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Detection of the H2 product and Faradaic efficiency

 The H2 product was quantitatively analyzed in real-time from the cathodic part of the H-cell 

reactor by an online gas chromatograph (GC, model iGC 7200A) equipped with a thermal 

conductivity detector (TCD for H2 detection) and flame ionization detectors (FIDs for carbon 

product detection). High purity N2 (99.9999%) was used as a carrier gas for chromatography. The 

GC spectra for the H2 product were collected after each 40 min interval for 300 min. The actual 

amount of H2 generated during the 5 h chronoamperometric test was calculated from the area of 

the GC spectrum using the H2 calibration curve from the standard gases.

The Faradaic efficiency was calculated using the actual amounts of H2 products obtained from 

GC divided by the theoretical amount of H2 by using the following equation:

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 
∗ 100

The theoretical amount of H2 gas was calculated using Faraday’s law equation

𝑛𝐻2
=

𝐼 × 𝑡
𝑧 × 𝐹

where n is the number of mol, I is the current in ampere, t is the time in seconds, z is the electron 

transfer during the reaction (for H2 z = 2), and F is the Faraday constant (96,485 C mol−1).

Turnover Frequency

Turnover frequency (TOF) of Cu/Rh(SAs)+Cu2Rh (NPs)/GN was calculated using the equation:1 

𝑇𝑂𝐹 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

The number of H2 molecules produced per geometric area can be calculated using the equation.

𝐻2𝑇𝑢𝑟𝑛𝑜𝑣𝑒𝑟 = 𝑗(𝑚𝐴𝑐𝑚 ‒ 2) ×
1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴
×

1 𝑚𝑜𝑙 𝑒 ‒

96485 𝐶
×

1
𝑧

× 𝑁𝐴
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where j is the current density (mA cm-2), z is the number of electrons involved in the reaction (in 

case of HER, z = 2), and NA is the Avogadro constant (6.02 1023). Using current density at an ×

overpotential of 20 mV, the H2 turnover frequency for Cu/Rh(SAs)+Cu2Rh (NPs)/GN can be 

obtained as follows:

 
𝐻2 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 = 36.69 𝑚𝐴 𝑐𝑚 ‒ 2 ×

1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴
×

1 𝑚𝑜𝑙 𝑒 ‒

96485 𝐶
×

1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒
× 6.022 × 1023

 𝐻2 

 𝑚𝑜𝑙 𝐻2

                                              = 1.145 × 1017𝐻2 𝑠 ‒ 1𝑐𝑚 ‒ 2

Meanwhile, the number of active sites was calculated by the equation:

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 = 𝑤𝑡.% × 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 ×
1 𝑚𝑚𝑜𝑙

𝑀𝑊
× 𝑁𝐴 𝑠𝑖𝑡𝑒𝑠 𝑚𝑚𝑜𝑙 ‒ 1

where wt.% is the weight of the metal in a catalyst (we use only the Rh content for TOF 

calculation), MW is the molecular weight, and NA is Avogadro constant. The ICP-OES analysis 

gives the amount of Rh in Cu/Rh(SAs)+Cu2Rh(NPs)/GN as 5.55 wt%. So, the number of active 

sites was obtained as follows:

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 =  
5.55
100

× 0.285 𝑚𝑔 𝑐𝑚 ‒ 2 ×
1 𝑚𝑚𝑜𝑙𝑒

102.9055 𝑚𝑔
× 6.022 × 1020𝑠𝑖𝑡𝑒𝑠 𝑚𝑚𝑜𝑙 ‒ 1

= 9.256 × 1016𝑠𝑖𝑡𝑒𝑠 𝑐𝑚 ‒ 2

Giving TOF value for Cu/Rh(SAs)+Cu2Rh(NPs)/GN is:

𝑇𝑂𝐹 =
1.145 × 1017𝐻2  𝑠 ‒ 1𝑐𝑚 ‒ 2

9.256 × 1016𝑠𝑖𝑡𝑒𝑠 𝑐𝑚 ‒ 2
=  1.237 𝐻2 𝑠𝑖𝑡𝑒𝑠 ‒ 1 𝑠 ‒ 1

Using a similar method, the TOF value of catalyst 5 and commercial Pt-C catalyst was calculated 

to be 0.0378 H2 sites-1 s-1 and 0.329 H2 sites-1 s-1, respectively.
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Core level XPS spectra of catalysts 1-6, Cu(SAs) + Cu(NPs)/GN, Cu(SAs)/GN and Cu/Rh(SAs) 

+ Cu2Rh(NPs)/G 

Figs. S14-22 show the core level XPS spectra of Rh 3d, Cu 2p and N 1s of catalysts 1-6,  

Cu(SAs)+Cu(NPs)/GN, Cu(SAs)/GN and Cu/Rh(SAs)+Cu2Rh(NPs)/G. In catalysts 1-6, the 

splitting pattern of Rh 3d5/2 and Rh 3d3/2 spectra shows two main dominant peaks of zero valence 

Rh atom at binding energies of 307.25-307.51eV and 312.00-312.14 eV and two minor peaks of 

ionic species at binding energies of (308.10-309.54 eV and 313.00-313.61 eV)2 (Figs. S14a-S19a). 

Similarly, the core level XPS spectra of Cu 2p in 1-4, Cu(SAs)+Cu(NPs)/GN and Cu(SAs)/GN 

show two main sharp and strong peaks of metallic Cu at binding energies of 932.29-932.74 eV 

and 952.04-952-63 eV and two small peaks of ionic species at binding energies of 934.56-934.91 

eV and 954.12-955.65 eV with shakeup satellite peaks at 940.75-941.77 eV and 943.68-944.45 eV 

(Figs. S14b-S17b and S20a and 21a). The binding energies of N 1s core-level XPS spectra 

(398.33-398.54 eV, 399.55-399.78 eV and 400.28-401.09 eV) show that the nitrogen in catalysts 

[1-5,  Rh(SAs)/GN , Cu(SAs)+Cu(NPs)/GN and Cu(SAs)/GN] are present in the form of 

pyridinic‐N, metal-N and graphitic‐N1,3 (Figs. S14c-S17c, S18b-S21b). The XPS analysis of 

Cu/Rh(SAs)+Cu2Rh(NPs)/G catalyst shows the core-level XPS spectra of Rh and Cu, but not the 

spectra of N (Fig S22). In Cu/Rh(SAs)+Cu2Rh(NPs)/G, the splitting pattern of Rh 3d5/2 and 

Rh3d3/2 spectra in Cu/Rh(SAs)+Cu2Rh(NPs)/G shows two main dominant peaks of zero valence 

Rh atom at binding energies of 307.32 and 312.08 eV and two minor peaks of ionic species at 

binding energies of 308.21 and 313.07 eV. The Rh 3d3/2 spectra in this 

Cu/Rh(SAs)+Cu2Rh(NPs)/G  catalyst also shows a peak at 309.63 eV which corresponded to the 

surface oxidized Rh species 4(Fig S22a). Similarly, the core-level XPS spectrum of Cu 2P shows 

two main sharp and strong peaks of metallic Cu at binding energies of 932.56 and 952.31 eV and 
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two small peaks of ionic species at binding energies of 934.64 and 954.28 eV with shakeup satellite 

peaks at 941.99 and 943.88 eV (Fig S22b). The core-level XPS spectrum of N 1s does not show 

any peak indicating that the Cu/Rh(SAs)+Cu2Rh(NPs) is supported on graphene but not on the N-

doped graphene (Fig S22c).

Double-Layer Capacitance

Double-layer capacitance (Cdl) experiments were carried out by cycling the potential in a non-

Faradaic region (75 – 115 mV v.s. RHE) with different applied scan rates of 5, 10, 15, 20 and 25 

mV s-1 in an H2-saturated 0.5 M H2SO4 solution. The current from the cyclic voltammetry curves 

at a potential of 100 mV was plotted versus the applied scan rate and the slope from their linear 

plot was assigned to Cdl. 

Calibration of Reference Electrode

Before each electrochemical experiment, the reference electrode was calibrated by a three-

electrode setup with a saturated calomel electrode (SCE) as the reference electrode and Pt wire as 

both working and counter electrodes.  The calibration was performed in the high purity hydrogen 

saturated 0.5 M H2SO4 electrolytes. Linear-sweep voltammetry (LSV) was performed at a scan 

rate of 1 mV s−1 and the potential that crossed 0 mA was taken as thermodynamic potential (vs. 

SCE) for the hydrogen electrode (Fig. S33).
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Fig. S1 HRTEM image of single Cu2Rh (NP) and their corresponding FFT pattern in 1: 

Cu/Rh(SAs)+Cu2Rh(NPs)/GN. (a) HR TEM image, (b) FFT image.
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Fig. S2 TEM-EDX weight ratio composition of Rh and Cu in 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN. 

(a) HAADF–STEM image, (b) corresponding Rh and Cu weight ratio.
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Fig. S3  XRD spectra for catalysts 1-5. The XRD pattern of 5 shows the diffraction peaks at 

position 2ϴ of 41.06°, 47.79°, 69.90°, 84.39°, corresponding respectively to (111), (200), (220), 

and (311) planes of cubic Rh crystal structure (JCPDS#01-089-7383). In XRD patterns of 1-4, the 

peaks related to the cubic Rh crystalline structure weakened or vanished in favor of new diffraction 

peaks at 42.77°, 49.78°, 73.04°, and 88.54° that can be assigned respectively to (111), (200), (220) 

and (311) lattices of RhCu crystal (JCPDS#03-065-9051). The intensity of new evolved peaks 

grew in intensity with increasing the amount of Cu. [1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN, 2: Cu/Rh 

(SAs)+Cu3Rh(NPs)/GN, 3: Cu/Rh(SAs)+CuRh(NPs)/GN, 4: Cu/Rh(SAs)+CuRh5(NPs)/GN, 5: 

Rh(SAs)+Rh(NPs)/GN].

Fig. S4 TEM image and HAADF–STEM image for (a) Cu3Rh (NPs), (b) Cu/Rh (SAs) in catalyst 

2: Cu/Rh(SAs)+Cu3Rh(NPs)/GN.
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Fig. S5 TEM image and HAADF–STEM image for (a) CuRh(NPs) (b) Cu/Rh(SAs) in catalyst 3: 

Cu/Rh(SAs)+CuRh(NPs)/GN.

Fig. S6 TEM image and HAADF–STEM image for (a) CuRh5(NPs), (b) Cu/Rh(SAs) in catalyst 

4: Cu/Rh(SAs)+CuRh5(NPs)/GN.
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Fig. S7 TEM image and HAADF–STEM image for (a) Rh(NPs), (b, c) Rh(SAs) in catalyst 5: 

Rh(SAs) Rh(NPs)/GN.

Fig. S8 HAADF–STEM image and XRD pattern of catalyst 6. (a) HAADF–STEM image, (b) 

XRD pattern showing a main dominant peak at 26.4°, which correspond to the planes (002) of 

graphitic carbon and a small peak of Rh (111) at ~41.1°. This indicates that the catalyst contains 

the majority of Rh(SAs) and a few small sizes Rh(NPs) on the GN surface.  

100 nm 2 nm

a b

Fig. S9  TEM image and HAADF–STEM image for (a) CuRh(NPs) (b) Cu/Rh(SAs) in 

Cu/Rh(SAs)+Cu2Rh(NPs)/G. 
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Fig. S10  HAADF–STEM images and XRD pattern of Cu(NPs)+Cu(SAs)/GN. (a) Cu(NPs), (b) 

Cu(SAs), (c) The XRD pattern of Cu(NPs)+Cu(SAs)/GN showing the diffraction peaks at 

position 2ϴ of 43.29°, 50.43° and 74.13°, corresponding respectively to (111), (200) and (220), 

and (311) planes of the cubic Cu crystal structure (JCPDS# 00-004-0836).

Fig. S11  HAADF-STEM, XRD and FT-EXAFS characterization of Cu(SAs)/GN. (a) HAADF–

STEM image, (b) XRD pattern shows a main dominant peak at 26.4° and another small peak at 

44.4°, which correspond to the planes (002) and (101), respectively, of graphitic carbon 

(JCPDS#00-012-0212). No peaks of Cu crystals were detected. (c) FT-EXAFS of Cu at the K-

edge shows the main coordination of Cu-N/C sites.
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Fig. S12  XRD pattern of Cu/Rh(SAs)/GN shows a main dominant peak at 26.4° and another small 

peak at 43.1° and 54.4°, which correspond to the planes (002), (101) and (004), respectively, of 

graphitic carbon (JCPDS#00-008-0415). No peaks of Cu and Rh crystals were detected, which 

indicates that the majority of Rh and Cu are distributed as SAs on the GN surface. 

Fig. S13 The corresponding EXAFS χ(k) signals in k-space and fitted curves for Rh and Cu in 1: 

Cu/Rh(SAs)+Cu2Rh(NPs)/GN. (a) Rh, (b) Cu. 

Fig. S14  XPS core-level spectra of 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN. (a) Rh 3d, (b) Cu 2p, (c) N 

1s.
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Fig. S15  XPS core-level spectra of 2: Cu/Rh(SAs)+Cu3Rh(NPs)/GN. (a) Rh 3d (b) Cu 2p (c) N 

1s.

Fig. S16  XPS core-level spectra of 3: Cu/Rh(SAs)+CuRh(NPs)/GN. (a) Rh 3d, (b) Cu 2p, (c) N 

1s.

Fig. S17  XPS core-level spectra of 4: Cu/Rh(SAs)+CuRh5(NPs)/GN. (a) Rh 3d, (b) Cu 2p (c) N 

1s. 
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    Fig. S18  XPS core-level spectra of 5: Rh(SAs)+Rh(NPs)/GN. (a) Rh 3d, (b) N 1s.

               Fig. S19  XPS core-level spectra of 6: Rh(SAs)/GN. (a) Rh 3d, (b) N 1s.

             Fig. S20 XPS core-level spectra of Cu(SAs)+Cu(NPs)/GN. (a) Cu 2p, (b) N 1s.



14

             Fig. S21 XPS core-level spectra of Cu(SAs)GN. (a) Cu 2p, (b) N 1s.

Fig. S22  XPS core-level spectra of  Cu/Rh(SAs)+Cu2Rh(NPs)/G. (a) Rh 3d, (b) Cu 2p, (c) N 1s. 

The core-level XPS spectra of N 1s does not show any peaks indicating that the  

Cu/Rh(SAs)+Cu2Rh(NPs)/G contains only graphene surface but not N-doped graphene.   
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Fig. S23 Electrocatalytic performance in H2-saturated 0.5 M H2SO4 at a scan rate of 2 mV s–1. (a) HER 

polarization curves of 1-5, Rh(SAs)/GN and Pt/C. (b) HER polarization curve of 1, 

Cu/Rh(SAs)+Cu2Rh(NPs)/G  and Cu/Rh(SAs)/GN. (c) HER polarization curves of Cu(SAs)/GN + 

Cu(NPs)   and Cu(SAs)/GN. [1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN, 2: Cu/Rh (SAs)+Cu3Rh (NPs)/GN, 3: 

Cu/Rh(SAs)+CuRh(NPs)/GN, 4: Cu/Rh(SAs)+CuRh5(NPs)/GN, 5: Rh(SAs)+Rh (NPs)/GN, 6: Rh(SAs) 

/GN]. Note: In the Cu/Rh(SAs)+Cu2Rh(NPs)/G catalyst, SAs and NPs are supported on the graphene 

surface but not on nitrogen-doped graphene. 
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Fig. S25 HER polarization curves of catalyst 1 on Toray carbon paper [1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN].

Fig. S26  Electrochemical impedance spectra and data fitting of (a) catalyst 1, Pt/C (b) catalyst 5; and (c, 

d) corresponding equivalent electrical circuit. (c) was used for fitting spectra of Pt/C and catalyst 5 which 

consists of Rs = solution resistance, Rct = charge transfer resistance and CPEdl = constant phase element 

related to double-layer. (d) was used for fitting spectra of catalyst 1 which consists of Rs, Rct, CPEdl, Rp = 

adsorption resistance related to the highly porous surface geometry of the catalyst and CPEp = constant 

phase element related to the porosity of the material. The EIS spectra are consistent with the BET surface 

area: catalyst 1 shows a significantly higher surface area (Fig. S27) and pore volume (Table S5) compared 

to catalyst 5. Therefore, the EIS Spectrum of catalyst 1 shows two repressed semi-circles; one semicircle 

represents the resistance related to the porosity of the materials on a high-frequency region (Rp), while the 

second semicircle on low-frequency region corresponds to the charge transfer resistance. [1: 

Cu/Rh(SAs)+Cu2Rh(NPs)/GN, 5: Rh(SAs)+Rh(NPs)/GN].
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Fig. S27  Brunnauer-Emmett-Teller (BET) surface area of 1-5. (a) Nitrogen adsorption– 

desorption isotherms, (b) corresponding BET surface area. [1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN, 2: 

Cu/Rh (SAs)+Cu3Rh (NPs)/GN, 3: Cu/Rh(SAs)+CuRh(NPs)/GN, 4: Cu/Rh(SAs)+CuRh5(NPs)/GN, 5: 

Rh(SAs)+Rh(NPs)/GN].
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Fig. S28  Double-layer capacitance (Cdl) measurements from cyclic voltammetry in 0.5 M H2-

saturated 0.5 M H2SO4. (a, c, e) Cyclic voltammograms of 1, 5 and Pt/C recorded in a non-faradaic region 

at scan rates of 5-25 mV/s, (b, d, f) corresponding anodic capacitance currents vs scan rate at the 

potential of 100 mV vs RHE. [1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN, 5: Rh(SAs)+Rh(NPs)/GN].
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 Fig. S29  TEM image and HAADF–STEM images of 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN  after 500h 

stability test. (a) TEM image. (b) HAADF–STEM image

Fig. S30  HAADF–STEM image of Cu2Rh(NP) and the corresponding individual element maps 

of C, N, Cu, and Rh and the overlay of Cu+Rh of 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN  after 500h 

stability test.
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Fig. S31 Chronoamperometry and Gas chromatography (GC) measurements of 1: 

Cu/Rh(SAs)+Cu2Rh(NPs)/GN (a) Chronoamperometry test for 300 min. (b) First cycle GC spectrum 

for the H2 product recorded during the initial 40 minutes of the chronoamperometry test. (c) Last 

cycle GC spectrum for the H2 product recorded at the last 300 minutes of the chronoamperometry 

test. Note: GC spectra for the H2 product were collected after each 40 min interval for 300 min.

Fig. S32  Gibbs free energies of hydrogen adsorption (ΔGH*) on various sites of Cu2Rh1-

NPs/GN and metal single-atom sites (Cu-N4 and Rh-N4) near Cu2Rh1-NP. The CuRh fcc site 

on Cu2Rh1 NP shows high activity for HER similar to balanced sites on Cu2Rh1 (111). Also, the 

Ru-N4 site near Cu2Rh1 is still active for the HER.
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Fig. S33 Calibration of the reference electrode. Potential calibration curve for SCE reference 
electrode in H2-saturated 0.5 M H2SO4. ERHE = ESCE + 0.260 V.

Table S1 Experimental weight ratio of  CuSO4.5H2O and RhCl3.xH2O with graphene oxide 
(0.1g) and melamine (0.5g) used in the synthesis of catalysts.  

Catalysts CuSO4.5H2O 
(g)

RhCl3.xH2O(g)

1 0.2 0.05

2 0.22 0.038

3 0.15 0.07

4 0.1 0.10

5 00 0.10

6 00 0.035

Cu(SAs)Cu(NPs)/GN 0.60 00

Cu(NPs)/GN 0.2 00
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 Table S2  ICP-OES chemical composition (wt.%) analysis of Cu and Rh in catalysts 1-5.

Catalysts Cu Rh Cu: Rh Composition

1 10.49 5.55 1.90: 1.00 Cu2Rh

2 6.35 2.42 2.62: 1.00 Cu2.6Rh
denoted Cu3Rh

3 7.80 8.22 1.00: 1.05 CuRh

4 6.00 1.28 4.70: 1.00 CuRh4.7
denoted CuRh5

5 00 4.92 00: Rh Rh

Table S3  Curve-fitting analysis for Rh K-edge EXAFS of 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN.  Rh 

K-edge EXAFS curve fitting parameters (R: Bond distance, CN: Coordination number, σ2: Debye-

Waller factor, ∆E0: energy shift).

R-factor: 0.0014

Path R (Å) CN (atoms) σ2 (Å) ΔE (eV)

Rh-C/N    2.11 ± 0.02 2 0.010 ± 0.002 -1.99 ± 2.81

Rh-C/N    2.13 ± 0.02 2 0.010 ± 0.002 -1.99 ± 2.81 

Rh-C    2.58 ± 0.02 4 0.005 ± 0.001 -1.99 ± 2.81

  Rh-
Rh/Cu    2.69 ± 0.02    1.3 0.005 ± 0.001 -1.99 ± 2.81
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Table S4 Curve-fitting analysis for Cu K-edge EXAFS of 1: Cu/Rh(SAs)+Cu2Rh(NPs)/GN.  Cu 

K-edge EXAFS curve fitting parameters (R: Bond distance, CN: Coordination number, σ2: Debye-

Waller factor, ∆E0: energy shift).

 

Table S5  BET surface area with pore volume and average pore diameter of catalysts 1-5. The 

BET surface area is proportional to the amount of Cu in the catalyst since the catalyst with a higher 

amount of Cu has a larger BET surface area.

Catalysts BET surface area
          (m2g-1)

Pore volume
           (cm3g-1)

Average pore diameter
(nm)

1 668.8 0.399 2.38

2 692.5 0.416 2.40

3 412.7 0.263 2.55

4 258.5 0.208 3.22

5 36.5 0.038 4.21

R-factor: 0.0092

Path R (Å) CN (atoms) σ2 (Å) ΔE0 (eV)

Cu-C/N 1.96 ± 0.03 3 0.007 ± 0.002 1.47 ± 3.75

Cu-C 2.35 ± 0.06 4 0.007 ± 0.002 1.47 ± 3.75

Cu-Cu/Rh 2.54 ± 0.03 4.5 0.009 ± 0.001 1.47 ± 3.75

Cu-C 3.15 ± 0.06 4 0.007 ± 0.001 1.47 ± 3.75
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Table S6  Best HER activity in 0.5 M H2SO4 solution. Overpotential of precious 

metal-based HER electrocatalysts @ 10 mAcm-2 reported in the recent literature.

Catalysts
Overpotential 

(mV) @10 
mAcm-2

Condition Refs.

Cu/Rh(SAs)+Cu2Rh(NPs)/GN ~8 H2 saturated this work

Commercial 20 % Pt/C ~14 H2 saturated this work

Rh(SAs) Rh(NPs)/GN 92 H2 saturated this work

Pt-GT-1 18 - 1

RhxP/NPC 19 - 5

Pt1/N-C 19 H2 saturated 6

PtRu@RFCS 19.7 N2 saturated 7

RhPx@NPC 22 - 8

Ru@C2N 22 N2 saturated 9

B-Rh:Fe=2:1 25 - 10

RuNP@PDA) 27.5 - 11

Hollow Rh/C Nanoparticles ~28 N2 saturated 12

Mo2TiC2Tx-PtSA 30 - 13

Pt/OLC 38 N2 saturated 14

5.2 wt% Rh-MoS2 47 N2 saturated 15

Pt/np-Co0.85Se 55 - 16

Au75Rh25 64.1 Ar saturated 17

Rh-MoS2-4.8 67 Ar saturated 18

29.1 Rh/SiNW 70 - 19

Rh2S3 ~92 N2 saturated 20

Ru@CN-0.16 126 - 21
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