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Fig. 5. DFT simulation. (A) Crystal structure of unsaturated Cu-MOF [Cus(HHTP),] viewed along the c axis and the electron density difference plots of corresponding
Cu;-O4 and Cus-O, centers, where yellow and green contours represent electron accumulation and depression, respectively. (B and C) Calculated partial density of states
(PDOS) of Cu-MOF with (B) and without (C) Cu;-O;, centers. (D) Calculated free energy change of adsorbed *H on Cu sites of Cu;-O4 and Cu;-O, centers.

saturated Cu;-Oy4 centers are observed for unsaturated Cu-MOF. It
is intriguing that the Cu;-O, center shows obvious local charge po-
larization along Cu-O-C bond relative to the Cu;-O4 one (Fig. 5A),
in which asymmetric electron depletion region appears around the
Cu atom and electron enrichment area locates over the adjacent O
and C atoms. With the local electric polarization, it is thermody-
namically favorable for the Cu;-O; centers to strongly couple with
H,0 molecules, and thus beneficial for dissociating the H O bonds

toward fast water reduction (50, 51). The calculated partial density
of states (PDOS; Fig. 5, B and C) shows an asymmetric spin-up and
spin-down electron density over the energy range of -5 to 0 eV for
both saturated and unsaturated Cu-MOF, indicating their intrinsi-
cally conductive nature (14, 16). It is noteworthy that in the pres-
ence of unsaturated Cu,;-O; centers, a new strong PDOS peak of Cu
3d is observed around —1.0 eV, suggesting more energy levels of Cu
3d atomic orbits for higher chemical redox capability (52, 53). The
free energy of hydrogen adsorption (AG*y), a critical descriptor for
HER activity (9, 16), is calculated to further assess the electrocata-
Iytic activity of saturated Cu;-O4 and unsaturated Cu;-O, centers.
As shown in Fig. 5D, the AG*y over Cu sites of saturated Cu;-Oy
centers is up to 1.83 eV, which means a large uphill energy barrier
for the effective adsorption of surface *H. In vast contrast, the AG*y
over Cu sites of unsaturated Cu;-O; centers is decreased drastically
to 0.26 eV, thus thermodynamically favoring the *H formation to-
ward fast HER kinetics. The above calculation results suggest that
these unsaturated Cu;-O, centers could act as intrinsic active centers
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for effectively dissociating adsorbed H,O molecules into key *H
intermediates, thus endowing unsaturated Cu-MOF with high
HER activity.

Apart from the Cu;-O, active centers, the well-designed hollow
structure is also very important for the improved HER performance
of Fe(OH),@Cu-MOF NBs. Specifically, the NB structure with
large surface area could expose numerous active centers of the
nanoscale Cu-MOF on the surface of Fe(OH)j, as verified by capaci-
tance results in Fig. 4C and fig. S22, which directly and effectively
enhances the electrocatalytic HER performance. In addition, the
tight connection between the Fe(OH), inner shell and the Cu-MOF
outer layer is very helpful for lowering the charge transfer barrier
during the HER process, as corroborated by the aforementioned
EIS analyses (fig. S23B). With the lower charge transfer barrier, the
HER kinetics of Fe(OH)@Cu-MOF NBs would be substantially
accelerated. Moreover, the robust Fe(OH), inner shell could also
guarantee the structural stability for the long-term HER operation,
as confirmed by the stability tests (Fig. 4D and figs. S24 and S25). As
a result, with the merits of highly exposed active Cu,;-O; centers,
enhanced charge transfer, and robust structure, the synthesized
Fe(OH),@Cu-MOF NBs have manifested excellent HER perform-
ance with high activity and superior stability in alkaline solution.

In summary, a nanoscale layer of conductive Cu-MOFs has been
rationally supported on iron hydr(oxy)oxide [Fe(OH),] NBs as a
promising electrocatalyst for electrochemical hydrogen evolution. The
rational synthesis involves a facile template-engaged solvothermal
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reaction and subsequent redox-etching strategy. Synchrotron radi-
ation characterizations and theoretical calculations reveal that the
highly exposed coordinatively unsaturated Cu;-O, centers are
beneficial for the generation of *H intermediates toward fast HER
kinetics, which is mainly responsible for the improved HER perform-
ance of the synthesized Fe(OH),@Cu-MOF NBs. This work may
offer some new inspiration for design and synthesis of advanced
cost-effective MOF-based electrocatalysts toward efficient energy
conversion and storage.

MATERIALS AND METHODS

Synthesis of Cu,0 nanocubes

In a typical process, 375 mg of CuSO4-5H,0 and 147 mg of sodium
citrate tribasic dihydrate were dissolved into 80 ml of deionized
(DI) water and then kept under stirring for 15 min. Subsequently,
20 ml (1 g, 1.25 M) of NaOH aqueous solution was added into the
above solution, followed by addition of 50 ml (264 mg, 0.03 M) of
L-ascorbic acid aqueous solution after stirring for another 15 min.
Afterward, the obtained solution was continuously stirred for 3 min
and then aged for 1 hour at room temperature. The Cu,O nano-
cubes were obtained by centrifugation and washed with DI water
and ethanol for five times.

Synthesis of Cu,0 supported conductive Cu-MOF
(Cu0@Cu-MOF) core-shell nanocubes

In a typical preparation, 5 mg of Cu,O nanocubes was dispersed
into a mixed solution of 8 ml of N,N-dimethylformamide (DMF)
and 300 pl of DI water by ultrasonication for 30 min, followed by
addition of 2 ml of DMF solution containing 4 mg of HHTP li-
gands. After stirring for 5 min, the above solution was transferred to
a preheated oil bath and then kept at 120°C for 5 min under stirring.
The Cu,0@Cu-MOF core-shell nanocubes were harvested by cen-
trifugation and washed with DMF and methanol for five times.

Synthesis of Fe(OH)x@Cu-MOF NBs

Cu,O@Cu-MOF nanocubes (2.5 mg) were dispersed into a mixed
solution of 20 ml of DMF and 2 ml of DI water by ultrasonication
for 1 hour, followed by addition of 20 ml of DMF solution contain-
ing 17.8 mg of anhydrous FeCl; under stirring. Subsequently, this
resultant solution was continuously stirred at room temperature for
4 hours. The Fe(OH),@Cu-MOF NBs were obtained by centrifuga-
tion and washed with DMF and methanol for five times.

Synthesis of bulk conductive Cu-MOF NPs

Copper acetate monohydrate (12 mg) was dissolved into a mixed
solution of 5 ml of DMF and 1 ml of DI water, followed by addition
of 5 ml of DMF solution containing 13 mg of HHTP ligands under
stirring. After stirring for 5 min, the resultant solution was trans-
ferred to oil bath and kept at 120°C for 2 hours. The Cu-MOF NPs
were obtained by centrifugation and washed with DMF and DI water
for several times.

Synthesis of Fe(OH)x NBs

Cu,0 nanocubes (5 mg) were dispersed into 39 ml of ethanol by
ultrasonication for 30 min, followed by addition of 1.0 ml of 1.71 M
NaCl aqueous solution. Subsequently, 10 ml of ethanol solution
containing 8.9 mg of anhydrous FeCl; was added dropwise into the
above solution under stirring. The resultant solution was continuously
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stirred at room temperature for 30 min. Last, the Fe(OH), NBs were
obtained by centrifugation and washed with DI water and ethanol
for several times.

Materials characterizations

The morphology of the samples was examined by FESEM (JEOL-6700)
and TEM (JEOL, JEM-2010). The crystal structure of the samples
was examined by XRD on the Bruker D2 Phaser X-Ray Diffractometer
with Cu K, radiation (A = 1.5406 A). The theoretical XRD pattern of
conductive Cu-MOF was calculated on the basis of the XRD simu-
lation software of Mercury 4.1.0. The compositions of the samples
were analyzed by the FESEM instrument equipped with an EDX
spectroscope. The elemental mapping images of the samples were
measured by using the EDX spectroscope attached to TEM (JEOL,
JEM-2100F). The nitrogen adsorption-desorption isothermal curves
of the samples were obtained at 77 K by using BELSORP-mini
(MicrotracBEL Corp.) The electronic structure of the samples was
studied by XPS (PHI Quantum 2000) with the adventitious carbon
(C 1s) at the binding energy of 284.6 eV as the reference. The sur-
face functional groups of the samples were determined by FTIR
(Thermo-Smart-iTR). The XAFS spectroscopy of Cu and/or Fe
K-edge was collected at the X-ray absorption fine structure for catal-
ysis (XAFCA) beamline of the Singapore Synchrotron Light Source
(SSLS), Singapore. The energy was calibrated using a copper foil.
Quantitative curve fittings of the Fourier-transformed k*y(k) in the
R-space were carried out on the basis of the ARTEMIS module im-
plemented in the IFEFFIT software packages.

Electrochemical measurements

The electrochemical tests of the samples were evaluated in a three-
electrode configuration workstation (CHI 660E), with Hg/HgO and
graphite rod as the reference and counter electrodes, respectively.
The automatic iR compensation (i and R mean the corresponding
compensated current and resistance, respectively) with 90% compensated
level was used for the electrochemical measurements. To prepare
the catalyst ink, 5 mg of catalyst was dispersed into a mixed solution
of water (0.25 ml), ethanol (0.70 ml), and 0.5 weight % Nafion solution
(0.05 ml), followed by ultrasonication for 30 min. The catalytic ink
was loaded onto a 1 cm by 3 cm carbon paper as the working electrode,
with an effective loading area of 1 cm by 1 cm. Typically, 20 ul of
catalytic ink was dropped on the carbon paper electrode and then
dried at room temperature. LSV curves were measured in alkaline
(1.0 M KOH) solutions at a scan rate of 5 mV s, All potentials were
converted to RHE potentials based on Nernst equation: Erug = Enggo +
0.098 + 0.059 x pH. The overpotential (n) for hydrogen evolution
was calculated according to the following formula: =0 — Egyg V.
The ECSA of samples was evaluated by measuring the electro-
chemical double-layer capacitance (Cq;) under the potential range
0f 0.2 to 0.3 V versus RHE. The EIS test was recorded under a fre-
quency range of 0.1 to 10° Hz with an amplitude of 5 mV. For the
2e” HER process, the formula TOF = (j x A)/(2 x F x m) was used
to calculate the TOF values for catalysts, where j, A, F, and m are the
current density at a given potential, the surface of the electrode, the
faradaic constant, and the number of moles of metal on the elec-
trode, respectively. The loading mass of active metal components
was tested by ICP-OES for various electrodes. On the basis of the
HER LSV measurement results, Cu species served as the real HER
active sites among the potentials of —0.3 to 0 V versus RHE for
Fe(OH),@Cu-MOF NBs, Fe(OH), + Cu-MOF, and Cu-MOF NP
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catalysts. Accordingly, only the loading mass of Cu species was
included into the TOF calculation for different catalysts in the po-
tential ranges of —0.3to 0 V.

DFT calculations

The theoretical calculations were conducted on the basis of the
first-principles DFT calculations by using the Vienna Ab-initio
Simulation package and Ambridge Sequential Total Energy pack-
age. The generalized-gradient approximation was used to describe
the electronic exchange-correlation potential. The energy cutoff
was set to 400 eV, and the atomic positions were allowed to relax
until the energy and forces were less than 10™* eV/atom and
1072 eV/A, respectively. The unsaturated Cu-MOF layer was mod-
eled in supercell geometry containing seven HHTP linkers coordinated
with 11 Cu nodes, where the molar ratio of Cu;-O; to Cu;-Oy is
about 0.2:1. The hydrogen adsorption free energy (AG*y) was cal-
culated as follows: AG*y = AE*g + AEzpg — TAS*y, where AE*y is
the adsorption energy of *H, AEzpg is the change of zero-point
energy, T is the temperature of 298.15 K, and AS*y is the change of
entropy. Especially, AE*y; is defined as follows: AE*y = Erotal — Ecatalyst —
1/2Ew, where Eiotal, Ecatalysts and Eyp are the total energy of catalyst
with adsorbed H, the energy of isolated catalyst, and the energy of
H; molecule in the gas phase, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabg2580/DC1
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