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Exposing unsaturated Cu;-O; sites in nanoscale Cu-MOF
for efficient electrocatalytic hydrogen evolution

Weiren Cheng, Huabin Zhang, Deyan Luan, Xiong Wen (David) Lou*

Conductive metal-organic framework (MOF) materials have been recently considered as effective electrocatalysts.
However, they usually suffer from two major drawbacks, poor electrochemical stability and low electrocatalytic
activity in bulk form. Here, we have developed a rational strategy to fabricate a promising electrocatalyst composed
of a nanoscale conductive copper-based MOF (Cu-MOF) layer fully supported over synergetic iron hydr(oxy)oxide
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[Fe(OH),] nanoboxes. Owing to the highly exposed active centers, enhanced charge transfer, and robust hollow
nanostructure, the obtained Fe(OH),@Cu-MOF nanoboxes exhibit superior activity and stability for the electrocat-
alytic hydrogen evolution reaction (HER). Specifically, it needs an overpotential of 112 mV to reach a current den-
sity of 10 mA cm™2 with a small Tafel slope of 76 mV dec™. X-ray absorption fine structure spectroscopy combined
with density functional theory calculations unravels that the highly exposed coordinatively unsaturated Cu;-O,
centers could effectively accelerate the formation of key *H intermediates toward fast HER kinetics.

INTRODUCTION

Green hydrogen generation through electrochemical water reduc-
tion has been regarded as a promising approach for effective con-
version and storage of renewable energy sources toward addressing
the global energy and environmental issues (1-4). Nowadays, in-
dustrial electric-driven water reduction for hydrogen production is
mainly based on alkaline electrolyzer cells, where the half reaction
of hydrogen evolution reaction (HER) encounters substantially
sluggish kinetics due to the large activation barrier of H—O bonds
of water molecules (5, 6). To date, platinum (Pt)-based materials
have been considered as the most active and stable HER catalysts in
the commercial electrolyzer cells, but their scarcity and high cost
hamper the scaling up for practical hydrogen production (7, 8).
Therefore, it is highly urgent to seek active, stable, and earth-abundant
alternatives to Pt-based catalysts toward efficient electrochemical
hydrogen evolution in alkaline media (9-12).

Conductive metal-organic frameworks (MOFs), with dispersed
planar metal nodes and unique two-dimensional n-conjugated struc-
tures (13-15), have been intensively reported as potential promis-
ing electrocatalysts toward hydrogen evolution (16-18), oxygen
evolution and reduction (19, 20), electric energy storage (21, 22),
and so on. Despite fast charge transfer behaviors, conductive MOF
in bulk generally has limited redox capability and moderate HER
activity, due to the coordinatively saturated metal nodes and small
amount of exposed active sites (23, 24). In addition, self-standing
ultrathin conductive MOF nanosheets with highly exposed active
sites are usually synthesized through a precisely controlled liquid-
liquid or air-liquid reaction, which is generally very challenging and
has low yield (25, 26). Furthermore, the assembled electrodes of ul-
trathin conductive MOF nanosheets could suffer from serious de-
lamination problems when the precursor and/or product bubbles
permeate between the stacking interlayers during the electrocatalytic
processes (23, 27). To overcome these issues, anchoring an ultrathin
layer of conductive MOF with highly exposed active metal centers
onto a robust well-designed scaffold would be an effective resolution.
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Recently, hollow nanostructures of transition-metal oxides and/or
hydr(oxy)oxides with high specific surface areas and robust struc-
tural properties have been commonly regarded as useful architec-
tural scaffolds for accommodation of abundant surface active sites
(28-31). Accordingly, rational design of a hollow nanostructure,
composed of ultrathin MOF outer skin and robust transition-metal
hydr(oxy)oxide inner shell, will be intuitively beneficial for improv-
ing the intrinsic electrocatalytic activity and structural stability of
conductive MOF toward efficient electrochemical water reduction.

Here, we report the delicate design and synthesis of an ultrathin
layer of conductive copper-based MOF (Cu-MOF) fully supported
on the surface of iron hydr(oxy)oxide [Fe(OH),] nanoboxes (NBs)
[designated as Fe(OH),@Cu-MOF] by a facile template-engaged
solvothermal reaction and subsequent redox-etching strategy. The
X-ray absorption fine structure (XAFS) spectroscopy and X-ray
photoelectron spectroscopy (XPS) analyses reveal the abundance of
coordinatively unsaturated Cu;-O; centers in these Fe(OH),@Cu-MOF
NBs. With the highly exposed active Cu centers and the well-
designed architecture, the synthesized Fe(OH),@Cu-MOF NBs ex-
hibit excellent HER activity and stability in alkaline solution, with
an overpotential of 112 mV at 10 mA cm ™2 and a small Tafel slope
of 76 mV dec”', thus among the best MOF-based HER electrocata-
lysts reported so far. Density functional theory (DFT) calculations
unveil that the local electronic polarization of unsaturated Cu;-O,
centers in the Cu-MOF outer layer is essentially helpful for promot-
ing the formation of adsorbed *H intermediates, thus enhancing
greatly the HER kinetics.

RESULTS

Synthesis and structural characterization

The overall synthesis route of Fe(OH),@Cu-MOF NBs is schemati-
cally illustrated in Fig. 1. The uniform Cu,O nanocubes with an
average size of about 900 nm (figs. S1 to S3) are used as the starting
material. Initially, these Cu,O nanocubes undergo a solvothermal
reaction for the surface growth of a layer of conductive Cu-MOF
with 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) molecules as
the organic linkers. During this solvothermal reaction, the Cu,O nano-
cubes are locally dissolved to release copper cations, accompanied
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Fig. 1. Schematic illustration of the synthetic process for Fe(OH),@Cu-MOF NB.
(i) Growth of a conductive Cu-MOF layer over Cu,0 nanocube via the reaction of
locally dissolved Cu ions with organic ligands during the solvothermal process. (ii)
Conversion to Fe(OH),@Cu-MOF NB through a subsequent redox-etching process,
where the exact value of subscript x in Fe(OH)y is undetermined but rather sug-
gests the amorphous nature of the inner Fe(OH)y layer in Fe(OH),@Cu-MOF NB.

by rapid nucleation of Cu-MOF on the surface, generating well-
defined Cu,0@Cu-MOF core-shell nanocubes. Subsequently, the
inner Cu,O core of the obtained Cu,O@Cu-MOF nanocubes is se-
lectively removed through a facile redox-etching approach in the
presence of Fe’* ions. During this oxidative etching process, a thin
Fe(OH), shell is gradually precipitated underneath the surface
Cu-MOF layer (32), finally producing well-defined Fe(OH),@
Cu-MOF NBs.

Field-emission scanning electron microscopy (FESEM) images
(Fig. 2, A and B, and fig. S4) and transmission electron microscopy
(TEM) images (Fig. 2, C and D, and fig. S5) show a Cu-MOF layer
fully covering over the surface of Cu,O in the Cu,O@Cu-MOF
nanocubes after the solvothermal reaction. X-ray diffraction (XRD)
analysis (fig. S6, A and B) confirms the coexistence of hexagonal
Cu-MOF and cubic Cu,0O (Joint Committee on Powder Diffraction
Standards card no. 05-0667) in the Cu,O@Cu-MOF core-shell
nanocubes (22, 33, 34). Specifically, the two relatively weak diffrac-
tion peaks at 9.47° and 12.61° are well assigned to the (200) and
(210) planes of hexagonal Cu MOF, respectively, while those posi-
tioned at 29.51°, 36.39°, 42.36°, and 61.41° are well indexed to the
(110), (111), (200), and (220) planes of cubic Cu,O, respectively.
These Cu;O@Cu-MOF nanocubes are transformed into Fe(OH)..@
Cu-MOF NBs after a redox-etching process. FESEM images (Fig. 2,
E and F, and fig. S7) show Fe(OH),@Cu-MOF NBs with a size of
about 1 um. Furthermore, TEM observations (Fig. 2, G and H, and
fig. S8) elucidate an ultrathin Cu-MOF layer with a thickness of
about 20 nm, fully supported over the surface of each Fe(OH), shell.
The XRD pattern (fig. S9A) and Fourier transform infrared (FTIR)
spectra (fig. S10) of Fe(OH),@Cu-MOF NBs further reveal the
amorphous nature of Fe(OH), and the complete removal of Cu,O. The
high-angle annular dark-field scanning TEM (HAADF-STEM) and
corresponding energy-dispersive X-ray (EDX) spectroscopy ele-
mental mapping images (Fig. 2I) show that the Cu-MOF outer layer
is tightly supported atop the surface of the Fe(OH), shell in Fe(OH),@
Cu-MOF NBs, with a Cu:Fe molar ratio of about 0.34:1 (fig. 9B),
which is close to the inductively coupled plasma-optical emission
spectroscopy (ICP-OES) result (0.31:1). There are abundant meso-
pores mainly in the size range of 10 to 40 nm in Fe(OH),@Cu-MOF
NBs, contributing to a relatively high specific surface area of about
293 m? g! (fig. S11). On the basis of the aforementioned morpho-
logical and structural analyses, Fe(OH),@Cu-MOF NBs are suc-
cessfully synthesized. For comparison, Fe(OH), NBs (figs. S12 and
$13) and Cu-MOF nanoparticles (Cu-MOF NPs; figs. S14 and S15)
were also prepared as two reference samples.
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To explore the intrinsic atomic structure of Fe(OH),@Cu-MOF
NBs, XAFS measurements were performed (35, 36). As can be seen
from Fig. 3A, the Iy (k) oscillation curve of Fe(OH),@Cu-MOF
NBs at Cu K-edge shows a similar trend in shape and oscillating
frequency to that of Cu-MOF NPs over the whole range of 2.0 to
12.0 A and is obviously different from that of Cu,0 and CuO,
inferring similar structural configurations of Cu nodes in both
Fe(OH),@Cu-MOF NBs and Cu-MOF NPs. Furthermore, the Fou-
rier transform curves of Cu K-edge extended XAFS (EXAFS) (Fig. 3B)
show that only a dominant peak at about 1.50 A, evidently contrib-
uted from the nearest coordination shell of Cu-O bonds (37, 38), is
observed for both Fe(OH),@Cu-MOF NBs and Cu-MOF NPs. This
suggests a dispersed planar Cu,;-O, configuration of Cu nodes in
both Fe(OH),@Cu-MOF NBs and Cu-MOF NPs (39, 40). Notably,
Fe(OH),@Cu-MOF NBs show a weaker Cu-O peak relative to that
of Cu-MOF NPs, possibly indicating the presence of partial coordi-
natively unsaturated Cu nodes. Moreover, the average oxidation
state of Cu species in Fe(OH),@Cu-MOF NBs is confirmed as 1.7
based on the X-ray absorption near-edge spectra (XANES) analyses
(fig. S16), obviously lower than that of Cu-MOF NPs (about 2),
which again suggests the existence of unsaturated Cu nodes in
Fe(OH),@Cu-MOF NBs. From the EXAFS fitting results (figs. S17
and S18 and table S1), the coordination number of Cu-O bonds is
4 for Cu-MOF NPs, indicating fully saturated Cu nodes of Cu;-O4
in Cu-MOF NPs. In comparison, the coordination number of Cu-O
bonds of Fe(OH),@Cu-MOF NBs is quantitatively determined to
be about 3.7, evidently confirming the coexistence of unsaturated
Cu;-0O; and saturated Cu;-Oy4 centers.

In addition, a mixture phase of iron hydr(oxy)oxide and oxide is
suggested for the Fe(OH), component of Fe(OH),@Cu-MOF NBs
based on the k° % (k) oscillation curves and Fourier transform results
of Fe K-edge EXAFS (fig. S19) (41, 42). To clarify the electronic
structure of Fe(OH),@Cu-MOF NBs, XPS characterizations were
conducted (Fig. 3, C and D, and fig. S20). From the deconvolution
results of Cu 2p shown in Fig. 3C, two dominant peaks are located
at 932.6 and 934.5 eV for Fe(OH),@Cu-MOF NBs, which can be
well assigned to the 2ps;, of Cu* and Cu®" species, respectively
(22, 37). These Cu* and Cu®" species may be derived from the
unsaturated Cu;-O, and saturated Cu;-Oy centers in Fe(OH),@Cu-MOF
NBs, respectively. In consideration of an average valence state of
Cu'’" species in Fe(OH),@Cu-MOF NBs as mentioned above, it is
estimated to have about 30% of Cu species serving as unsaturated
Cu;-O; centers in Fe(OH),@Cu-MOF NBs. From the Fe 2p XPS
spectra in Fig. 3D, two dominant peaks of 710.4 and 712.3 eV are
observed for Fe(OH),@Cu-MOF NBs, which are ascribed to 2ps/;
of Fe?* and Fe®* species, respectively (42, 43). These XPS character-
izations indicate the coexistence of various metal species of Cu***
and Fe***" in Fe(OH),@Cu-MOF NBs. Accordingly, on the basis of
the XAFS and XPS results, Fe(OH),@Cu-MOF NBs have abundant
unsaturated Cu nodes as well as various metal species of Cu*?* and
Fe*’**, which would endow them with higher redox capability and
electrocatalytic activity.

Electrocatalytic performance

To evaluate the electrocatalytic performance, electrochemical HER
measurements were carried out in alkaline solution for Fe(OH),@
Cu-MOF NBs, as well as Fe(OH), NBs, Cu-MOF NPs, and physical
mixtures of Fe(OH), NBs and Cu-MOF NPs [designated as Fe(OH), +
Cu-MOF] as references. Figure 4A depicts the linear sweep voltammetry
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Fig. 2. Morphological and structural characterizations. (A and B) FESEM images of Cu,0@Cu-MOF nanocubes. (C and D) TEM images of Cu,0@Cu-MOF nanocubes.
(E and F) FESEM images of Fe(OH),@Cu-MOF NBs. (G and H) TEM images of Fe(OH),@Cu-MOF NBs. (I) HAADF-STEM image and corresponding elemental mapping images

of Fe(OH),@Cu-MOF NBs.
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Fig. 3. XAFS and XPS characterizations. (A and B) The k> (k) oscillation curves (A) and the Fourier transform curves (B) of Cu K-edge EXAFS spectra for CuO, Cu,0, Cu-MOF
NPs, and Fe(OH),@Cu-MOF NBs. (C and D) Cu 2p XPS spectrum (C) and Fe 2p XPS spectrum (D) of Fe(OH),@Cu-MOF NBs. a.u., arbitrary units.
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Fig. 4. Electrocatalytic performance. (A and B) LSV plots (A) and the corresponding Tafel slopes (B) of Pt/C, Fe(OH), NBs, Cu-MOF NPs, Fe(OH) + Cu-MOF, and Fe(OH),@
Cu-MOF NBs. (C) Half of the capacitive current density (AJ/2) at 0.25 V versus RHE as a function of the scan rate for Cu-MOF NPs, Fe(OH), + Cu-MOF, and Fe(OH),@Cu-MOF
NBs. (D) /-t curve for Fe(OH),@Cu-MOF NBs and Pt/C catalysts, where the applied potentials are —0.112 and —0.068 V versus RHE for Fe(OH),@Cu-MOF NBs and Pt/C cata-

lysts, respectively.

(LSV) plots of Fe(OH),@Cu-MOF NBs. The Fe(OH),@Cu-MOF
NBs catalyze HER at an onset potential (defined as the potential
at 1.0 mA cm2) of about 0.04 V versus reversible hydrogen elec-
trode (RHE) and then deliver a current density of -10 mA cm Zata
small overpotential (n;9) of 112 mV, superior to that of Fe(OH),
NBs (523 mV), Cu-MOF NPs (273 mV), and Fe(OH), + Cu-MOF
(391 mV). Moreover, as shown in Fig. 4B, a small Tafel slope of
76 mV dec™! is obtained for Fe(OH),@Cu-MOF NBs, obviously out-
performing that of Cu-MOF NPs (118 mV dec') and Fe(OH), + Cu-MOF
(138 mV dec™), indicating faster HER kinetics of the former. In
addition, Fe(OH),@Cu-MOF NBs exhibit a high turnover frequency
(TOF) during HER with a typical value of about 0.39 s™* at the over-
potential of 100 mV, whereas both samples of Fe(OH), + Cu-MOF
and Cu-MOF NPs only show moderate TOF values at the level of
about 0.01 s™' (fig. S21). Notably, the HER activity trends of all
samples are in the order of Fe(OH),@Cu-MOF NBs > Cu-MOF
NPs > Fe(OH), + Cu-MOF > Fe(OH), NBs. All these results suggest
that the superior HER activity of Fe(OH),@Cu-MOF NBs is mainly
from the ultrathin Cu-MOF layer, and the rational integration of
Fe(OH); shell and Cu-MOF layer is quite beneficial for accelerating
the HER kinetics in addition to the enhanced structural stability.
The electrochemical double-layer capacitance (Cy) is calculated
to estimate the electrochemically active surface area (ECSA) of
Fe(OH),@Cu-MOF NBs, which is closely related to the number of
exposed active sites (19, 42). As shown in Fig. 4C and fig. S22,
Fe(OH),@Cu-MOF NBs exhibit the largest Cq of 5.52 mF cm?,
which is about 4 and 10 times, respectively, that of Cu-MOF NPs
(1.35 mF cm_z) and Fe(OH), + Cu-MOF (0.53 mF cm_z). This re-
sult suggests a high exposure of active sites in Fe(OH),@Cu-MOF
NBs. Furthermore, the normalized LSV plots show superior HER

Cheng et al., Sci. Adv. 2021; 7 : eabg2580 28 April 2021

activity for Fe(OH),@Cu-MOF relative to Cu-MOF NPs and Fe(OH), +
Cu-MOF (fig. S23A), indicating the high intrinsic HER activity of
the Cu;-O; centers in Fe(OH),@Cu-MOF NBs. Moreover, accord-
ing to the electrochemical impedance spectroscopy (EIS) results
(fig. S23B), the smallest semicircle is observed for Fe(OH),@Cu-MOF
NBs relative to Cu-MOF NPs and Fe(OH), + Cu-MOF, inferring
apparent improvement in charge transfer. It is noteworthy that
Fe(OH),@Cu-MOF NBs manifest robust long-term HER stability
in alkaline solution, with negligible decay of the initial current den-
sity after a 30-hour HER test (Fig. 4D and fig. S24). In comparison,
atotal loss of about 30% of the initial current density is observed for
the Pt/C catalyst. The NB architecture, as well as the hexagonal
crystal structure of Cu-MOF, is well maintained after the long-term
HER operation for Fe(OH),@Cu-MOF NBs (fig. S25), further con-
firming the excellent electrocatalytic stability. With the superior 1,0,
the small Tafel slope, and the high stability, these Fe(OH),@Cu-MOF
NBs could be considered as one of the most active MOF-based HER
electrocatalysts. The high-performance MOF-based HER electro-
catalysts reported generally have n;o values of 50 to 160 mV with
Tafel slopes of 40 to 100 mV dec™! in alkaline solution (table S2)
(14, 16, 44-49).

DISCUSSION

To shed light on the intrinsic electrocatalytic activity of Fe(OH),@
Cu-MOF NBs, theoretical studies based on DFT calculations were
carried out. From the structural models shown in Fig. 5A (see also
figs. S26 and S27), Cu ions are coordinated with hydroxyl groups of
HHTP linkers to form a honeycomb-like n-conjugated Cu-MOF
layer (22, 34), where both coordinatively unsaturated Cu,;-O, and
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Fig. 5. DFT simulation. (A) Crystal structure of unsaturated Cu-MOF [Cu3(HHTP),] viewed along the c axis and the electron density difference plots of corresponding
Cus-O4 and Cu;-0O; 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;-O,4 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;-Oy4
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

Cheng et al., Sci. Adv. 2021; 7 : eabg2580 28 April 2021

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),, 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
(Cu;0@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;0@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 i x(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: Erpe = Exg/Hgo +
0.098 + 0.059 x pH. The overpotential (n) for hydrogen evolution
was calculated according to the following formula: n =0 — Egyg V.
The ECSA of samples was evaluated by measuring the electro-
chemical double-layer capacitance (Cq1) under the potential range
of 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 107 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*y + 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*; = Ejgal — Ecatalyst —
1/2Ep», where Eiotal, Ecatalysts and Ep 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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