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1. Experimental details
1.1. Materials
Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O) (99.999% trace metals basis), sodium dodecyl
sulfate (SDS) (≥ 99.0%), HClO4 solution (1 M), KOH solution (1 M), Nafion® solution, and
Hexamethylenetetramine (HMT) (≥ 99.0%) were purchased from Sigma Aldrich. Platinum
catalyst, nominally 10 wt% and 20 wt% on XC-72 carbon black, and formamide (≥ 99.5%), were
purchased from Alfa Aesar. XC-72 carbon black was purchased from the CABOT company. All
the chemicals were used as received without further purification. All gases (argon and hydrogen)
(99.999%) were purchased from Jin-Hong company. Water was purified immediately before use
in a Millipore Direct-Q system.
1.2. HER measurements
All electrochemical characterizations were conducted in an electrochemical cell using Ag/AgCl
(filled with 3 M KCl) as reference electrode, a platinum rod as the counter electrode and the sample
modified glassy carbon RDE (diameter is 3 mm) as the working electrode. All polarization curves
were corrected by current-resistance (iR) compensation within the cell. All the experiments were
scanned by a speed of 50 mV/s. All potentials were calibrated with respect to reversible hydrogen
electrode (RHE). The Pt loading on the RDE was controlled to be 1.13 μg/cm2 for every catalyst.
It is worthy to note that the small loading amount of Pt is to avoid significant bubble formation
during test which will affect the results.
For Pt@2D-Ni(OH)2 catalyst, inductively coupled plasma-atomic emission spectrometry (ICPAES) was used to identified the weight ratio of Pt and Ni(OH)2 that is about 43:57 in the Pt@2DNi(OH)2 composite. After that, 10 mg Pt@2D-Ni(OH)2 composite was mixed with a certain
amount of XC-72 carbon black in 20 ml of ethanol to give the mass ratio of Pt of 10 wt%. The
mixture was then ultrasonicated for 1 hour to form a homogeneous solution. Then, the solution
was filtered and the collected product was dried at 150 °C in air for at least 12 hours to remove
solvent to obtain the Pt@2D-Ni(OH)2 catalyst. 4 mg Pt@2D-Ni(OH)2 catalyst (containing 0.4 mg
of Pt) was added to the 10 ml ethanol containing 200 μl Nafion solution (5 %). After ultrasonicated
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for 30 min to form a homogeneous dispersion, 2 μl catalyst ink was loaded on the GC modified
RDE. The ink was dried for 12 hour in air at 70 °C resulting in a uniform thin film at RDE surface.
For Pt/2D-Ni(OH)2 catalyst, 4 mg of Pt catalyst (containing 0.4 mg Pt) was mixed with a certain
amount of 2D-Ni(OH)2 dispersion to give the mass ratio of Pt/2D-Ni(OH)2 of 43:57. The catalyst
ink was diluted to 10 ml by adding ethanol and 200 μl Nafion solution (5 %). After ultrasonicated
for 30 min to form a homogeneous dispersion, 2 μl catalyst ink was loaded on the GC modified
RDE. The Pt loading on the RDE was calculated to be 1.13 μg/cm2. The ink was dried for 12 hour
in air at 70 °C resulting in a uniform thin film at RDE surface.
For 2D-Ni(OH)2 catalyst, 5 ml 2D-Ni(OH)2 dispersion (~0.5 mg/ml) was mixed with a certain
amount of XC-72 carbon black in 10 ml ethanol to give the mass ratio of 2D-Ni(OH)2 of 10 wt%.
The mixture was then ultrasonicated for 1 hour to form a homogeneous solution. Then, the solution
was filtered and the collected product was dried at 150 °C in air for at least 12 hours to removing
the solvent to obtain the 2D-Ni(OH)2 catalyst. 4 mg 2D-Ni(OH)2 catalyst (containing 0.4 mg of
2D-Ni(OH)2) was added to the 10 ml ethanol containing 200 μl Nafion solution (5 %). After
ultrasonicated for 30 min to form a homogeneous dispersion, 2 μl catalyst ink was loaded on the
GC modified RDE. The 2D-Ni(OH)2 loaded on the RDE was also controlled to be 1.13 μg/cm2.
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1.3. Eelectrochemical phase diagram calculations
For Pt overgrowth on Ni(OH)2 nano sheets, we considered the following redox processes at the PtNi(OH)2 interfaces
Pt-Ni(OH)2+(H++e-) Pt-NiOH+H2O

[S1]

Pt-Ni(OH)2 Pt-NiOOH+(H++e-)

[S2]

For hydrogen adsorption on Pt nanocrystals, we considered the following redox processes
Pt-NiOH+(H++e-)H/Pt-NiOH

[S3]

The free energy of reactions can be expressed as
ΔG1= μ0(Pt-NiOH) + μ0(H2O) – μ0(Pt-Ni(OH)2) – μ(H+) – μ(e-)

[S4]

ΔG2= μ0(Pt-NiOOH) + μ(H+) + μ(e-) – μ0(Pt-Ni(OH)2)

[S5]

ΔG3= μ0(H/Pt-NiOH) – μ0(Pt-NiOH) – μ(H+) – μ(e-)

[S6]

where μ(e-) =-eU. As the reaction
H++e-0.5H2(g)

[S7]

is in equilibrium at the reduction potentials U0=0 V vs RHE under any pH, i.e.
μ(H+) – eU0 = 0.5μ0(H2)

[S8]

Then the free energy of the above reactions can be rewritten as
ΔG1= μ0(Pt-NiOH) + μ0(H2O) – μ0(Pt-Ni(OH)2) – 0.5μ0(H2) + eURHE

[S9]

ΔG2= μ0(Pt-NiOOH) – 0.5μ0(H2) + eURHE – μ0(Pt-Ni(OH)2)

[S10]

ΔG3= μ0(H/Pt-NiOH) – μ0(Pt-NiOH) – 0.5μ0(H2) + eURHE

[S11]

The chemical potential of a substance under standard conditions is calculated with:
[S12]
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Where EDFT, ZPE,

and TS0 are total energy from DFT calculations, Zero-point energy, the

integrated heat capacity up to 298 K and the product of the temperature (T) and the standard
entropy (S0), respectively. ZPE, δH0298 and TS0 are listed in Table S1. The free energies of
reactions are plotted in Figure S8, S11 and S12.
Table S1. Thermodynamic data used in the free energy of formation calculations. M* represents
Pt and Ni, (O)-H* means hydroxy hydrogen atoms.
ZPE(eV)

δH@298K (eV)

TS@298K (eV)

H2(g)

0.273

0.088

0.404

H2O(g)

0.558

0.103

0.670a

M*

0

0

0

O*

0.073

0.027

0.046

(O)-H*

0.295

0

0

H*

0.170

0

0

0
0
this entropy is calculated at 0.035 bar through S  S  kBT ln( p / p ) to derive the chemical

a

potential of liquid water, because at this pressure gas-phase H2O is in equilibrium with liquid
water at 298.15 K (i.e.

H O l =

H O g @0.035bar .
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2. Supplementary experimental results

Figure S1. TEM (a) and SAED (b) images of 2D-Ni(OH)2. The sheet-like structures with lateral
size from several tens to several hundred nanometers are clearly seen. The SAED image taken
from the sheets demonstrates two bright diffraction circles, which correspond to the (100) and (110)
plane of 2D-Ni(OH)2.
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Figure S2. AFM images of 2D-Ni(OH)2 and corresponding height profile. The average thickness
of the sheets is 1 ± 0.2 nm, which is in agreement with our previous report on 2D-Co (OH)2 (Wang,
L.; Lin, C.; Zhang, F.; Jin, J. ACS Nano 2014, 8, 3724-3734.).
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Figure S3. TEM images of Pt@2D-Ni(OH)2 composite for size statistics.
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Figure S4. DF-STEM image and the corresponding elemental line-scanning profiles of Pt@2DNi(OH)2 composite.
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Figure S5. SAED energy profile of Pt@2D-Ni(OH)2 composite.
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Figure S6. Optical images of K2PtCl4 in formamide before (upper left) and after (upper right)
heated to 100 °C for 4 hours. Obviously, no Pt nanocrystals were formed on the solution. This
indicates that formamide cannot reduce PtCl42+ to Pt0. Optical images of 2D-Ni(OH)2 formamide
dispersion (down left) and K2PtCl4 in 2D-Ni(OH)2 formamide dispersion before (down middle)
and after (down right) heated to 100 °C for 4 hours. Due to the exist of 2D-Ni(OH)2, PtCl42+ was
reduced to Pt0 by the redox-couple of Ni ions.
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Figure S7. TEM images of Pd@2D-Ni(OH)2 composite for size statistics.
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Figure S8. HAADF-STEM (a, b), and SAED (c) images of Pd@2D-Ni(OH)2 composite. HAADFHRSTEM (d) image of a Pd NC. (e) EELS point scan of Pd@2D-Ni(OH)2 composite and the
corresponding positions for EELS point scan which were indicated by number in the inset DFSTEM image. At the position 3, there is a shoulder peak at 856.0 eV referring to Ni3+. This
demonstrates that Ni2+ was oxidized to Ni3+ at the position of Pd nanocrystals loaded.
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Figure S9. TEM images of PtPd@2D-Ni(OH)2 composite for size statistics.
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Figure S10. PtPd@2D-Ni(OH)2 composites obtained by the in situ reduction synthesis. DF-STEM
(a and b) and SAED (c) images of the PtPd@2D-Ni(OH)2 composite. HAADF-STEM (d) image
of an individual PtPd nanocrystals. (e) EELS point scan of PtPd@2D-Ni(OH)2 composite.
Corresponding positions for ELLS point scan are indicated by number in the inset HAADF-STEM
image. (f) EDS line scan of PtPd@2D-Ni(OH)2 composite. Corresponding positions for EDS line
scan was marked by the red line in the inset HAADF-STEM image.
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Figure S11. Size statistics of Pt, PtPd alloy, and Pd in Pt@2D-Ni(OH)2, PtPd@2D-Ni(OH)2, and
Pd@2D-Ni(OH)2 composite, respectively.
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Figure S12. Cycle life of Pt and Pt@2D-Ni(OH)2 composite catalysts in alkaline media for HER
(the overpotetial is 100 mV, 1600 rpm). It shows that the Pt@2D-Ni(OH)2 composite could hold
51 % current density after 20,000 s, superior than the Pt in 0.1 M KOH. Even in 0.1 M LiOH, the
Pt@2D-Ni(OH)2 composite could hold 33 % current density after 20,000 s, indicating the
enhanced performance.

17

3. Supplemental results from DFT calculations
The hybrid Pt@2D-Ni(OH)2 electrocatalyst was initially modeled by a Pt19 nanocrystal atop the
center of a Ni(OH)2 nanosheet. It was found that the interfacial structure changes with respect to
the applied potential and differs from that of the rest of the Ni(OH)2 nanosheet, with Pt-NiOH and
Pt-O-NiOH types of interfaces being the stable phases at low potentials (HER conditions) and high
potentials (e.g., open circuit potential, as in air), respectively (Figure S13). As water dissociation
is a plausible kinetically limiting step for the HER in alkaline media, we have evaluated the
dissociation kinetics at the Pt-NiOH-H2O three phase boundary (TPB) using a water dimer model.
Because of the absence of undersaturated Ni sites, there are only weak van der Walls interactions
and hydrogen bonds between H2O and the hydroxide surface, while the dissociated OH and H need
to adsorb on Pt sites, resulting in a high activation barrier of 1.15 eV for water dissociation (Figure
S14). The barrier could be reduced to 0.2 eV if an under-saturated Ni is present at the TPB (Figure
S15), but approximately 1 eV is required to generate such a site by removing an OH moiety (Figure
S13). Consequently, the OH vacancy would be rapidly filled after H2O dissociation, and the overall
energetics of this pathway would be unfavorable. Based on these results we excluded surface
dissociation (a Langmuir-Hinshelwood step) as a possible mechanism for H2O dissociation on Pt
nanocrystals grown atop the center of Ni(OH)2 nanosheets. On these Pt nanocrystals, it is possible
that water dissociation undergoes slow electrochemical mechanisms such as H2O+e-H*+OH- as
proposed for the HER on Pt single crystals (Subbaraman et al. Science 2011, 334, 1256-1260). It
is also likely the cases for Pt nanocrystals supported on carbon and physically mixed Pt/2DNi(OH)2 catalysts, as indicated by their similar but slow HER kinetics.

18

Figure S13. Calculated electrochemical phase diagram of a Pt nanocrystal grown on, and located
in the middle of, a Ni(OH)2 sheet at different potentials. It is seen to possess Pt-O-NiOH type of
interface at high potentials and a Pt-NiOH type of interface at low potentials (under HER
conditions), respectively. Gray, green, red and white balls represent Pt, Ni, O and H, respectively.
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Figure S14. Water dissociation kinetics at the three phase boundary of Pt-NiOH type interface
with the overgrown Pt located in the middle of the Ni(OH)2 nanosheet. The transition state
structures are given in (a, b). The activation energy for H-OH bond cleavage is found to be >1.1
eV, suggesting that a Pt nanocrystal grown at the center of a single-crystal Ni(OH)2 nanosheet is
unlikely to be active for the HER in alkaline media.
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Figure S15. Water dissociation kinetic at the three phase boundary of Pt-NiOH type interface with
Pt supported in the middle of the Ni(OH)2 sheet and an extra OH vacancy present in the Ni(OH)2
sheet (assumed to be active for H2O adsorption and dissociation). The transition state structures
are given in (a, b). The presence of an OH vacancy makes H2O adsorption very stable (Ead = -1.2
eV) and H2O dissociation very facile (with a small activation energy of ~0.2 eV). However, it takes
a very large energy (~1 eV at 0 V vs. RHE) to regenerate the OH vacancy (see Figure S8). As a
consequence, H2O dissociation would poison the vacancies quickly, as seen from the minimum
energy path profile, suggesting the Pt-Ni(OH)2 interface with Pt supported in the middle of the
Ni(OH)2 nanosheet is unlikely to account for the high HER activity of Pt@2D- Ni(OH)2 composite
catalysts even with an extra OH vacancy present in the Ni(OH)2 sheet.
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Figure S16. Calculated electrochemical phase diagram of a Pt19 nanocrystal supported on the
edge of a Ni(OH)2 sheet at different potentials.
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Figure S17. Calculated electrochemical phase diagrams of H adsorption on a Pt19 nanocrystal
supported on the edge of a Ni(OH)2 sheet at different potentials. 30H adsorption is likely the steady
state structure for the Pt-NiOH type of interface under HER conditions. The first 11 H are adsorbed
on the step bridge sites of the top Pt layer, (100) facet bridge sites of the bottom layer, and bridge
sites at three phase boundary edge. The second 6 H are adsorbed on the corner site of the bottom
Pt layer, which results in 17 H adsorption in total; the third 6 H are adsorbed on the corner site of
the top Pt layer; the fourth 7 H are adsorbed on the corner site of the top Pt layer (3 H) and on the
(111) facet bridge site of the bottom Pt layer (4 H).
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Figure S18. Dependence of H2O dissociation barriers with respect to the number of H2O included
at the three phase boundary of a Pt-NiOH type interface with Pt located at the edge of the Ni(OH)2
sheet. H2O involved in the reaction is highlighted in rose (O) and yellow (H), respectively; the
inset is the minimum energy path of H2O dissociation with two H2O included at the interface.
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