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Two-Dimensional Metastable-Phase Nickel
Hexagonal Nanosheets for Highly-
Performance Electrochemical Acetone
Hydrogenation

Long Chen1, Zonghao Zhang2, Penghao Li2, Hanzhuo Luo1, Chenchen Li1,
Sihui Pan2, Wei-Hsiang Huang 3,4, Chih-Wen Pao 3, Hao Yang 2,
Zhiwei Hu 5 & Qi Shao 1

Electrocatalytic acetone hydrogenation into high-value alcohols offers a sus-
tainable alternative to thermal methods. However, developing non-noblemetal
catalysts with superior performance for electrocatalytic acetone hydrogenation
remains challenging. Two-dimensional non-noble metal structure with
metastable-phase active sites is promising due to its high-energy structure and
unique electronic environment. However, its precise synthesis remains a great
challenge. In this work, we report a two-dimensional metastable hexagonal
close-packed phase nickel nanosheets (hcp Ni NSs) with a space group of P63/
mmc. In the electrocatalytic acetone hydrogenation, it achieves 95.0 % acetone
conversion with 100 % isopropanol selectivity. Notably, in the scale-up experi-
ment, thehcpNiNSs also exhibit 11.51 g gcat

-1 h-1 isopropanol production rate at a
current density of −250mAcm-2. Furthermore, this catalyst is widely applicable
to various carbonyl compounds. Mechanism study shows that hcp Ni NSs
enable strong acetone adsorption and rapid isopropanol desorption.

As the demand for renewable energy and sustainable chemicals con-
tinues to increase, finding efficient and environmentally friendly cata-
lysts has become one of the important challenges in today’s chemistry.
Selective hydrogenation has been shown to be an economical and
environmentally compatible synthetic method for the preparation of
various fine chemicals1–6. Acetone catalytic hydrogenation is widely
used in the manufacture of fine chemicals and the refining of biomass-
derived compounds. So far, a variety of metal catalysts for acetone
selective hydrogenation to prepare isopropanol have been
reported7–10. However, they are mainly based on traditional thermal
catalytic hydrogenation, using explosive hydrogen or other hydrogen
donors (e.g., HCOOH, NaBH4) as hydrogen sources11–15, which lead to
high energy consumption, high cost and serious safety problems.

Electrocatalytic hydrogenation (ECH) provides a green and
environmentally friendly route for catalytic hydrogenation16–19. Yet,
it is often accompanied by the more kinetically favourable hydro-
gen evolution reaction, resulting in unsatisfactory conversion and
selectivity of ECH. Therefore, the rational design of catalysts with
high activity, selectivity and stability has attracted extensive
attention. Nickel (Ni), as the fourth most abundant transition metal
on earth, is considered as a potential candidate to replace precious
metal catalysts such as Pt and Pd20–24, however, its activity for
electrocatalytic hydrogenation remains unsatisfactory. Compared
with the stable-phase, two-dimensional (2D) metastable-phase
catalysts exhibit high catalytic activity due to their large specific
surface area, high-energy structure and unique electronic
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environment25–31, making them promising candidates to solve this
problem.

In this work, we report a two-dimensional metastable hexagonal
close-packed (hcp) phase Ni hexagonal nanosheets (NSs) catalyst with a
spacegroupofP63/mmc.ThehcpNiNSsexhibit highperformance in the
electrocatalytic acetone hydrogenation to isopropanol, which has 95.0%
acetone conversion (con.) with 100% isopropanol selectivity (sel.),much
higher than fcc Ni NPs (con.: 51.0 %, sel.: 100 %) (Fig. 1). Notably, in the
scale-up experiment, the hcp Ni NSs exhibited acetone conversion of
95.9 %with isopropanol selectivity of 100% and isopropanol production
rateof 11.51 g gcat

−1 h−1 at a current density of−250mAcm−2. Furthermore,
this catalyst remains at around 80% acetone conversion after thirty
cycles of testing at −1.32 V vs. reversible hydrogen electrode (RHE) and is
widely applicable to various carbonyl compounds.

Results
Synthesis and structural characterizations of hcp Ni hexagonal
nanosheets
The hcp Ni NSs was successfully fabricated by a one-pot method using
bis (η5-2,4-cyclopentadien-1-yl) nickel as a precursor, glucose as a
reducing agent, formaldehyde as a surfactant, and oleylamine as a sol-
vent, as illustrated in Fig. 2a. The phase of hcp Ni NSs was identified by
powder X-ray diffraction (XRD). As shown in Fig. 2b, the diffraction
peaks of hcpNi NSs can be clearly attributed to the hcpNi phase (JCPDS
No. 45-1027, P63/mmc), while there is no face-centered cubic (fcc) Ni
phase (JCPDS No. 04-0850, Fm-3m)32, indicating the high purity of the
metastable hcp phase Ni. Low-magnification transmission electron
microscopy (TEM) images showed the sheet-like morphology of hcp Ni
NSs (Fig. 2c, f). TEM image shows that hcpNi NSs has a two-dimensional
hexagonal nanosheetsmorphologywith the side length of 21.9 ±0.5 nm
and the diameter of 33.6 ±0.4 nm (Fig. 2d, e). Moreover, zoom-in side-
view TEM image demonstrated the thickness of the two-dimensional
hexagonal nanosheets is 6.9 nm (Fig. 2f). The high-resolution trans-
mission electron microscopy (HRTEM) image displays the fringe pat-
terns showing the presence of the (01-10) plane of hcpNi NSs (Fig. 2g, h,

i). Figure 2i and Fig. 2j clearly reveal the crystal structure of hcp Ni NSs.
Corresponding Fourier diffractogram (FD) patterns framed by dotted
lines further confirms the hexagonal lattice of hcp Ni NSs (the inset of
Fig. 2h). The lattice spacing framed by dotted lines in Fig. 2i was mea-
sured as 0.23 nm (Fig. 2k), corresponding to the (10-10) and (01-10)
crystal planes.Moreover, we also synthesized hcpNi NPs (JCPDSNo. 45-
1027, P63/mmc) (Fig. 2b and Supplementary Fig. 1) and fcc Ni NPs
(JCPDS No. 04-0850, Fm-3m) (Fig. 2b and Supplementary Fig. 2) as
comparative materials.

The synthesis of metastable-phase material is a kinetic-controlled
process and the reducibility of different precursors is crucial for con-
trolling the morphology. As shown in Supplementary Figs. 3, 4, when
using other nickel precursors such as nickel acetylacetonate
(Ni(acac)2), nickel (II) formate (Ni(HCO2)2·2H2O), nickel oxalate dihy-
drate (NiC2O4·2H2O) and bis (triphenylphosphine) nickel (II) bromide
(NiBr2(PPh3)2), the crystallinity of hcp Ni was weak and even hcp Ni
cannot be synthesized (Supplementary Figs. 3, 4). Therefore, bis (η5-
2,4-cyclopentadien-1-yl) nickelwas used to synthesizehcpNi hexagonal
nanosheets. Glucose is important to form the hcpNi.When other sugar
compounds such as fructose and ribose were used as reducing agents,
the characteristic diffraction peaks of nickel hydroxide (Ni(OH)2) and
metastable phase hcp Ni both appeared (Supplementary Fig. 5a, b). In
addition,whenphenol is used as a reducing agent, only stable phase fcc
Ni can be synthesized (Supplementary Fig. 5c). Formaldehyde, as a
morphology regulator, releases COduring heating, which can promote
the growth of two-dimensional hexagonal nanosheets. When reducing
the amount of formaldehyde, the hcp Ni tends to grow toward a
nanoparticle morphology (Supplementary Fig. 6). To explore the for-
mation process of hcp Ni NSs specifically, the samples obtained at
different reaction times were characterized respectively (Supplemen-
tary Figs. 7-8). At reaction time of 15minutes, the amorphous nanosh-
eets were synthesized (Supplementary Figs. 7a, 8a). After 90minutes of
continuous reaction, the amorphous nanosheets were gradually dis-
appear with hexagonal sheets appear (Supplementary Fig. 7e), and the
characteristic diffraction peaks of nickel hydroxide andmetastable hcp
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Fig. 1 | Enhancing electrocatalytic acetone hydrogenation performance
through morphology and crystal phase regulation strategy. a A high acetone
conversion and isopropanol production rate due to strong adsorption of acetone

and rapid desorption of isopropanol on hcp Ni NSs. b A low acetone conversion
caused by weak adsorption of acetone and slow desorption of isopropanol on fcc
Ni NPs.
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phase Ni appeared (Supplementary Fig. 8e). When the reaction time
was extended to 120minutes, the characteristic peaks of nickel
hydroxide and metastable hcp phase Ni are more obvious (Supple-
mentary Figs. 7f, 8f). When extending the reaction time, the char-
acteristic diffraction peak of nickel hydroxide gradually disappeared.
When the reaction time was 240minutes, only the characteristic XRD
peak of metastable hcp phase Ni existed, and the surface of hexagonal
sheet was more flat (Supplementary Figs. 7h, 8h).

The electronic and atomic structure of hcp Ni hexagonal
nanosheets
To gain insight into the local coordination environment of the catalyst,
X-ray absorption near-edge structure spectroscopy (XANES) and
extended X-ray absorption fine structure spectroscopy (EXAFS) were
further used to conduct in-depth analysis of the electronic structure of
the catalyst. Figure 3a, b show the Ni K-edge X-ray absorption

near-edge spectroscopy (XANES) spectra of hcp Ni NSs, fcc Ni NPs,
while NiO and Ni foil used as the references. The absorption edges at
the energy positions are as follows: NiO > hcp Ni NSs > fcc Ni NPs > Ni
foil, indicating that hcpNiNSswith higher valence state33–38. The k3χ(k)
function of the Fourier transform of the EXAFS data in the frequency
domain (R) space reveals information about the coordination envir-
onment (Fig. 3c). In the EXAFS spectrum, the Ni-Ni coordination bonds
of Ni foil (green dashed line in Fig. 3c) and fcc Ni NPs (blue solid line in
Fig. 3c) are located at ~ 2.18 Å, and the Ni-Ni coordination bond in NiO
(yellow dashed line in Fig. 3c) is located at ~ 2.59Å. The peak at ~ 1.62 Å
inNiObelongs to theNi-O coordination39. TheNi-Ni coordinationbond
of hcpNiNSs is ~ 2.34 Å, which is different from theNi-Ni bond inNi foil
and fcc Ni NPs due to the different phase structure of hcp Ni NSs from
fcc Ni NPs and Ni foil. Wavelet transform (WT) was used to further
analyze the Ni K-edge EXAFS oscillation (Fig. 3d–f). TheWT contour of
hcp Ni NSs showed amaximum intensity at 7.30Å−1, different from the
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Fig. 2 | Structural characterizations of hcp Ni NSs. a Schematic diagram of the
synthesis of hcp Ni NSs. b XRD patterns of hcp Ni NSs, hcp Ni NPs and fcc Ni NPs.
c Low-magnification TEM of hcp Ni NSs. d Average side length of hcp Ni NSs.
e Average diameter of hcp Ni NSs. f Zoom-in side-view HAADF-STEM image of hcp

Ni NSs. g High-magnification TEM image of hcp Ni NSs. h HRTEM image of hcp Ni
NSs in (g) and FD pattern (inset). i Enlarged HRTEM image of hcp Ni NSs in (h).
j Simulated HRTEM image of (i). (k) The lattice fringe spacing corresponding to the
areas labeled as h in (i).
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maximum intensity of fcc Ni NPs (8.0 Å−1) and the maximum intensity
of Ni foil (8.1 Å−1), which originated from Ni–Ni coordination. The
results showed that hcp Ni NSs had a different coordination environ-
ment from fcc Ni NPs and Ni foil. To further highlight the differences
between hcp Ni NSs and fcc Ni NPs, we analysed the crystal structure
and atomic stacking of hcp Ni NSs along the a, b, and c directions, as
shown in Fig. 3g. The results show that the atomic stacking of hcp Ni
NSs is a typical ABAB… stacking order along the [100] direction, which
is different from the ABCABC… stacking order of the stable fcc
structure along the [111] direction.

Electrocatalytic hydrogenation performance of hcp Ni hex-
agonal nanosheets
The electrocatalytic acetone hydrogenation was chosen as a model
reaction to evaluate the catalytic performance of hcp Ni NSs
(Fig. 4a–d), while hcp Ni NPs (Fig. 4e–h) and fcc Ni NPs (Fig. 4i–l) were
chosen as the references. The reference electrode was calibrated

before the electrocatalytic testing (SupplementaryFig. 9). The reaction
was carried out in a typical H-type cell by using 0.1mmol acetone (1a)
as the model substrate with 1.0M KOH as the electrolyte (Supple-
mentary Fig. 10). Figure 4b, f and j show the linear sweep voltammetry
(LSV) curves of hcp Ni NSs, hcp Ni NPs and fcc Ni NPs in 1.0M KOH
electrolyte with/without acetone, respectively. The LSV curves are
measured based on at least three independent replicates (Supple-
mentary Fig. 11). Obviously, hcp Ni NSs, hcp Ni NPs, and fcc Ni NPs all
show enhanced current densities in the presence of acetone, indicat-
ing that acetone electrocatalytic reduction prevails over the compet-
ing hydrogen evolution reaction (HER) on Ni surfaces. The optimal
potential was screened by potential-dependent electrochemical
experiments. The acetone conversion reached 95.0 ±0.35% and the
isopropanol selectivity was 100% at −1.32 V vs. RHE (Supplemen-
tary Fig. 12).

To further evaluate the performance of the catalyst for electro-
catalytic acetone hydrogenation, we performed time-controlled

Fig. 3 | Electronic structure characterization. a Normalized X-ray absorption
near-edge structure spectroscopy (XANES) spectra of hcp Ni NSs (purple line), fcc
Ni NPs (blue line), Ni foil (green line), and NiO (yellow line) recorded at the Ni K-
edge. b Enlarged view in (a). c Fourier transforms of Ni K-edge extended X-ray

absorptionfine structure spectroscopy (EXAFS) spectraof hcpNiNSs, fccNiNPs, Ni
foil, andNiO. d-fWavelet transform (WT) of the k3-weighted EXAFS at theNiK-edge
of hcp Ni NSs, fcc Ni NPs and Ni foil. g Schematic diagram of the atomic stacking
model of hcp Ni NSs along a, b, and c directions.
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experiments at −1.32 V vs. RHE within 5 h (Supplementary Fig. 13). The
results showed that hcp Ni NSs showed the largest acetone conversion
in each time period (Fig. 4c). Furthermore, the acetone conversion of
hcp Ni NSs and hcp Ni NPs in each time period was higher than that of
fcc Ni NPs (Fig. 4c, g, k and Supplementary Fig. 13), indicating that the
metastable-phase has better hydrogenation activity than the stable
one. The acetone conversion is as follows: hcpNiNSs > hcpNiNPs > fcc

Ni NPs. Quantitative analysis and verification by hydrogen nuclear
magnetic resonance spectroscopy (1H-NMR) show that, after 5 h of
acetone electrocatalytic reduction, hcp Ni NSs, hcp Ni NPs and fcc Ni
NPs showed 95.0%, 75.1 % and 51.0 % acetone conversion, respectively,
with no related by-products detected (Fig. 4d, h, l). Compared to other
reported catalysts, hcp Ni NSs exhibits competitive in electrocatalytic
acetone hydrogenation performance (Fig. 4m and Supplementary
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Table 1). Compared with other commercial catalysts such as Pt/C and
Raney Ni, hcp Ni NSs exhibits high acetone conversion (95.0 ±0.35%)
and reaction rate (19 ± 0.07 μmol cm−2 h−1) (Fig. 4n). In addition, hcpNi
NSs exhibits the production rate of 0.23 g gcat

−1 h–1, higher than the
stable one and other commercial catalysts (Supplementary Fig. 14). In
addition, we investigate the effect of increasing the acetone content in
the electrolyte on the acetone conversion and the Faradaic efficiency
of isopropanol using hcp Ni NSs at −1.32 V vs. RHE in 5 h (Supple-
mentary Fig. 15). The results show that adding more acetone to the e-
lectrolyte inhibits the side reaction HER and improves the
Faradaic efficiency of isopropanol, but decreases the acetone con-
version. Since we focused on the acetone conversion, we chose
0.1mmol of acetone.

After electrocatalytic acetone hydrogenation reaction, hcp Ni NSs
does not change the crystal phase andmorphology, indicating thathcp
Ni NSs is relatively stable in the reaction process (Supplementary
Fig. 16). Furthermore, in order to explore the Ni valence state changes
of hcp Ni NSs catalyst surface after the reaction, we performed X-ray
photoelectron spectroscopy (XPS) tests on hcp Ni NSs at open circuit
potential (OCP) condition and at −1.32 V vs. RHE for 5 h respectively. As
observed in Ni 2p XPS spectra (Supplementary Fig. 17), the peak
intensity of Ni-Ni bond (852.9 eV and 870.2 eV) is weakened after the
reaction, indicating that the surface of the hcp Ni NSs is slightly oxi-
dized. This may be due to the accumulation of acetone on the nickel
surface and hydrogen/hydroxyl groups adsorption on hcp Ni NSs. In
addition to the high reaction activity, hcp Ni NSs remains at around
80% acetone conversion after thirty cycles of testing at −1.32 V vs. RHE,
As canbe seen inFig. 4o. Furthermore, theTEM image andXRDpattern
show that the hexagonal sheet morphology and metastable-phase of
hcp Ni NSs largely remain after the stability test (Supplemen-
tary Fig. 18).

In order to evaluate the feasibility of the catalyst for industrial
application, a scale-up experiment of electrocatalytic acetone hydro-
genation was carried out using a flow electrolysis cell (Fig. 4p and
Supplementary Fig. 19), it is worth noting that the hcpNi NSs exhibited
95.9 ± 1.4% acetone conversion, with 100 % isopropanol selectivity and
11.51 g gcat

−1 h−1 isopropanol production rate at a current density of
−250mAcm−2 (Fig. 4m, q, r, s). The result of 1HNMRspectrum is shown
in Supplementary Fig. 20.

To further characterize the electrocatalytic hydrogenation beha-
viour of the hcp Ni NSs catalyst, we next explored the substrate range
of the ECH reaction, including aliphatic ketones, alicyclic ketones, and
aromatic ketones, such as 2-butanone (1b), 2-pentanone (1c),
3-pentanone (1d), 2-hexanone (1e), 3-hexanone (1f), 2-heptanone (1g),
3-heptanone (1h), 4-heptanone (1i), cyclopentanone (1j), cyclohex-
anone (1k), cycloheptanone (1l), cyclooctenone (1m); acetophenone
(1n), 2-indanone (1o), and benzophenone (1p) (Fig. 5). Considering the
low solubility of some substrates in 1.0M KOH/H2O electrolyte, some
experiments were conducted on these substrates using water-miscible
organic cosolvents to eliminate the solubility limitation on their reac-
tivity. When these ketones (1b–1p) are treated by our electrocatalytic
system, the corresponding alcohol products (2b–2p) can be easily
obtained. Impressively, when hcp Ni NSs were used as catalysts, the
corresponding these alcohol products (2b–2p) could be readily
obtained with selectivity of > 99 %, and the formation of by-products
was almost undetectable. The corresponding conversions of aliphatic
ketones, alicyclic ketones, and aromatic ketoneswere 98.2% con. of 1b,
89.5% con. of 1c, 96.4% con. of 1d, 98.0% con. of 1e, 87.0% con. of 1f,
98.0% con. of 1g, 90.6% con. of 1h, 92.0% con. of 1i, 95.0 % con. of 1j,
80.3% con. of 1k, 86.9% con. of 1l, 80.0% con. of 1m, 100.0% con. of 1n,
95.0% con. of 1o and 100.0% con. of 1p, respectively (Fig. 5), with all
these data being quantified and verified by 1H-NMR (Supplementary

Fig. 5 | Substrate scope. Product Con. (Sel.). Reaction Conditions: H-cell, α sub-
strates (0.1mmol, 14.29mmol L−1), hcp Ni NSs electrode (working area: 1.0 cm2),
catalyst loading (5.0mg cm−2), 1.0M KOH/H2O electrolyte (7mL), −1.32 V vs. RHE,
RT, 5 h. β substrates (0.1mmol, 14.29mmol L−1), hcp Ni NSs electrode (working
area: 1.0 cm2), catalyst loading (5.0mg cm−2), 1.0M KOH/H2O electrolyte (7mL),
−1.32 V vs. RHE, RT, 8 h. γ substrates (0.1mmol, 14.29mmol L−1), hcp Ni NSs elec-
trode (working area: 1.0 cm2), catalyst loading (5.0mg cm−2), 1.0M KOH/H2O

electrolyte (7mL), −1.32 V vs. RHE, 50 °C, 5 h. θ substrates (0.1mmol,
14.29mmol L−1), hcp Ni NSs electrode (working area: 1.0 cm2), catalyst loading
(5.0mg cm−2), 1.0M KOH/H2O electrolyte (7mL), −1.32 V vs. RHE, 50 °C, 8 h. δ
substrates (0.1mmol, 14.29mmol L−1), hcpNiNSs electrode (working area: 1.0 cm2),
catalyst loading (5.0mg cm−2), a mixed solvent of 1.0M KOH/EtOH (6:1 V/V, 7mL),
−1.32 V vs. RHE, 50 °C, 8 h.
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Figs. 21-37). The results suggest that hcp Ni NSs show good catalytic
universality.

Mechanism exploration of electrocatalytic acetone
hydrogenation
Now, it is significant to understand the catalyticmechanism. hcp Ni NSs
exhibited the lowest impedance compared tohcpNiNPs and fccNiNPs,
which suggests that the efficient mass transfer of hcp Ni NSs (Supple-
mentary Fig. 38). The adsorption capacity of acetone and isopropanol
on hcp Ni NSs, hcp Ni NPs and fcc Ni NPs catalysts was studied by
attenuated total reflection infrared spectroscopy (ATR-IR). As shown in
Fig. 6a, for hcp Ni NSs and Pt/C catalysts, the strong carbonyl (C =O) (~
1662.8 cm−1) absorption peak of acetone can be observed, indicating
that hcp Ni NSs and Pt/C have a strong adsorption capacity for acetone,
which is conducive to the hydrogenation reaction, but the competitive
HER reaction is prone to occur on the Pt/C surface, resulting in an
unsatisfactory acetone conversion. As shown in Supplementary Fig. 39,
the LSV curves of Pt/C show that the current density of the electrolyte
without acetone (−32.2mAcm−2) is more negative than that of the
electrolyte with acetone (−29.9mA cm−2) at −1.32 V vs. RHE, which
indicates that Pt/C is more likely to undergo HER reaction. The
adsorption strength of hcp Ni NPs and fcc Ni NPs for acetone is weak,
resulting in low catalyst conversion. Figure 6b clearly reveals the
adsorption strength of isopropanol on the catalyst. When using hcp Ni
NSs as the catalyst, a weak peak was observed at the hydroxyl group
(-OH) (~ 3419.7 cm−1), indicating that the desorption capacity of iso-
propanol to hcp Ni NSs was very strong. Therefore, the product iso-
propanol could quickly fall off after formation on the surface of the
catalyst. For hcp Ni NPs, fcc Ni NPs and Pt/C, the absorption peak of
hydroxyl group (-OH) (~ 3419.7 cm−1) can be seen, indicating that iso-
propanol has a strong adsorption capacity on these catalysts, which
makes it difficult for the isopropanol generatedon thehcpNiNPs, fccNi
NPs andPt/C surface todesorbquickly fromtheir surface. This results in
anunsatisfactory acetoneconversionbyhcpNiNPs, fccNiNPsandPt/C.

The free radical capture experiment was carried out by electron
paramagnetic resonance (EPR) using 5, 5-dimethyl-1-pyrrolin-n-oxide
(DMPO) as a free radical spin catcher. Only DMPO-H* signal was cap-
tured in 1M KOH electrolyte, after adding acetone to the electrolyte,
the DMPO-H* signal decreased significantly, suggesting that the
surface-adsorbed hydrogen intermediates (H*) were actively con-
sumed in the hydrogenation reaction (Fig. 6c). This provides direct
evidence for the involvement of H* species in the electrocatalytic
conversion of acetone. In order to explore the power and hydrogen
source in the electrocatalytic hydrogenation reaction, the control
experiments were carried out. These experiments confirm the neces-
sity of electricity as the driving force and H2O as the sole hydrogen
source (Supplementary Fig. 40). The electrocatalytic acetone hydro-
genation reaction was carried out by replacing H2O with D2O, and it
was found that only deuterated isopropanol was produced by high-
resolution mass spectrometry (HR-MS) (Supplementary Fig. 41), thus
demonstrating that the H* required for the hydrogenation process can
only originate from the in-situ dissociation of H2O

40.
To further understand the underlying mechanism of the

enhanced activity for hcp Ni, DFT calculations were carried out. The
acetone reduction (i.e. hydrogenation) is composed of acetone
adsorption, followed by two steps of proton-coupled electron transfer
(PCET) processes, and then desorption from active sites accordingly.
As shown in Fig. 6d, the formation energy of key intermediate ——
*C3H7O on the (0001) surface of hcp Ni, is slightly lower than that on
the (111) surface of fcc Ni (0.18 vs 0.19 eV), combined with the deso-
rption energy of isopropanol on hcp Ni is 0.07 eV lower than that on
fcc Ni (Fig. 6e), indicating hydrogenation of acetone is thermo-
dynamically favourable for hcp Ni. Moreover, considering H2O as
proton source, its adsorption and dissociation on active sites are also
important factors for hydrogenation performance. As shown in Fig. 6f,

the dissociation barrier of watermolecule on the (0001) surface of hcp
Ni is also lower by 0.02 eV than that on the (111) surface of fcc Ni,
suggesting faster kinetics for water capture and dissociation over hcp
Ni surface. Hence, the overall scenario of hydrogenation of acetone
can be emphasized by the synergy of reduced product binding capa-
city and faster kinetics which is responsible for enhanced performance
over hcp Ni catalysts.

To gain deeper insight into the origin of the high catalytic activity
of hcp Ni NSs, quasi-in-situ ATR-IR spectroscopy was employed. Spe-
cifically, the acetone adsorption intensity on hcp Ni NSs increased
markedly within the first 4minutes of reaction (Fig. 6g, h), which is
attributed to their higher specific surface area and the abundance of
accessible active sites (Supplementary Figs. 42, 43 and Supplementary
Notes 1, 2). In contrast, hcp Ni NPs exhibited a delayed increase in
adsorption intensity, becoming significant only after 15minutes (Fig. 6j,
k), likely due to the relatively lower density of active sites accessible on
their surface compared to the nanosheets. For fcc Ni NPs, a pro-
nounced enhancement in acetone adsorption was observed only after
20minutes (Fig. 6m, n), this may be attributed to the weak adsorption
of acetone on the surface of fcc Ni NPs. In addition, the acetone
adsorption intensity on the surface of Pt/C increased significantly at
around 8minutes (Supplementary Fig. 44), which may be attributed to
the strong competitive HER reaction during the ECH of Pt/C.

Based on the above results, the possible reaction mechanisms of
electrocatalytic acetone hydrogenation with H2O over hcp Ni NSs, hcp
Ni NPs and fcc Ni NPs are proposed (Fig. 6i, l, o). Acetone exhibits a
high adsorption energy on hcp Ni NSs, enabling its rapid adsorption
onto the catalyst surface. Concurrently, water molecules readily dis-
sociate to release H* on the surface, which subsequently participate in
the electrocatalytic acetone hydrogenation, accompanied by the
evolution of a small amount of hydrogen gas. Owing to the lower
desorption energy of isopropanol on hcp Ni NSs compared to that on
hcp Ni NPs and fcc Ni NPs, the isopropanol product is rapidly released
from the catalyst surface. This facilitates the regeneration of active
sites and promotes the continuous adsorption of acetone molecules,
thereby sustaining a high catalytic turnover. In contrast, acetone
exhibits relatively weak adsorption on fcc Ni NPs, leading to a slower
surface reaction rate. Furthermore, the strong desorption energy of
isopropanol on fcc Ni NPs results in the accumulation of products on
the surface, which blocks active sites and further suppresses acetone
conversion.

Discussion
In summary, we report two-dimensional metastable-phase Ni hex-
agonal nanosheets catalyst for efficient electrocatalytic acetone
hydrogenation to isopropanol. Notably, the hcp Ni NSs exhibited
acetone conversion of 95.9 ± 1.4%, isopropanol selectivity of 100% and
isopropanol production rate of 11.51 g gcat

−1 h−1 at −250mAcm−2. Quasi-
in-situ ATR-IR and DFT calculations show that the hcp Ni NSs enable
strong and rapid adsorption of acetone through its polar C =O bond
and rapid desorption of isopropanol. Additionally, the hcp Ni surface
lowers the energy barrier for water dissociation, leading to faster
generation of reactive H* species. Furthermore, this catalyst has sig-
nificant versatility for various carbonyl compounds. Our work not only
provides a unique guide for the design of 2D metastable-phase elec-
trocatalysts, but also provides a demonstration for the use of two-
dimensional metastable-phase electrocatalysts with high catalytic
activity for other electrochemical conversions besides electrocatalytic
acetone hydrogenation.

Methods
Chemicals
Bis (η5-2,4-cyclopentadien-1-yl) nickel (Ni(C5H5)2, 98%), nickel (II)
oxalate dihydrate (NiC2O4·2H2O, 98%), ribose (C5H10O5, 99%) deuter-
ium oxide (D2O, AR, 99%) and 2-heptanone (C7H14O, 98%) were
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purchased from Aladdin Industrial Corporation. Oleylamine
(CH3(CH2)7CH =CH(CH2)7CH2NH2, OAm, 68−70%) and nickel (II)
acetylacetonate (Ni(acac)2, 96%) were purchased from J&K Scientific
Ltd. Nickel (II) formate dihydrate (Ni (HCO2)2·2H2O, 95%) and dibro-
mobis (triphenylphosphine) nickel (II) (NiBr2(PPh3)2, 98%) were pur-
chased from Alfa Aesar. Glucose (C6H12O6, AR), cyclohexane (C6H12, ≥

99.5%), ethanol (C2H6O, 95.0%), isopropanol (C3H8O, ≥ 98.5%), for-
maldehyde (CH2O, AR, Shanghai, China), 2-butanone (C4H8O, AR),
3-pentanone (C5H10O, ≥ 98%), cyclohexanone (C6H10O, AR), dichlor-
omethane (CH2Cl2, AR) and potassium hydroxide (KOH, 95.0−98.0%)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Nafion solution (~5wt%, a mixture of lower aliphatic
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Fig. 6 | Mechanism exploration of ECH and density functional theory (DFT)
calculation. a Infrared (IR) spectra of four catalysts treated with acetone (AC): hcp
Ni NSs with AC, hcp Ni NPs with AC, fcc Ni NPs with AC and Pt/C with AC (from top
to bottom). Infrared characteristic peak position of acetone carbonyl bond (C=O:
1662.8 cm−1).b Infrared (IR) spectra of four catalysts treatedwith isopropanol (IPA):
hcpNiNSswith IPA, hcpNiNPswith IPA, fccNiNPswith IPA and Pt/Cwith IPA (from
top to bottom). Infrared characteristic peak position of hydroxyl bond (-OH:

3419.7 cm−1) of isopropanol.c EPR result for electrocatalytic acetonehydrogenation
in 1.0M KOH/H2O electrolyte over hcp Ni NSs. d Free energy profiles of acetone
reduction pathway on hcp Ni and fcc Ni. e Adsorption energy of acetone and
isopropanol on hcp Ni and fcc Ni, respectively. f Comparison of water dissociation
on hcp Ni and fcc Ni. Quasi-in-situ ATR-IR spectroscopy and proposed reaction
mechanisms for electrocatalytic acetone hydrogenationof (g, h, i) hcpNi NSs, (j, k,
l) hcp Ni NPs and (m, n, o) fcc Ni NPs.
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alcohols and water) was purchased from Sigma-Aldrich. Acetone
(C3H6O, AR)waspurchased fromChinasun Specialty Products Co., Ltd.
(Jiangsu, China). Dimethyl sulfoxide-d6 (DMSO-d6, 99.9%) and Raney
Nickel (Ni, AR) were purchased from Energy Chemical. 2-Pentanone
(C5H10O, > 99.0%), 3-heptanone (C7H14O, > 98.0%), cyclopentanone
(C5H8O, > 99.0%) and benzophenone (C13H10O, > 99.0%) were pur-
chased from TCI. 2-Hexanone (C6H12O, 98%) was purchased from
Adamas. Cycloheptanone (C7H12O, 99%), cyclooctanone (C8H14O, 97%)
and 2-indanone (C9H8O, 98%) were purchased from Acmec.
3-Hexanone (C6H12O, 98%) and 4-heptanone (C7H14O, 98%) were pur-
chased from Shanghai Macklin Biochemical Technology Co., Ltd.
Acetophenone (C8H8O, 98%) was purchased from Accela ChemBio Co.
Ltd. (Shanghai, China). Commercial Pt/C (with noble metal loading of
20wt%) was purchased from Johnson Matthey (JM). 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO, ≥ 98%) was purchased fromBeijing Solarbio
Science & Technology Co., Ltd. All the chemicals were used without
further purification. The FAB-PK-130 anion 11 exchangemembranewas
purchased from Suzhou Yilongsheng Energy Technology Co. Ltd. The
de-ionizedwater (18MΩ cm−1) used in all experiments wasprepared by
passing water through an ultra-pure purification system (Aqua
Solutions).

Syntheses of hcp Ni NSs
Firstly, 9.4mg of bis (η5-2,4-cyclopentadien-1-yl) nickel, 60mg of
glucose, 100μL of formaldehyde, and 5.0mL of oleylamine
(CH3(CH2)7CH =CH(CH2)7CH2NH2, OAm, 68−70%) were mixed and
added to a glass bottle (volume 35mL), which was placed in an ultra-
sonic machine for ultrasonic treatment for about 2 h. Then, the
resulting homogeneous mixture was heated from ambient tempera-
ture to 210 °C in an oil bath at the heating rate of 5 °C per minute and
maintained for 5 h. After the mixture was cooled to ambient tem-
perature naturally, the resulting product was collected, washed, and
centrifuged three times through a cyclohexane/ethanol mixture.

Syntheses of hcp Ni NPs and fcc Ni NPs
Nickel (II) acetylacetonate (Ni(acac)2) (12.8mg), glucose (60mg) and
OAm (5.0mL) were added into a glass vial (volume: 35mL). After the
vial had been capped, the mixture was ultrasonicated for around 2 h.
The resulting homogeneous mixture was then heated from ambient
temperature to 230 °C for 5 h in an oil bath pan. After it was cooled to
ambient temperature, the resulting products were collected by cen-
trifugation and washed three times with a cyclohexane/ethanol mix-
ture. The similar procedure was adopted for the preparation of fcc Ni
NPs except adding glucose.

Characterizations
Low-magnification transmission electron microscopy (TEM) images
were collected on a Hitachi HT7700 transmission electronmicroscope
with the accelerating voltage of 120 kV. The crystal nanostructures
were analyzed by an X-ray powder diffraction (XRD, X’Pert-Pro MPD
diffractometer) equipped with a Cu Kα radiation source
(λ =0.15406 nm). The high-resolution TEM (HRTEM), energy dis-
persive spectroscopy (EDS) andEDSelementalmappingwere achieved
by FEI Tecnai F20 TEM at an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) spectra were collected with an SSI
S-Probe XPS spectrometer. XAS data were collected at the TPS44
beamline of the National Synchrotron Radiation Research Center
(NSRRC, Hsinchu, Taiwan), respectively. Data were processed
according to standard procedures using the Demeter program pack-
age (Version 0.9.24). The liquid products were test by 1H NMR (Aligent
DD2-600, BRUKER AVANCE NEO 400MHz and BRUKER AVANCEIII
HD-400) spectrometer. Attenuated total reflectance infrared (ATR-IR)
spectra was recorded on a Bruker Vertex 70 spectrometer in the
spectral range of 4000 cm−1 to 600 cm−1. Hydrogen and radicals were
investigated via electron paramagnetic resonance (EPR) spectroscopy

(JES-X320, Japan). High-Resolution mass spectrometry (HR-MS) was
recorded on a Bruker micrOTOF-Q III.

The preparation of catalysts for electrochemical of
characterizations
5mg of catalyst was dispersed in 500μL ethanol and 10μL of 5wt%
Nafion by sonication for 30minutes to form a homogeneous ink. Then
the homogeneous catalyst ink was dropped evenly on carbon paper
(CP, loading area 1.0 cm2) as the working electrode. The catalysts used
in this experiment were all loaded onto 1.0 cm2 carbon paper and used
as theworking electrode, with a loading of 5mg cm−2, unless otherwise
specified. catalyst loading = m (catalyst amount) / s (area of car-
bon paper).

Electrochemical characterization
The electrochemical measurements were carried out on CHI 660E
workstation. All the experimentswere carried out at room temperature.
All electrolytes used in the tests were freshly prepared and used
immediately. 1.0M KOH/H2O electrolyte was prepared by dissolving
KOHsolid powder in deionizedwater, thepHof the 1MKOHelectrolyte
is 13.7 ±0.3. The electrochemical measurements were carried out in a
divided two-compartment electrochemical cell consisting of a working
electrode, a carbon rod counter electrode, and a saturated calomel
electrode as the reference electrode. The cathode cell (10mL) and
anode cell (10mL), respectively, containing 1.0M KOH/H2O electrolyte
(7mL) were separated by an untreated Nafion 211 proton exchange
membrane (size: 2 × 2 cm2, thickness: 25mm). 0.1mmol acetone dis-
solving in 1.0MKOH/H2Oelectrolyte (7mL)was added into the cathode
cell and stirred to form a homogeneous solution. Then, chron-
oamperometry was carried out under stirring (750 rpm). After the
reactions were finished, the solution at the cathode cell was extracted
with dichloromethane and tested using 1HNMR to calculate the acetone
conversion (con.) and the isopropanol selectivity (sel.). For scaled-up
experiment, The electrolysis was carried out in a flow electrolysis cell
withNi foamwith aworking areaof 1 cm2 as the anode, hcpNiNSswith a
working area of 1 cm2 as the cathode, 1.0M KOH/H2O electrolyte
(10mL) containing 20mmol acetone as the catholyte, 1.0M KOH/H2O
electrolyte (10mL) as the anolyte, and a flow rate of the cathode and
anolyteof 235mLmin−1. The cathodic and anodicblockswere separated
by an anion exchange membrane. In this work, conversion (con.) is
referred to as acetone substrates, and selectivity (sel.) is referred to as
isopropanol products. The acetone conversion (con.) and isopropanol
selectivity (sel.) were calculated using Eqs. (1) - (2) below.

Con: %ð Þ= n ðconsumed acetonesÞ
n ðinitial acetonesÞ × 100% ð1Þ

Sel:ð%Þ= n ðobtained isopropanolÞ
n ðconsumed acetonesÞ × 100% ð2Þ

The production rate and reaction rate were calculated as follows:

Production Rate ðgg�1
cat h

�1Þ= m ðmassof obtained isopropanolÞ
m ðmassof the catalystÞ × t ðreaction timeÞ

ð3Þ

Reaction Rate ðμmol cm�2 h�1Þ = n ðobtained isopropanolÞ
s ðarea of carbonpaperÞ× t ðreaction timeÞ

ð4Þ
The Faradaic efficiency (FE) was obtained according to the fol-

lowing equation:

FE =
2nF
It

× 100% ð5Þ

Article https://doi.org/10.1038/s41467-025-67839-6

Nature Communications |         (2026) 17:1111 9

www.nature.com/naturecommunications


Where F is the Faraday constant (96485Cmol−1), n is the number of
moles of the produced isopropanol, I is the current (A) and t is the
reaction time (s).

In 1H NMR spectra, when using DMSO-d6 as the solvent for NMR
tests, the peaks at 2.5 ppm and 3.3 ppmwere assigned to the hydrogen
signal of DMSO-d6 and H2O.

All potentials in this work were referenced to Hg/HgCl2. The
reversible hydrogen electrode (RHE) is suitable for electrolytes con-
taining 1.0M KOH. The reference electrode calibration steps are as
follows: Using one Pt wire as the working electrode and the other Pt
wire as the counter electrode, LSV tests were performedon a saturated
calomel electrode in the highly pure H2-saturated 1.0M KOH electro-
lyte at a scan rate of 1mV s−1. The calibration value of the reference
electrode is −1.01 V vs. SCE. All potentials measured were calibrated to
RHE using the following equation:

E ðRHE, 1:0MKOHÞ= E ðSCEÞ+ 1:01V ð6Þ

LSVwas recorded without iR correction to obtain the polarization
curves. Then, chronoamperometry was carried out at a given constant
potential. Electrochemical double-layer (Cdl) was carried out by CV in
the potential range of 0.65 ~ 0.85 V vs. RHE with a scanning rate of 20,
40, 60, 80, 100, 120, 140, 160, 180 and 200mV/s. The Δj/2 obtained at
0.75 V vs. RHE was plotted against the scan rate, and the fitted slope
was the measured Cdl value. The Electrochemical Impedance Spec-
troscopy (EIS) experiment steps are as follows: 5mg of catalyst was
dispersed in 500μL ethanol and 10μLof 5 wt%Nafionby sonication for
30minutes to form a homogeneous ink. A 15μL homogeneous ink was
dropped on the surface of the GCE (5mm in diameter) and dried
naturally, which was the modified GCE as the working electrode. A
saturated calomel electrode and a carbon rod (cylind rical carbon
material with 3mm in diameter and 5 cm in length) were used as the
reference electrode and counter electrode, respectively. The test was
conducted at the potential corresponding to a current density of −10
mA cm−2.

EPR experiments for electrochemical hydrogenation of acetone
The hcp Ni NSs working electrode and reference electrode were
implanted in the cathode chamber, and the graphite rod pair electrode
was implanted in the anode chamber. Chronoamperometry was per-
formed at 0.1mmol acetone or no 0.1mmol acetone for 10minutes at
a given constant potential of −1.32 V vs. RHE in 1.0M KOH/H2O
(7.0mL). Then add 0.1mmol of 5, 5-dimethyl-1-pyrrolin-n-oxide
(DMPO) dissolved in 1.0M KOH/H2O electrolyte, stirring for 1minute,
and quickly remove it for EPR test.

Quasi-in-situ ATR-IR measurements
First of all, the Quasi-in-situ FTIR spectra testing method is listed as
follows. The catalyst ink is dropped onto a glassy carbon electrode and
then dried. In a divided two-compartment electrochemical cell, we add
0.1mmol acetone in 1.0M KOH/H2O (7mL) electrolyte and apply the
voltage of −1.32 V vs. RHE to the working electrode for different time.
Finally, the catalyst on the glassy carbon electrode was collected by
ultrasound in an ethanol solution for liquid FTIR spectra testing.

Computational details
Ab initio quantum mechanical (QM) calculations were performed
using the Vienna Ab initio Simulation Package (VASP), version 5.4.4,
employing the projector augmentedwave (PAW)methodwith a plane-
wave basis set. The electronic structure was described within the fra-
mework of density functional theory (DFT, Supplementary Data 1)
using the generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzerhof (PBE) functional41–43. Dispersion corrections were
incorporated via the DFT-D3 method with Becke-Jonson damping44. A
plane-wave energy cutoff of 400 eV was used, as benchmark tests

indicated that a higher cutoff did not improve accuracy. Integration
over the Brillouin zone was performed using a Γ-centered 3 × 3 × 1
Monkhorst-Pack k-point grid. Finer k-point spacing did not yield more
accurate predictions. Partial orbital occupancies were treated using
the first-order Methfessel-Paxton scheme with a smearing width of
0.2 eV. Dipole moment corrections were applied along the surface
normal direction. Self-consistentfield (SCF) iterationswereconsidered
converged when the change in total energy and eigenvalues between
successive steps both fell below 1 × 10−6eV. Ionic relaxationwas carried
out using a conjugate-gradient algorithm until all atomic forces were
below 0.01 eV/Å. The resulting geometries were confirmed as energy
minima through vibrational frequency analysis, ensuring the absence
of imaginary frequencies. The Hessian matrix, required for frequency
calculations, was obtained via finite-difference displacements of ±
0.04 Å along each Cartesian direction for each ion. In these calcula-
tions, only the adsorbed species were displaced while the slab atoms
remained fixed. All computations were performed under standard
conditions of 298K and 1 bar. Free energies were calculated using
standard statistical mechanical expressions accounting for transla-
tional, rotational, vibrational, and electronic contributions45. For
surface-adsorbed species, translational and rotational contributions to
the free energy were omitted. The partition function under the har-
monic oscillator approximation is as follows:

qvib =
Y

i

e�
hvi
2kT

1� e�
hvi
kT

ð7Þ

where k is a force constant, ν is the vibrational frequency, after sub-
stituting the partition function qvib, the internal energy correction is as
follows:

UvibðTÞ=R
X

i

hvi
k

� �
1
2
+

e�
hvi
kT

1� e�
hvi
kT

 !
ð8Þ

The first term is the contribution of zero-point energy (ZPE), and
the second term is the contribution of internal energy correction from
0K to 298K. The correction of entropy (S) is as follows:

SvibðTÞ=R
X

i

hvi
kT

e�
hvi
kT

1� e�
hvi
kT

� ln 1� e�
hvi
kT

h i( )
ð9Þ

Here, the first term exactly cancels with the second term of the
internal energy shown above. Therefore, only the second term of the
entropy needs to be corrected. For adsorbed species, the six degrees
of freedom of the translation and rotation are frustrated and con-
sidered vibration. Such approximation fails when the vibration is
extremely low that has a significant contribution to the correction. To
avoid such overestimation, the contribution of frequencies below
50 cm−1 are all considered as 50 cm−1.

Zero-point energy (ZPE) in thermoenergy correction is as follows:

εZPE =
hν
2

ð10Þ

The Gibbs free energy G can be derived as follows:

G= EZPE + E + kBT � TS ð11Þ

The above correction is obtained by using VASPKIT code for a
post-processing of the VASP output data46. While the DFT results
provide insights into adsorption and reaction pathways, there are
many difficulties in accurately simulating the material under catalytic
conditions, and it may not fully represent the real catalytic interface
under electrochemical conditions, thus having certain limitations.
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Data availability
The data generated in this study are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.
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