Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2018

Electronic Supplementary Information

Ultrasmall Ru,P nanoparticles on graphene: a
highly efficient hydrogen evolution reaction
electrocatalyst in both acidic and alkaline media

Tingting Liu, * Shuo Wang, ° Qiuju Zhang, ° Liang Chen,*” Weihua Hu,** and Chang
Ming Li ®

% Institute for Clean Energy & Advanced Materials, Faculty of Materials & Energy

Southwest University, Chongging 404100, China. Email: whhu@swu.edu.cn

P Ningbo Institute of Materials Technology and Engineering Chinese Academy of

Sciences, Ningbo 315201, China. Email: chenliang@nimte.ac.cn



Experimental Section
Materials

H,SO, and KOH were purchased from Beijing Chemical Works Ltd. RuCl;-3H,0,
NaH,PO,, H,O, (30 wt%), graphite and ethanol were purchased from Aladdin
Reagents Ltd. NaNOj;, HCI, KMnO,, Pt/C (20 wt%) and Nafion (5 wt%) were
purchased from Sigma-Aldrich. All the reagents in the experiment were analytical
grade and used as received. The deionized water (DI) used throughout all

experiments was purified through a Millipore system.
Preparation of Graphite Oxide (GO)

GO was prepared according to reported method. In brief, graphite (2 g), NaNO; (1.2 g)
and H,SO, (76 mL) were stirred together in 0 °C, followed by the slow addition of
KMnQO, (8.8 g) and stirred for about 12 h. Next, 72 mL DI was added and stirred for
about 12 hin 50 °C. Finally, 22 mL of H,0O, (30 wt%) was slowly added and stirred for
about 3 hin 35 °C. The solution was then filtered and washed with HCI several times.
The product was then dispersed in water by mechanical agitation at 6000 rpm for 5
min. The final sediment was then washed with DI several times and followed by 6-h

sonication to form the exfoliated GO.
Preparation of Ru,P/RGO

The fabrication process for the Ru,P/RGO was as follows. First, 20 mg RuCl;z-3H,0
was added to 30 mL of 1 mg mL™ GO solution with stirring. Then, the solution was
transferred to a 50 mL Teflon-sealed autoclave and heated at 160 C for 12 h. The
resulting black mixture was freeze-dried, and the black powder (Ru(lll)/RGO) was
collected. Second, the black powder and 2.0 g NaH,PO, (weight ratio: 1:45) were
grounded to form homogeneous powder. The powder was then annealed at 600 C
for 2 h under Ar atmosphere. After cooled to room temperature, the black products

were collected, washed by centrifugation with deionized water several times to



remove the residue of reactants. Finally, the product was freeze-dried and denoted as
Ru,P/RGO-20. In addition, different amount of RuCl;-3H,O (10/40) also can be
obtained Ru,P/RGO (denoted as Ru,P/RGO-10/Ru,P/RGO-40). Ru,P was also
prepared according to the same method only using commercial RuO, instead of

Ru(lll)/RGO.
Preparation the working electrode

The catalyst powder (5.0 mg) was dispersed in 980 pL water/ethanol (v/v=1:1) mixed
solvents along with 20 uL 5 wt% of Nafion solution, and the mixed solution was
sonicated for 30 min. Then 14 pL of the catalyst ink was loaded on a glassy carbon

electrode (GCE: diameter = 3 mm) at a catalyst loading of 1.0 mg cm™.
Preparation of Pt/C loaded electrode:

To prepare Pt/C electrode, 20 mg Pt/C (20 wt%) was dispersed in 1.0 mL 1:1 v
water/ethanol solvent with 10 yL 5 wt% Nafion solution by 30-min sonication to form a
catalyst ink. Then 50 uL of ink was loaded on a GCE with a catalyst loading of 1.0 mg

cm and therefore the Pt loading was 0.2 mg cm™.
Characterizations

Powder XRD data were collected on a Rigaku X-ray diffractometer equipped with a
Cu Ka radiation source. XPS measurements were performed on an ESCALABMK I
X-ray photoelectron spectrometer using Mg as the exciting source. SEM
measurements were carried out on a XL30 ESEM FEG scanning electron microscope
at an accelerating voltage of 20 kV. TEM measurements were performed on a
HITACHI H-8100 electron microscopy (Hitachi, Tokyo, Japan) with an accelerating
voltage of 200 kV. Raman spectra were obtained on J-Y T64000 Raman spectrometer
with 514.5 nm wavelength incident laser light. ICP-AES analysis was performed on
Optima 4300DV (Perkin Elmer Ltd., USA). Typically, 1.0 mg Ru,P/RGO-20 was

placed in a Teflon-lined autoclave, and 10 mL 65 wt% HNO; solution was then added.



The Teflon-lined autoclave was subsequently sealed and treated at 120 °C for 48 h.
After cooling to room temperature, the solution in the Teflon-lined autoclave was
diluted with water to 100 mL in a volumetric flask. Using the ICP-AES elemental
analyses and the concentration of Ru ions in the solution is 0.464 mg L™. The weight

percent of Ru in the Ru,P/RGO-20 is about (0.464 mg L™//10 mg L™)*100% = 4.64%.
Electrochemical measurements

All electrochemical measurements were performed on a CHI-660-D electrochemical
analyzer (CH Instruments, Inc., Shanghai) in a standard 3-electrode with
2-compartment cell. Prior to HER measurements, the electrolyte solution (0.5 M
H,SO, or 1.0 M KOH) was purged with N, for at least 5 min. The acidic (0.5 M H,SO,)
electrochemical measurements were performed using a saturated calomel electrode
(SCE) as the reference electrode. The alkaline (1.0 M KOH) electrochemical
measurements were performed using a Hg/HgO as the reference electrode. A
graphite plate was used as the counter electrode in all measurements. Polarization
data were obtained at a scan rate of 5 mV s™. In all measurements, the reference
electrode was calibrated with respect to reversible hydrogen electrode (RHE). All
polarization curves were iR-corrected. Electrochemical impedance spectroscopy
measurements were carried out in the frequency range of 100 kHz-0.1 Hz with AC
amplitude of 10 mV at open circuit potential under H,-saturated solution. iR correction
was carried out according to the following equation: Ecor = Emea - IR (Where Egor is
the iR-compensated potential, Enea is the experimentally measured potential, and R is
the solution resistance (Rs). The electrochemical impedance spectrum was fitted by

using the ZView software and the parameters obtained are as follows.

Catalysts Rs (Q) R (Q) T (Q'cm™?s") n

Ru,P/RGO-20 13.7 55.5 3.88x10° 0.59

Ru,P 5.1 1422 4.56%X10° 0.83




The Faradic efficiency (FE) is defined as the ratio of the amount of experimentally
determined hydrogen to that of the theoretically expected hydrogen. The hydrogen
gas was collected by the water drainage method. A constant potential was applied on
the electrode and the volume of evolved gases was recorded synchronously. Then
the moles of H, were calculated based on the gas laws. The theoretically expected
amount of H, was then calculated by applying the Faraday law, which states that the

passage of 96500 C causes 1 equivalent of reaction.
Theoretical calculation

Computation details: Spin-polarized density functional theory calculations were
performed using the Vienna ab initio simulation package (VASP).'® We used
the PBE functional for the exchange-correlation energy* and projector
augmented wave (PAW) potentials.>® The kinetic energy cutoff was set to 450
eV. The ionic relaxation was performed until the force on each atom is less
than 0.02 eV/A. The k-points meshes were 6x4x2 with Monkhorst-Pack
method.” The simulations were performed based on a Ru,P(112) slab model
and Ru,P/RGO-20 interface with one Ru,P unit on the graphene substrate. To
minimize the undesired interactions between images, a vacuum of at least 10
A was considered along the z axis.? The free energy change for H* adsorption
on catalyst surfaces (AGy+) was calculated as follows, which is proposed by

Norskov and coworkers:®
AGw+ = Eqotal - Esur - En*/2 + AEzpe-TAS

where Eioq IS the total energy for the adsorption state, Eg, is the energy of
pure surface, Ex? is the energy of H, in gas phase, AEzpe is the zero-point

energy change and AS is the entropy change.
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Fig. S2 TEM images of Ru (111) ultrasmall nanoparticles on RGO.
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Fig. S3 XPS spectra for Ru,P/RGO-20.

28(

140 135 130 125
Binding energy (eV)



Ru,P/RGO-20

rae

Intensity (a.u.)

1000 20;00
Raman shift (cm )

Fig. S4 Raman spectra of Ru,P/RGO-20.
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Fig. S5 (a) XRD pattern of RuyP. (b) Low- and high-magnification SEM images of
Ru,P.
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Fig. S6 Calculation of exchange current density of Ru,P/RGO-20 by applying

extrapolation method to the Tafel plot.
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Fig. S7 CVs for (a) Ru,P/RGO-20 and (d) RuzP.
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Fig. S8 HER polarization curves were recorded before and after 1000 CV cycles for

Pt/C in 0.5 M H,SO, solution.

Ru,P/RGO-20 after durability test
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Fig. S9 XRD pattern of Ru,P/RGO-20 after durability test.
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Fig. S10 Hydrogen production efficiencies for HER under potentiostatic electrolysis with the
Ru,P/RGO-20 under (a) acidic (at constant potential of -43 mV) and (b) alkaline media (at
constant potential of -35 mV). The calculated H, lines represent the theoretical H, amount of

assuming a quantitative Faradaic yield. The measured H, lines represent the experimentally

measured H; (red line).
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Table S1. Comparison of HER performance in acid/alkaline media for Ru,P/RGO-20

with other HER electrocatalysts.

Catalysts Electrolytes/(pH)  Overpotential@j Tafel slope Catalyst loading
-2 -1 2 Ref.
(mMV@mAcm™) (mVVdec™) (mgcm™)

Ru,P/RGO-20 0.5 M H,S0O, -22@10 -29 10 This work
1.0 M KOH -13@10 -40

CoP/CC 0.5 M H,S0O, -67@10 -51 0.92 [1]
1.0 M KOH -209@10 -129

CoP@BCN 0.5 M H,S0O, -87@10 -46 0.4 2]
1.0 M KOH -215@10 -52

WP, SMPs 0.5 M H,S0O, -161@10 -57 0.5 [3]
1.0 M KOH -153@10 -60

WP, NPs/W 0.5 M H,S0, -143@10 -66 0.2 [4]
1.0 M KOH -214@10 -92

WP NPs@NC 0.5 M H,S0O, -102@10 -58 20 [5]
1.0 M KOH -150@10

MoP, NS/CC 0.5 M H,S0, -58@10 -63.6 0.8 [6]
1.0 M KOH -85@10 -70.0

MoP NA/CC 0.5 M H,S0O, -124@10 -58 95 [7]
1.0 M KOH -80@10 -83

NiCo,P,/CF 0.5 M H,S0, -104@10 -59.6 5.9 [8]
1.0 M KOH -58@10 -34.3

np-(Coo52Feo_4g)2P 0.5 M H,S0, -64@10 -45 25 [9]
1.0 M KOH -79@10 -40

Ni>P/Ti 0.5 M H,S0, -130@20 -46 1.0 [10]

Ni,P 0.5 M H,S0, -140@20 -66 0.38 [11]
1.0 M KOH -250@20 -102

NiP, NS/CC 0.5 M H,S0O, -75@10 -51 4.3 [12]

12



CoP/CNT

CoP/Ti

Co-P/Cu foil

FeP

MoP

M02C@NC

15-h-CoS;

Co-NCNT/CC

CoNC/GD

Mo,C QD/NGCL

P-W,C@NC

1D-RuO2-CNy

Zno3C027S4

Co-C-N

Co-Mo-Sy

Mo,C@2D-NPC

NiAu/Au
RuCo@NC

1.0 M KOH
0.5 M H,SO4
0.5 M H,SO4
1.0 M NaOH
0.5 M H,SO4
0.5 M H,SO4
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
0.5 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH
0.1 M HCIO4
0.1 M KOH
0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
1.0 M KOH

-102@10
-122@10
-85@20
-94@10
-50@10
-180@30
-124@10
-60@10
-200@12.37
-244@10
-78@10
-180@10
-340@10
-284@10
-136@10
-111@10
-89@10
-63@10
-93@10
-95@10
-80@10
-85@10
-138@10
-178@10
~-250@5
~-201@5
-86@10
-45@10
~-50@10
-28@10

0.285
2.0

1.0

0.86
0.28

3.4

1.0

3.5

~0.17

0.285

0.05

0.2471

[13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
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[27]

[28]

[29]
[30]
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RU@CZN

RU/C3N4/C

CsN.@NG

RuP,@NPC
Pt-Co(OH),/CC

0.5 M H,SO4
1.0 M KOH
0.5 M H,SO4
0.1 M KOH
0.5 M H,SO4
0.5 M H,SO4
1.0 M KOH

-13.5@10
-17@10
~-75@10
-79@10
-240@10
-38@10
-32@10

0.285

0.1
1.0
6.9

[31]

[32]

[33]
[34]
[35]
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