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S1. Hydrogen evolution reaction (HER) on monometallic surfaces using the linear

sweep voltammetry (LSV)

The HER measurements were performed in 0.1 M KOH prepared from KOH
pellets (99.99% trace metals basis, Sigma Aldrich) using de-ionized water (17.5 MQescm).
Prior to the HER measurements, the metal disk electrodes (5 mm in diameter, Pine
Instruments) were polished with 0.05 um alumina powder, cleaned with de-ionized water,
and then mounted onto a rotator (Pine Instruments) as the working electrode. Two spiral
Pt wires (Pine Instruments) served as the reference and counter electrodes respectively.
With H, bubbling throughout the HER measurements, the potential was indeed on the
reversible hydrogen electrode (RHE) scale. The polarization curves were taken using
LSV, scanning from 0 vs. RHE (—0.2 V for W and —0.1 V for Fe) to a negative potential
at a sweep rate of 10 mV/s and a rotation speed of 2500 rpm, which was applied to
remove the H, bubbles generated during the HER. The LSVs were repeated for a few
times until the steady state was reached. The steady state LSVs after solution resistance
(iR) correction (see below for the measurement of the cell resistance) were used for data
analysis of the HER. However, due to the strong hydrogen absorption property of Ni, Co
and Pd, the LSVs kept degrading, and therefore the first LSVs without obvious oxide
reduction peaks were used because they closely resemble the metal surface response to
the HER. For the measurements of the HER on different metal electrodes, a fresh
electrolyte was used and the measurement for each metal disk was within 20 minutes to
minimize the contamination from glass corrosion in the alkaline solution. Representative
HER LSVs before and after iR-correction of Au and extrapolation of the Tafel plot to the

reversible hydrogen potential are shown in Fig. S1.
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Figure S1. (a) Polarization curve of the HER before (dotted red line) and after (solid black
line) solution resistance (iR) correction on Au in H,-saturated 0.1 M KOH at room
temperature. The data were collected at a sweep rate of 10 mV/s and a rotation rate of 2500
rpm. (b) Tafel plot of the HER on Au (solid black line) and its linear fit and extrapolation to

the hydrogen reversible potential (dashed blue line).

S2. HER/HOR on Pt using the rotating disk electrode (RDE) method

The HER/HOR measurement of Pt was taken in the same setup except that a
double-junction Ag/AgCl (3.5 M KNO3) electrode (Analytical Sensor Inc.) was used as
the reference electrode, but the potential was referenced to RHE in this paper. The
HER/HOR polarization curves were recorded from ~—0.05 V to ~1.0 V vs. RHE at a
sweep rate of 10 mV/s and a rotation speed of 2500 rpm. After iR-correction, the kinetic

current of the HER/HOR, iy, was calculated based on the Koutecky-Levich equation
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where i is the measured current and ip is the limiting current.' Subsequently, the kinetic
currents of the HER/HOR were fitted to the Butler-Volmer equation to obtain the

exchange current at 0 vs. RHE.

a,F " —(l-a,)F "
I, =i,/ ef —e R (2)

In Eq (2), ip is the exchange current, a, is the transfer coefficient, F is the Faraday’s
constant (96485 C/mol), R is the universal gas constant (8.314 J/mol/K), T is temperature

and 7 is the overpotential.? iy values with the best fitting were used in the data analysis.

S3. Electrochemical surface area (ESA) measurements using cyclic voltammetry and

capacitance methods

The ESA measurements were made in Ar-saturated 0.1 M KOH solution (prepared
from KOH pellets, Sigma Aldrich, with de-ionized water). A double junction Ag/AgCI
(3.5 M KNOs;) electrode and a spiral Pt wire served as the reference and counter

electrodes respectively. All the potentials were referenced to the RHE scale.

Pt: The CV was scanned from ~0.03V to 1.0 V vs. RHE at a sweep rate of 50 mV/s.
The hydrogen adsorption/desorption region between 0.05 V and ~0.4 V vs. RHE (the
onset of the double layer region) was used to calculate the Pt surface area, assuming a

charge density of 210 puC/cm?s for one monolayer of hydrogen coverage.® *
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Ni: The CV was scanned from ~—0.15 to ~0.56 V vs. RHE at a sweep rate of 50
mV/s. The reduction peak at ~0.05 V vs. RHE corresponds to the reduction of Ni(OH),.

The charge density is 514 pC/cm?y;.> ®

Ag: The CV was scanned from ~0 to ~1.6 V vs. RHE at a sweep rate of 100 mV/s.
The peak at ~1.25 V vs. RHE can be attributed to the formation of one monolayer of

AgOH or Ag,0, which corresponds to a charge density of ~400 uC/cm?ag.”

Cu: The CV was scanned from ~—0.5 V to ~1.65 V vs. RHE at a sweep rate of 20
mV/s. The broad anodic peak between ~0.5 V and ~0.71 V corresponds to the formation

of one monolayer of Cu,O with a charge density of 360 uC/cm?c,.}

Au: The CV was scanned from ~0 to ~1.6 V vs. RHE at a sweep rate of 100 mV/s.
The reduction peak centered at ~1.1 V is due to the reduction of AuO, which corresponds

to a charge density of 390 uC/cm?a,.’

Pd: The CV was scanned from ~0.16 V to ~1.25 V vs. RHE at a sweep rate of 50
mV/s. The oxide reduction peak located at ~0.75 V corresponds to a charge density of

424 uClem?4."°  All the CVs are shown in Fig. S2.

Co: The ESA of Co was determined using specific capacitance method. The CVs
were recorded in Ar-saturated 0.1 M KOH at sweep rates of 10, 20, 30, 40, and 50 mV/s
between 0.87 V and 0.97 V vs. RHE. The current densities (per geometric surface area) at
0.92 V were plotted as a function of the scanning rate. The slope of the straight line,
divided by the specific capacitance (60 pF/cm?),** gives the roughness factor of the
electrode (Fig. S3). The real surface area was then calculated by geometric area (5 mm in

diameter) times the roughness factor.



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2013

(a) 20f - (C) 10
os|
10F ool
< < osf
2 ° £
— = o
10}
ash
20 _ 20T 0.1 M KOH, Ar 1
0.1 M KOH, Ar, 50 mV/s 200} 0.1 M KOH, Ar, 50 mVis 25f 100 mV/s 4
0.0 02 04 06 08 1.0 01 00 01 02 03 04 05 06 00 02 04 06 08 10 12 14 16
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)
- - - - R Y s (f) w7y - - - - —]
20}
o}
—_
< .20
= -40
0 -60
| 0.1 M KOH, Ar "
0.1 M KOH, Ar, 20 mVis 60| 100 mVis 1 0.1 M KOH, Ar, 50 mV/s ]
: : : h N 100 L— " : " p .
05 0.0 05 1.0 15 00 02 04 06 08 10 12 14 16 02 04 06 08 10 12
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Figure S2. (a) Cyclic voltammograms (CVs) of (a) Pt with two different upper potential

limits, (b) Ni, (¢) Ag, (d) Cu, (e) Au and (f) Pd in Ar-saturated 0.1 M KOH.

50F P |
mgam ""‘
A
. 25t = el Co,0.92V i
f, 001 002 0.03 004 005
~ T v (Vis)
e
O
= ok > 4
< —10mV/s
= —20mV/s 1
25 —30mV/s
=l — 40 mV/s 7
Co, 0.1 M KOH, Ar 50 m\/s
086 088 09 092 094 096 098

E (V vs. RHE)

Figure S3. CVs of Co in Ar-saturated 0.1 M KOH at different sweep rates. The inset shows
the linear relationship between the current density and the sweep rate at 0.92 V. The

roughness factor of the Co surface can be calculated by dividing the slope by the specific

capacitance of Co.
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S4. Impedance measurements

The solution resistances were measured right after the LSV measurements of the

HER at a constant potential with a 10 mV voltage perturbation applied. The ac spectra

were taken from 200 kHz to 1 Hz, where the real part of the resistance at 1 kHz was used

as the solution resistance.**> The HER/HOR polarization curves were then corrected to

obtain iR-free potential of the working electrode.
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