. S9e (Supporting information), it was ob-

served that the CO oxidation peak and onset potential of Ru@NG/C

are located at 0.462 and 0.356V, respectively. These values are also

significantly lower than Ru NPs/C (0.481V and 0.377V) and Pt/C

(0.657V and 0.543V), suggesting that the CO on the surface is eas-

ily oxidized, reducing the adsorption of CO on the surface and in-

hibiting the CO toxicity. The electrochemically active surface area

(ECSA) of three catalysts were assessed and shown in Fig. S9f (Sup-

porting information), Ru@NG/C exhibits the highest ECSA, arriving

445.89 m2/gmetal. The results show that the graphene shells can

effectively reduce the adsorption of PA for constructing more elec-

trocatalytic active surfaces.

After analyzing the above preliminary results, we deduced that

graphene shells on the Ru might screen PA and CO away from Ru

surface excepting H2 (Fig. 4a). To shed light on the mechanism for

the performance enhancement, the adsorption energies of H∗ on

different sites in Ru@NG models were carried out through theo-

retical calculations. As shown in Fig. 4b, the Ru sites ((H∗)Ru@NG)

between Ru NPs and graphene shells exhibit the most reasonable

hydrogen adsorption energy. Compared with the �GH∗ of Ru(101)

(−0.49 eV) and N-Ru@NG (0.38 eV) (H∗ adsorbed on N sites of

graphene shells), (H∗)Ru@NG exhibits a superior �GH∗ of 0.17 eV,

which is closer to the ideal value for hydrogen electrocatalysis

[16]. Fig. 4c displays the adsorption peaks of H2 temperature-

programmed desorption (H2-TPD) of Ru NPs and Ru@NG. A broad

peak starting at 243 °C and ending at 780 °C in Ru@NG has a

stronger binding energy than that of Ru NPs, which may be at-

tributed to the local enrichment of H2 caused by increasing the

specific surface area via the Ru coated with graphene shells. The

suitable H2 adsorption strength in Ru@NG ensures the excellent

HOR performance and is also consistent with the theoretical cal-

culation results. Distribution of relaxation times (DRT) analysis of

electrochemical impedance spectra (EIS) data in HT-PEMFCs were

helpful to identifying kinetic processes occurring on different time

scales, the short relaxation time region represented the proton

transfer process and anodic HOR process (Fig. 3f and Fig. S11 in

Supporting information). The HOR peak of Ru@NG/C located at

lower relaxation time region with smaller integral area, indicated

that the higher intrinsic HOR activity of Ru@NG/C catalyst pro-

moted the performance of HT-PEMFCs rather than the mass trans-

fer process affected by the structure of catalyst layer [21]. More-

over, (OH∗)Ru@NG (−0.39 eV) shows the stronger hydroxyl adsorp-

tion than OH∗ on Ru(101) (−0.27 eV) (Fig. S13 in Supporting in-

formation), the OH∗ tends to occur the adsorption transfer from

Ru(101) to carbon sites of graphene shells in Ru@NG, which will

accelerate the OH∗ removal of Ru surface to expose more reactive

sites. The adsorption energy of CO∗ on Ru@NG (−0.13 eV) is much

lower than that of Ru(101) (−2.15 eV) (Fig. 4e). CO-TPD showed

that Ru@NG has significantly lower CO adsorption strength and

adsorption capacity, which is consistent with the better CO toler-

ance from experimental and calculated results (Fig. 4d). And the

Eads(H2PO4
-) (−2.22 eV) on Ru@NG surface is weaker obviously,

which is consistent with the results observed in previous solu-

tion electrochemical and fuel cells experiments (Fig. 4f). Overall,

interfacing Ru NPs with graphene shells will optimize selectively

the adsorption of diverse intermediates, synergistically contribut-

ing to exceptional HOR performance, stability, and poison tolerance

in high-temperature acid-rich conditions of HT-PEMFCs.

In summary, uniformly distributed Ru NPs encapsulated by

graphene shells is utilized as a high-stability anode catalyst against

CO and PA toxicity for HT-PEMFCs. The graphene shells in Ru@NG

construct limited transport channels, effectively reducing the sur-

face adsorption energy of larger PA/CO molecules and suppressing

its contact with Ru sites, thereby enabling excellent anti-poisoning

ability. Moreover, smaller H2 can freely pass through graphene

shells and contact with Ru sites directly, H∗ adsorption energy is

also regulated by graphene shells and further influences the rate-

determining step of the HOR, achieving the ultimate expression of

activity. This work provides new guidance for designing the high-

efficiency catalysts of HT-PEMFCs.
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