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Abstract: The development of Pt-free catalysts for the alkaline hydrogen evolution reaction 

(HER), which is widely used in the industrial scale water-alkali electrolyzers, remains a 

contemporary and pressing challenge. Ruthenium (Ru) has excellent water-dissociation ability 

and could be an alternative water splitting catalyst. However, its large hydrogen binding energy 

limits the HER activity. Here, a new approach has been proposed to boost the HER activity of 

Ru through uniform loading of Ru nanoparticles on triazine-ring (C3N3)-doped carbon (triNC). 

The composite (Ru/triNC) exhibits outstanding HER activity with an ultra-low overpotential of 

~2 mV at 10 mA cm-2; thereby making it the best performing electrocatalyst hitherto reported 
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for alkaline HER. The calculated metal mass activity of Ru/triNC is >10 and 15 times higher 

than that of Pt/C and Pt/triNC. Both theoretical and experimental studies reveal that triazine-

ring is a good match for Ru to weaken the hydrogen binding on Ru through interfacial charge 

transfer via increased contact electrification. Therefore, Ru/triNC can provide the optimal 

hydrogen adsorption free energy (approaching zero), while maintaining the strong water-

dissociation ability. This study provides a new avenue for designing highly efficient and stable 

electrocatalysts for water splitting. 

 
1. Introduction 

Hydrogen is a clean and green energy source. Despite existing challenges (e.g. viable and 
scalable hydrogen storage options), hydrogen production is a key activity in the movement 
towards a renewable and clean energy based economy.[1] Electrochemical water splitting is an 
eco-friendly way to produce hydrogen with no emission of pollutants. This is in stark contrast 
to the significantly polluting options currently used in industry (e.g. steam reforming of 
methane or coal to obtain hydrogen). Generally, the hydrogen evolution reaction (HER) is 
straightforward and efficient in acidic media due to the availability of H+ (see details in 
Supporting Information). However, in industrial situations, alkaline media for water 
splitting/hydrolysis is preferred; this is because it accelerates the oxygen evolution kinetics.[2] 
Pt/C is the state-of-the-art HER electrocatalyst in acidic solution. However, its activity and 
stability significantly decrease in alkaline conditions. Thus, an alternative alkaline HER catalyst 
is a contemporary requirement. 

The adsorption characteristics of the reaction intermediates ( ∗H, in this case) is an 
important factor in determining the HER activity of electrocatalysts.[3-5] Moderate adsorption 
enthalpy of ∗H (ΔGH ≈ 0) is considered desirable.[3, 6] Weak hydrogen binding (ΔGH > 0) leads 
to the difficulty in the Volmer step, while strong adsorption (ΔGH < 0) is not beneficial to the 
desorption of products in the Tafel or Heyrovsky steps. Also, water dissociation (H2O+e−+∗ →∗H+OH−) is the primary concern in alkaline HER.[7] Notably, some (hydro)oxides and 
oxides such as Ni(OH)2

[8] and CrOx
[9]

 demonstrate the ability to reduce the water dissociation 
barriers in alkaline conditions when used as co-catalysts. Some metals with strong water-
dissociation ability, such as Raney (or spongy) Ni and Ni alloys,[10] are efficient alkaline HER 
catalysts. However, these alloys are usually not sufficiently active when compared to noble 
metals such as Pt. 

Previous reports suggest that the energy barrier for water dissociation is low on Ru surfaces 
due to the strong interaction with the oxygen atoms of water molecules.[11] This has been 
consistently known from both computation and experiment.[12] This makes Ru a viable 
candidate for alkaline HER catalysis. However, it is found that Ru has a rather strong hydrogen 
adsorption ability, which leads to difficulty in the Tafel step.[13, 14] Through rational materials 
design,[12, 15] control of the support,[14, 16-18] and electronic structure modification,[19] Ru could 
in fact show HER activities similar to Pt, or even better. However, despite this possibility, 
elucidation of principles for improving the HER activity of Ru has remained elusive. It has been 
reported that the Ru surface is an ‘electron donor’ substrate for hydrogen binding.[20] Hence, 
identification of a support which can increase electron transfer from Ru to the support could 
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help. This is because doing so will effectively weaken hydrogen binding on Ru, thus resulting 
in an improved HER performance. 

Contact electrification[21, 22] at the metal-conductor/semiconductor interface, is associated 
with electron transfer that occurs when the two components are in contact. This is caused by 
differences in the Fermi levels and work functions of the components that are in contact with 
each other. Electrons transfer across the junction of the components to equalize the Fermi levels. 
This phenomenon offers a reasonable means to influence the electron transfer process occurring 
in HER.[21, 23] By choosing appropriate conductive supports, the electron transfer processes 
could thus be controlled. 

Here, we design and demonstrate a unique carbon support doped with N-rich triazine-ring 
(C3N3) that can act as an active “electron acceptor” when contacting Ru.[24, 25] Ru on this 
triazine-ring-doped carbon (Ru/triNC) exhibits the outstanding HER activity when compared 
to commercial Pt/C in alkaline solution. In fact, based on champion HER catalysts reported thus 
far, it is evident that Ru/triNC is the best-performing electrocatalyst.[14, 17, 18, 26] We report the 
relationship between the HER activity of the supported Ru nanoparticles and work functions of 
the different carbon supports (pure carbon (C), N-doped carbon (NC), and triNC). It is found 
that the catalytic performance of Ru is significantly influenced by contact electrification with 
the carbon substrates. Compared to C and NC, triNC promotes more electron loss from Ru and 
hence weakens hydrogen binding. 
 

2. Results and discussion 

2.1. Synthesis and characterization of Ru/triNC 

The steps used to synthesize the triazine-based covalent triazine framework (CTF), 
triazine-ring doped carbon (triNC) and triNC-supported Ru (Ru/triNC) are shown in Scheme 1. 
Briefly, CTF and triNC are fabricated using an ionothermal strategy with 
tetracyanoquinodimethane (TCNQ) as the raw material.[24, 25] Ru is loaded on triNC using an 
impregnation step followed by a thermal reduction process (details are given in Electronic 
Supplementary Material). To study the differences among several types of (i) carbon supports 
and (ii) levels of nitrogen doping, Ketjen black (C) and N-doped Ketjen black (NC) are chosen 
to support Ru nanoparticles. This is done due to their high electrical conductivity and large 
specific surface area (SSA, ~1300 m2 g-1). Ru is also supported on C and NC using the same 
process as the preparation of Ru/triNC. The resulting samples are denoted as Ru/C and Ru/NC, 
respectively. 

To confirm the existence of the triazine-ring structure, Fourier-Transform Infrared (FT-
IR) spectroscopy is conducted for the triazine-based CTF and triNC based samples (Figure 1a). 
The adsorption peak at ~2200 cm-1 corresponds to -C≡N stretching vibration.[24] This peak 
disappears after pyrolysis, indicating the -C≡N decomposition. The adsorption peaks at ~1560 
cm-1 and ~1180 cm-1 are attributed to the vibration of triazine and benzene,[24] indicating the 
formation of triazine-ring within the carbon matrix. Two peaks of triazine ring are reserved 
even after further annealing, confirming the existence of triazine ring in triNC. Except for 
TCNQ, we have tried other raw materials (e.g. 1,4-dicyanobenzene) for CTF, but these CTF 
materials would not tolerate the further pyrolysis and decomposed at higher pyrolysis 
temperature. This indicates that CTF made from TCNQ shows better thermal stability which 
still remains after annealing at higher temperature. The specific surface area of triNC is 
evaluated using nitrogen adsorption measurements at -196 °C (Figure S1). The sorption 
isotherms belong to the reversible adsorption profiles of mixed type I and type IV. The isotherm 
concave to P/P0 axis and adsorption amount approach a limit as P/P0 is close to 1, also an 
obvious hysteresis loop appear in the high relative pressure range. This indicates the coexistence 
of microporous and mesoporous structure in triNC. The calculated specific surface area (SSA) 
of triNC using Brunauer-Emmett-Teller (BET) is as high as ~2000 m2 g-1. The corresponding 
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pore size distribution analyzed by nonlocal density function theory (NLDFT) also shows a 
micro-mesoporous structure. The ultrahigh SSA and an abundance of micropores originate 
from the 3D amorphous framework of CTF. The X-ray diffraction (XRD) pattern of triNC 
shows two broad reflections at ~25o and ~45o, consistent with its amorphous structure (Figure 
1b). The reflections associated with the hexagonal Ru appear for Ru/triNC, clearly confirming 
the presence of Ru.  

 The morphology of the samples prepared is observed using TEM (Figure 1c-f and Figure 
S2-4). High resolution TEM (HRTEM) micrograph shows that triNC has an amorphous 
structure (Figure S2). SEM and low-resolution TEM images show no aggregation of Ru in 
Ru/triNC prepared at 900 °C (Figure S3-4). Ru nanoparticles are well-dispersed within the 
triNC matrix, and their particle sizes are typically in the range of ~4-7 nm (inset of Figure 1c). 
The average size of over 200 nanoparticles that we counted is 5.7 nm. The high-angle annular 
dark-field scanning TEM (HAADF-STEM) image confirms the formation of small-sized 
nanoparticles, revealing lots of bright spots (Figure 1d). From the HRTEM image of Ru/triNC 
(Figure 1e), it is clear that Ru nanoparticles are crystalline with a lattice spacing of ~2.13 Å; 
this corresponds to the (002) plane of hexagonal Ru.[16] The lattice of carbon (~3.55 Å) is also 
visible around Ru particles. This shows that the addition of Ru metal promotes the 
graphitization of carbon supports.[27] Elemental mapping images demonstrate that N elements 
are distributed around Ru nanoparticles, implying rather uniform distribution of Ru on the 
triazine-ring (Figure 1f). Ru nanoparticles in Ru/C and Ru/NC (Figure S4) have similar particle 
sizes when compared to those in Ru/triNC. XRD also reveals the presence of hexagonal Ru for 
Ru/C and Ru/NC, as is the case for Ru/triNC (Figure S5). The real loading amounts of Ru in 
all Ru/triNC samples are determined by thermogravimetric analysis (TGA) in air atmosphere. 
The obtained TG curves are shown in Figure S6. During the test, the carbon support can be 
oxidized into CO2 and Ru could transform into RuO2. The calculated Ru contents are 2.3 wt% 
for Ru/triNC1, 5.8 wt% for Ru/triNC5, 9.4 wt% for Ru/triNC and 14.8 wt% for Ru/triNC20, 
respectively. These Ru contents match well with the expected. 

 
2.2. Contact electrification of Ru and supports 

Contact electrification and electron transfer for different samples are studied via ultra-
violet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS). UPS is 
conducted to measure work functions of different carbon supports before and after adding Ru. 
In the UPS spectra (Figure 2a-b), EFermi is located at 0 eV and the work functions for the 
materials can be determined from the shift of the secondary electron cut-off edge. As expected, 
pure C has the most positive Ecut-off (~16.7 eV) and this Ecut-off shifts negatively by ~0.2 eV for 
NC. This indicates that doping using hetero-elements with higher electronegativity increases 
the work function of carbon.[28] The triNC shows the most negative Ecut-off located at ~16.1 eV, 
implying that it has the lowest Fermi level among these three samples. The change of Fermi 
level and work function mainly originates from the local nitrogen concentration of triazine-ring. 
Hence, compared to C and NC, triNC has the strongest electron acceptance ability during the 
contact electrification with Ru. Figure 2b and Figure S7 show the change in work function of 
different carbon supports before and after addition of Ru. It is evident that, after the addition of 
Ru, the cut off edge of carbon supports shifts positively, due to two main reasons. Firstly, Ru 
nanoparticles with lower work function contribute to the secondary electrons that have higher 
kinetic energies.[29] Secondly, since UPS reflects the valence electron character of whole surface, 
charge transfer from Ru to carbon support makes the material surface electron-rich. These 
results further show the charge redistribution after the addition of Ru.[21]  

The electron transfer process and valence states of Ru supported on different carbon 
supports are further confirmed using XPS. In the N1s spectra of triNC and Ru/triNC (Figure 
2c), nitrogen possesses two peaks which are ascribed to triazine-ring N (398.8 eV) and graphitic 
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N (400.2 eV), respectively. Graphitic N originates from the separation of the triazine-ring 
during carbonization. By comparing the areas of two peaks, we determine that the triazine-ring 
groups remain even after thermal treatment (Figure S9 and Table S1). The N1s spectra show a 
similar but wide peak after the addition of Ru, reflecting the occurrence of electron 
redistribution between Ru and triNC. The peak of the triazine-ring N shows a negative shift of 
~0.2 eV, while the peak of graphitic N does not change. This reveals that the triazine-ring with 
a higher local nitrogen density is the main electron capturing site. The Ru 3p spectra exhibits 
double peaks at ~462.4 and ~484.8 eV (Figure 2d), which correspond to zero-valence Ru3p1/2 
and 3p3/2, respectively. When compared to Ru/C, the binding energies of Ru 3p in Ru/NC 
negatively shift by~0.4 eV, suggesting that electron transfer occurs from Ru to NC. Ru/triNC 
reveals the most positive shift among three samples, indicating the highest electron loss occurs 
in case of Ru loaded onto triNC. The conspicuous positive shifts for Ru/C, Ru/NC and Ru/triNC 
are consistent with the UPS analysis above. 

The electron transfer occurring between Ru and triNC is further captured using First-
principle calculations. First of all, the work functions of C, NC and triNC are calculated (Figure 
3a and Table S2). The calculated work functions match well with the experimental results. It 
clearly indicates that the Fermi level is influenced by N doping and moves to the deeper energy 
levels.[28] The charge transfer process is analyzed using differential charge density (Figure 3b). 
To simplify the calculations, we simulate a graphene structure with a triazine-ring defect and 
put a 6-atom Ru cluster on it to mimic Ru/triNC. The structure (after relaxation) is given in 
Figure 3b (left panel). The distortion of triazine ring on graphene clearly indicates binding 
between Ru and N. Differential charge density suggests charge redistribution, as shown in 
Figure 3b (right panel). In the inner regions of Ru cluster, a large area of electron loss is 
observed; these electrons are evidently captured by triNC. For nitrogen atoms, each gains about 
one more valence electron compared to original neutral nitrogen atom for Ru/triNC and Ru/NC 
by Bader charge analysis. Triazine-ring structure has a higher local nitrogen density; this 
correlates with the fact that the total electronic charge gathered by nitrogen in triNC is almost 
three times higher than that for NC. This result explains the observation of a much higher work 
function of triNC when compared to the work functions of NC and pure C. All these results 
confirm the electron transfer effect between Ru and support, and hence the contact 
electrification. It may be inferred that when supported on triNC, which has a much lower EFermi; 
Ru tends to lose more charge than in cases wherein Ru is loaded on NC or pure C. Thus, Ru 
behaves as a more ‘positive surface’ when loaded on triNC (Figure 3c). Considering the 
‘electron donor’ surface that Ru becomes in the presence of triNC, on bonding with hydrogen; 
the degree of filling of bonding orbital (σ bond) would be reduced. This in turn would make the 
hydrogen adsorption weakens (Figure S11).[19]  

 
2.3. Electrochemical HER performance 

HER performance is measured in 1 M KOH solution using a three-electrode system at 
room temperature. The measurement requires the use of a surface-modified rotating disk 
electrode (RDE) as the working electrode and a graphite rod as a counter electrode. Three Ru 
catalysts with different carbon supports (Ru/C, Ru/NC, Ru/triNC) are tested. And Pt/triNC and 
commercial Pt/C (20 wt%, Johnson Matthey) are also tested for comparison. The HER 
performance is evaluated by the overpotential (η10) versus reversible hydrogen electrode (RHE) 
at a current density of 10 mA cm-2. As shown in Figure 4a, Ru/triNC shows excellent HER 
activity with a minimum overpotential of ~2 mV at a current density of 10 mA cm-2 (η10: 2 mV). 
This is in fact much better than Ru/C (η10: 80 mV) and Ru/NC (η10: 43 mV). The observed HER 
activity of Ru/triNC represents a marked improvement when compared with a commercial Pt/C 
with a η10 of ~32 mV. These results indicate that Ru/triNC is the best-performing HER 
electrocatalyst in alkaline solution. By introducing N into C, Ru/NC shows an improvement 
and a Pt-like HER performance. This in fact quite unambiguously reflects the importance of N 
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doping in the carbon matrix. This is also consistent with the electron structure analysis 
mentioned above. The activity difference between Pt/C and Pt/triNC also demonstrates the 
importance and the specificity of the carbon support. In fact compared with commercial Pt/C, 
Pt/triNC reveals poorer activity with a large η10 of 67 mV, implying the negative role of the 
triazine-ring to decrease the HER activity of Pt. Moreover, commercial Ru/C (5wt%, Alfa 
Aesar) also shows a much lower HER activity with a large η10 of 87 mV when compared to 
Ru/triNC5 (Figure S12). This further demonstrates the key role of triazine-ring in boosting the 
HER activity of Ru. This is also consistent with the results presented above.  

The kinetics of all these samples are investigated via Tafel plots (Figure 4b). Ru/triNC 
exhibits the lowest slope of Tafel plot of ~32.1 mV dec-1, reflecting the occurrence of the 
Volmer-Tafel step on the surface of electrode; this would in fact be the fastest reaction (in terms 
of kinetics). For Pt/C, the slope of Tafel plot is higher (~41.3 mV dec-1), demonstrating slower 
kinetics caused by the water dissociation step. However, replacing carbon by triNC for the Pt 
catalyst leads to a much higher slope of the Tafel plot of 111.2 mV dec-1. This is possibly due 
to enhanced hydrogen adsorption, which in turn decreases the HER kinetics. Among Ru-based 
samples, N-free Ru/C has the highest slope associated with the Tafel plot (~105.5 mV dec-1); 
this shows significantly slower kinetics caused by strong hydrogen adsorption onto the surface 
of Ru. 

The differences between the HER performance of Ru/triNC and Pt/C in acidic and alkaline 
conditions are also analyzed (Figure S13). Ru/triNC exhibits excellent HER performance in 
alkaline conditions, while in acidic media it shows slow kinetics with a higher slope of Tafel 
plot (~39.8 mV dec-1). On the other hand, Pt/C shows the opposite tendency. Pt/C performs 
better in an acidic electrolyte with a lower slope of Tafel plot (~25.0 mV dec-1). This 
discrepancy might be caused by the spontaneous dissociation of water on Ru surface. In alkaline 
solution, the spontaneous dissociation of water on Ru surface provides abundant reactants (e.g., 
adsorbed H+). But on Pt surface, a much higher overpotential is necessary to generate adsorbed 
proton. In acidic conditions, the strong interaction between Ru and the water molecule occupies 
active sites, lowering the HER kinetics. The moderate hydrogen adsorption and weak water 
interaction on Pt surface makes Pt a perfect HER catalyst in acidic conditions.[12] 

Exchange current density of all samples is calculated using extrapolation of the Tafel plots 
(Figure 4b-c). Ru/triNC has an ultra-large exchange current density of 9.2 mA cm-2, which is 
~4 times higher than that of Pt/C (2.4 mA cm-2). This implies an intrinsically high HER activity. 
It is also observed through electrochemical impedance spectroscopy (EIS) (Figure 4d). 
Ru/triNC shows the lowest charge transfer resistance. Electrochemical surface area (ECSA) is 
evaluated using CV scanning at different scan rates (Figure 4e, Figure S14 and Table S3). The 
capacitance of Ru/triNC is 89.9 mF cm-2, revealing an extremely high ECSA. In fact, the ESCA 
value is found to be ~2 times higher than that of commercial Pt loaded onto carbon Vulcan 
XC72 (Pt/C). Pt/triNC also reveals a relatively high ECSA (101.7 mF cm-2). This indicates the 
contribution of the carbon support (triNC) towards enhancing the ESCA. This result also 
confirms to the former reports of supercapacitors based on similar carbon materials.[24, 30] The 
durability measurements indicate that the η10 for Ru/triNC only increases by ~6 mV after 8000 
cyclic voltammetry (CV) cycles (~8 h). In fact it once again shows that Ru/triNC significantly 
outperforms Pt/C (Figure 4f). Pt/C shows a large increase of η10 by ~12 mV in identical 
conditions. 

Furthermore, the influence of synthesis parameters (Ru content: 1, 5, 10, 20 wt% and 
thermal treatment temperatures: 800, 900, 1000 °C) on Ru/triNC is investigated in detail. As 
shown in Figure 4g-i and Figure S15-16, Ru/triNC prepared at 900 °C shows the best HER 
activity. Other samples (Ru/triNC800 prepared at 800 °C and Ru/triNC1000 prepared at 
1000 °C) reveal poorer activity than Ru/triNC. However they still perform much better than 
Pt/C. It is demonstrated that, as thermal treatment temperature increases, the content of triazine 
N decreases. This is due to the increased crystallization caused by the high-temperature 
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treatment. The N content in the carbon support, as well as the Ru loading amount is crucial to 
the final HER performance. Too much heteroatom doping is harmful to the conductivity of 
carbon support[31], while the lack of tri-N could influence the work function and further decrease 
the performance of loaded Ru nanoparticles. Therefore a moderate N content in the carbon 
support is necessary for obtaining the best HER performance. For the Ru loading amount, the 
high usage of Ru may cause the overgrowth of Ru nanoparticle in Ru/triNC20 (Figure S3d, e) 
and thus weaken the contact electrification between Ru and carbon support. Therefore it could 
lead to a poor HER performance. According to our experimental results,The optimized triazine 
N content is ca. 0.62 at% and the optimal Ru loading amount is 10 wt% (Figure 4h). 

The mass activities of noble metals are also compared to that of Pt/C, Pt/triNC, and 
different Ru/triNC samples. These are related to the relative cost of hydrogen production 
(Figure 4i). The calculated mass activity of best Ru/triNC prepared at 900 °C (778.2 mA 𝑚𝑔𝑅𝑢−1) 
is >10 times higher than that of 20 wt% Pt/C (75.7 mA 𝑚𝑔𝑃𝑡−1) and >15 times higher than that 
of Pt/triNC (51.1 mA 𝑚𝑔𝑃𝑡−1) at 25 mV overpotential. Ru/triNC samples with different synthesis 
conditions also reveal mass activities which are better than that of Pt/C (193.3 mA 𝑚𝑔𝑅𝑢−1 for 
Ru/triNC800, 381.5 mA 𝑚𝑔𝑅𝑢−1 for Ru/triNC1000, 163.4 mA 𝑚𝑔𝑅𝑢−1 for Ru/triNC1, 229.4 mA 𝑚𝑔𝑅𝑢−1 for Ru/triNC5, 92.4 mA 𝑚𝑔𝑅𝑢−1 for Ru/triNC20). Moreover, the turnover of frequency 
(TOF) of these samples is calculated and compared according to the metal loading amounts. 
The TOFs under the overpotential of 40 mV are 1.26 s-1 (per Ru atom) for Ru/triNC, 0.53 s-1 
(per Pt atom) for Pt/C, 0.20 s-1 for Ru/NC and 0.07 s-1 for Ru/C, further illustrating the high 
HER activity of Ru/triNC. Also the optimized Ru/triNC is clearly shown to be superior to all 
Ru-based HER catalysts that have been reported over the last three years (Table S4). 
 

2.4. DFT calculation for HER 

Materials simulation based on density function theory (DFT) has been performed to gain 
further insights into electron transfer process between Ru and carbon supports and its effect on 
HER activity.[32] Calculation details are shown in the Methods section. For HER, generally, a 
moderate hydrogen adsorption Gibbs free energy (∆GH ≈ 0) is preferred to ensure fast hydrogen 
adsorption and desorption.[3, 4, 9, 33] The ΔGH values for different catalysts and corresponding 
adsorption models are showed in Figure 5a and Figure S17. Compared to Pt, pure Ru surface 
exhibits a much higher ΔGH (-0.02 eV for Pt(111) and -0.28 eV for Ru(001)). This is reasonably 
given in previous reports.[12] While loaded on carbon support, Ru exhibits weaker hydrogen 
binding than pure Ru (001). And the calculated ΔGH values for Ru/C and Ru/NC are -0.20 eV 
and -0.17 eV, respectively. On the surface of Ru/triNC, hydrogen adsorption and desorption 
reveal an optimal thermodynamic process with a very small ∆GH equal 0.04 eV. This value for 
Ru/triNC is significantly closer to ΔGH on Pt surface. It is also close to the ideal value (∆GH ≈ 
0), indicating the superior HER activity of Ru/triNC. While for Pt/triNC, much stronger H 
adsorption (ΔGH: -0.37 eV) is observed, which is due to the triNC carbon support. This leads 
to poor HER activity. These DFT calculations are therefore consistent with the experimental 
results we report.  

As mentioned above, the ability of water dissociation on surface of catalyst is also an 
important indicator of HER especially in alkaline conditions. To simplify the calculation 
process, the ability of water dissociation is measured by calculating the H2O binding energy 
(∆Ew).[13, 17] Generally, a large ∆Ew is preferred for strong water molecule adsorption since it 
would weaken the O-H bond inside the water molecule and accelerate the dissociation process. 
The calculated ∆Ew values for different catalysts are shown in Figure 5b. As expected, Ru/triNC 
exhibits a much higher ∆Ew (0.41 eV) than Pt (0.11 eV for Pt(111)) and Ru (0.33 eV for 
Ru(001)), suggesting its significant ability for water dissociation. The difference between H2O 
dissociation on surface of Pt, Ru, Ru/triNC, and Pt/triNC could also be observed in adsorption 
structure models after relaxation (Figure S18). On Pt surface, H2O molecule is adsorbed 
resulting in the Pt-H bond, which is too weak to cleave O-H bond in H2O. While on Ru surface, 
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H2O molecule runs parallel to Ru(001) surface, demonstrating that the Ru-H bond and Ru-O 
bond have much larger binding energies. For Ru/triNC, the adsorption of H2O mainly operates 
through the Ru-O bond. Although Ru-H bond is weakened, a larger ∆Ew is obtained. This 
reveals a much stronger Ru-O bond when H2O molecule is adsorbed on Ru/triNC.[11] It may be 
attributed to electron loss resulting from increased contact electrification with the interface of 
Ru and triazine-ring. Ru with slight positive valence could in fact enhance the adsorption of 
oxygen-contained species. For Pt/triNC, interestingly, a much higher H2O binding energy is 
observed, favoring water splitting. However, strong H adsorption leads to the slow kinetics of 
hydrogen evolution. Above all, the optimal hydrogen adsorption character and strong water 
dissociation ability makes Ru/triNC a champion HER catalyst in alkaline conditions. 

 

3. Conclusion 

We demonstrate that well-dispersed Ru nanoparticles on triazine-ring-doped carbon 
support (Ru/triNC) shows outstanding HER activity with an ultra-low overpotential of ~2 mV 
at 10 mA cm-2 and a small Tafel slope of ~32.1 mV dec-1 in alkaline electrolyte. The activity is 
significantly superior to that of (i) Pt/triNC made in the same way with the same metal 
concentration, and (ii) a commercial Pt/C catalyst. Also the observed activity is superior to any 
previously reported HER electrocatalysts.  

The calculated mass activity of Ru/triNC (778.2 mA 𝑚𝑔𝑅𝑢−1) is over 10 times higher than 
that of commercial Pt/C (75.7 mA 𝑚𝑔𝑃𝑡−1) and over 15 times higher than that of Pt/triNC (51.1 
mA 𝑚𝑔𝑃𝑡−1) at an overpotential of 25 mV. The key role of triazine ring doping in the triNC is 
confirmed by the XPS and UPS results, as well as DFT calculations. The doping of triazine ring 
into the carbon matrix changes the position of Fermi-level and the work function of the carbon 
support, making triNC a better electron acceptor compared with NC and pure C. The electron 
transfer from Ru to carbon support weakens the hydrogen adsorption intensity and accelerates 
the desorption of hydrogen during the HER. DFT calculation proves that a moderate hydrogen 
adsorption energy and stronge water dissociation ability are obtained on this contact 
electrification modified Ru surface, thus leading to a superior HER activity in alkaline medium. 
This finding offers insight into hydrogen evolution in alkaline solution and also suggests a 
feasible strategy to fabricate highly efficient Pt-free HER catalyst. 
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Scheme 1. Schematic illustration of synthesis of Ru/triNC. Black, blue and orange spheres 
represent C, N and Ru atoms, respectively. 
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Figure 1. (a) FT-IR spectra of triazine-based CTF and triNC. (b) XRD patterns of triNC and 
Ru/triNC. (c-d) TEM and HADDF-STEM images of Ru/triNC. Inset of (c) is particle size 
distribution of Ru nanoparticles. (e) HRTEM image of Ru/triNC. (f) HAADF-STEM images of 
Ru/triNC and the corresponding elemental mapping images for C, N and Ru. 
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Figure 2. Electronic properties of carbon supports and Ru-loaded samples. UPS spectra of (a) 
C, NC, and triNC, and (b) Ru/triNC and triNC. The insets show the enlarged parts. XPS spectra 
of (c) N1s of triNC and Ru/triNC, and (d) Ru3p of Ru/C, Ru/NC, and Ru/triNC. 
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Figure 3. (a) Experimental and calculated work functions of C, NC and triNC support. (b) 
Differential charge density of Ru/triNC. Grey, blue and orange spheres represent C, N and Ru 
atoms, respectively. Yellow and blue areas represent electron accumulation and electron 
depletion, respectively. (c) Illustration of contact electrification in Ru/triNC and Ru/NC, 
showing increased contact electrification in Ru/triNC. 
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Figure 4. (a) LSV curves for Ru/triNC, Ru/NC, Ru/C and commercial Pt/C in 1 KOH solution 
(scan rate: 2 mV s-1; rotation speed: 1600 rpm; iR correction: 90%). (b) Tafel plots calculated 
from the data in a. (c) Comparison of overpotential at a current density of 10 mA cm-2 and 
exchange current density calculated using extrapolation of Tafel plots. (d) EIS spectra. (e) 
Electrochemical surface area measured by double layer capacitance. (f) Duration measurements 
of commercial Pt/C and Ru/triNC. (g and h) Dependence of η10 and triazine N content for 
Ru/triNC on thermal treatment temperatures and Ru loading amounts. (i) Comparison of metal 
mass activities (at 25 mV overpotential) for Pt/C, Pt/triNC, and Ru/triNC with different thermal 
treatment temperatures and Ru loading amounts. 
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Figure 5. (a) Hydrogen adsorption free energy (ΔGH) on Ru/triNC, Pt/triNC, Ru/C, Ru/NC, Pt 
(111) and Ru (001). (b) Water molecule binding energy on Pt(111), Ru(001), Ru/triNC, and 
Pt/triNC. 
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Triazine-ring as an active “electron acceptor” is a good match for ruthenium to weaken the 
hydrogen binding on ruthenium through interfacial charge transfer via increased contact 
electrification confimed by both theoretical and experimental results. The resulting ruthenium 
triazine composites exhibits the outstanding HER activity when compared to commercial Pt/C 
in alkaline solution. 
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