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ARTICLE INFO ABSTRACT

Keywords: Platinum-based materials remain as the most effective electrocatalysts for hydrogen evolution reaction. Smarter
Hydrogen evolution material and strategy for anchoring platinum with enhanced utilization efficiency are highly demanded. In this
Electrocatalyst work, N-doped hollow carbon nanospheres are prepared targetedly from a metal-organic framework for in-situ

Platinum anchoring
Metal-organic frameworks
Carbon nanosphere

platinum dispersion. Through a simple electrochemical method, platinum nanoparticles are successfully an-
chored on the surface of the carbon nanospheres decorated electrode, which exhibits exceptional HER perfor-
mance in H,SO, with low onset overpotential, small Tafel slope (33 mV decade™!), high current density
(overpotentials of 40 mV to reach the current density of 10 mA cm™2) and high stability (4000 cyclic voltam-
metry (CV) cycles and total 30h of high current density (10, 50 and 100 mA cm™?) chronoamperometric
electrolysis). The superior electrocatalytic activity and durability can be attributed to the facilitated electron
transport and synergistic effects between platinum and carbon nanospheres. This work provides an insight into
the development of efficient support materials from MOFs to design efficient platinum-based electrocatalysts for

future water splitting.

1. Introduction

Hydrogen, as the cleanest energy source, has been considered to
represent one of the most promising alternatives for traditional fossil
fuels when facing the energy crisis, which inspires great enthusiasm for
pursuing technologies of sustainable hydrogen production [1-4]. Elec-
trochemical water splitting, which includes the hydrogen evolution as
half reaction, has been considered as an alternative for efficient hy-
drogen production [5,6]. Electrocatalysts are extremely desirable for
hydrogen evolution reaction (HER) for overcoming the inherent ther-
modynamic overpotential and increasing the energy conversion effi-
ciency [7]. Although numerous noble-metal-free electrocatalysts have
been developed in strong acids, including the transition metal com-
pounds (sulfides, [8,9] oxides, [10] nitrides, [11] carbides, [12] bor-
ides, [13] and phosphides [14-16]) and carbon-based materials,
[17-19] platinum (Pt)-based materials remain the most effective elec-
trocatalysts for HER due to its extreme chemical inertness and near-zero
overpotential [20,21]. Unfortunately, the elemental scarcity and high
cost of Pt, in addition to the vulnerability to aggregation and subse-
quently drastic reduction in catalytic performance, greatly impedes its
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commercial application as a HER catalyst. Thus, smarter material and
strategy for fabricating Pt-based electrocatalysts with enhanced utili-
zation efficiency and prolonged stability and durability are highly de-
manded.

Carbon materials with graphitic structures (such as graphene,
carbon nanotubes) have been widely explored as conductive support
materials for heterogeneous catalysts [22,23]. They are reported to
generally boost the catalytic performances of the supported catalysts,
which could be caused by their large surface area, excellent electronic
conductivity and good stability [24-26]. In addition, heteroatom do-
pants of carbon materials, such as nitrogen (N), could introduce che-
mically active sites and also act as anchoring sites for the deposition
and stabilization of metal species [27]. Hence, doping with N atoms is
beneficial to improve the metal-support interaction. This makes N-
doped graphitic carbons an ideal candidate for dispersing Pt group
metal [42]. Regardless, rational design of new N-enriched graphitic
nanocarbon supports is still necessary for the development of efficient
HER catalysts.

Metal-organic frameworks (MOFs), as a new type of porous mate-
rials with modularly tuneable structures and versatile functionalities,
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[28-32] have recently attracted tremendous attention as self-sacrificial
precursors to derive promising carbon-based materials, [33-40] which
possess high surface area and exhibit good performance in gas storage,
[41] supercapacitors, [42] water splitting, [43] rechargeable batteries,
[44-47] and catalysis, [48-50], etc. The organic ligands in MOFs
structures act as carbon sources during pyrolysis, and N atoms can be
in-situ doped into the final product uniformly by selecting N-rich li-
gands with imidazoles, pyridyl or amino groups, etc. Meanwhile, var-
ious metal centers (such as Ni, Co) have a positive impact on promoting
the graphitization degree of the carbon matrix, enhancing electronic
properties and durability of the material. Regulation of synergism of
organic ligands and metal centers can be realized by choosing precise
MOF structure.

So far, several approaches have been adopted to disperse noble
metal nanoparticals (NPs) either on the surface or inside the carbon
support [51,52]. In general, metal sources are firstly blended with
carbon/carbon precursor, then followed by a reduction or thermal
treatment process. For practical use, smarter methods that can deposit
the noble metal NPs more accurately, simplify the preparation steps, or
minimize the consumption of metal source are in demand. The recently
proposed anodic dissolution of Pt counter electrode during HER process
and following reduction of Pt on the working electrode can be utilized
as an effective strategy to disperse Pt NPs for preparing high perfor-
mance Pt-based HER catalyst. Though a few attempts have been made
in this respect, substantial studies are still demanded contributing to the
design and synthesis of advanced materials for Pt NPs anchoring.

Herein, we present the N-doped hollow carbon nanospheres (de-
noted as N-HCNs) as anchoring material for Pt deposition to prepare
efficient HER catalyst. A N-rich MOF, Niy(L-asp).(pz) (known as JUC-
150, [53] L-asp = L-aspartic acid, pz = pyrazine) was selected as the
“proof of concept” precursor to prepare N-HCNs due to its special fea-
tures. The final graphitization degree of the carbon matrix can be
promoted by the Ni centers, most of which, however, would escape
from the encapsulation of carbon matrix. The readily available amino
acid as well as pyrazine N-rich ligands can afford in-situ N-doped carbon
structures without any additional nitrogen source. These N atoms are
doped as Pt anchoring sites during the electrochemical deposition
process of subjecting the N-HCNs decorated electrode to cathodic
multicyclic voltammetry (CV) scans. The total numbers of CV cycles
effect the final catalytic performance. After 8000 CV cycles, exceptional
HER performance of low onset overpotential, small Tafel slope, high
current density and superior stability was obtained. The excellent
electrocatalytic activity and durability can be attributed to the fa-
cilitated electron transport and synergistic effects between Pt and N-
HCNs, which provides an insight into the development of efficient
support materials for Pt deposition.

2. Experimental section
2.1. Chemicals

All chemicals were purchased and used without further purification.
Nickel (II) carbonate basic hydrate (48-50% Ni, Fluka), L-aspartic acid
(98%, Sigma-Aldrich), pyrazine (99%, Sigma-Aldrich), Pt/C (5% on
carbon, Alfa Aesar), Nafion-117 solution (5% in a mixture of lower
aliphatic alcohols and water) (Sigma-Aldrich), sulphuric acid (98%,
Merck) and hydrochloric acid (32%, RCI labscan) were used as re-
ceived.

2.2. Synthesis of Ni(L-asp)(H20)>H0

Measured amount of NiCO3-2Ni(OH),xH,0 (2.450 g) and L-aspartic
acid (2.630 g) were dissolved in water (200 mL) while stirred and he-
ated for 3 h. After all the remaining solid particles were filtered out, the
clear turquoise solution was then evaporated at 80 °C oven overnight to
obtain the pale blue Ni(L-asp)(H,0)>H>O powder.
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2.3. Synthesis of JUC-150

Ni(L-asp)(H,0)>H>0 (0.219g) and pyrazine (0.156g) were dis-
persed in a mixture containing water (6 mL) and methanol (6 mL) under
ultrasonic vibration. The final solution was sealed into an autoclave and
heated at 150 °C for 48 h. The product was filtered, washed with co-
pious amounts of water then methanol and dried at 60 °C for 24 h.

2.4. Preparation of N-HCNs

Carbonization processes were carried out in N, atmosphere. The
dried JUC-150 powder was pretreated at 150°C for 2h and then
maintained at 600 °C for 5h with a heating rate of 5°Cmin~'. The
sample obtained was further washed with concentrated HCI to remove
the accessible Ni species. Then, the black powder was washed with
water and dried at 60 °C for 24 h.

2.5. Characterization

Powder X-ray diffraction (XRD) patterns were acquired at room
temperature using a XPert Pro MPD diffractometer with Cu Ka radia-
tion (A = 1.5418 A). Transmission electron microscopy (TEM) images
were collected on a Tecnai-G20 with an acceleration voltage of 200 kV.
Thermogravimetric analyses were performed using a STA 449 F3
Jupiter thermal analyzer at a heating rate of 5°Cmin ! from 50 °C to
750 °C in argon atmosphere. Raman spectrum was recorded on a DXR
Raman Microscope spectrometer with the excitation wavelength of
532 nm. X-ray photoelectron spectrum (XPS) data was carried out on an
ESCALAB 250Xi Spectrometer and the binding energies were calibrated
based on the graphite C 1s peak. Inductively coupled plasma-mass
spectrometry (ICP-MS) results were collected via an Optima 8000
spectrometer.

2.6. Electrochemical measurements

All electrochemical measurements were performed on a Gamry
electrochemical work station (INTERFACE 1000 T) with a rotating
electrode system (RDE710 Rotating Electrode) at room temperature. A
three-electrode cell configuration was employed by using a glassy
carbon rotating disk (RED, 5.0 mm in diameter) as the working elec-
trode, a platinum plate electrode as the counter electrode and a satu-
rated calomel electrode (SCE) as the reference electrode. All potentials
were referenced to the reversible hydrogen electrode (RHE) calibrated
by adding a value of 0.253V in 0.5M H,SO4. The catalyst inks were
prepared by dispersing 4 mg of sample and 80 uL of 5wt% Nafion so-
lution in 1 mL solution of water/ethanol (4:1, v/v) by 1h sonication.
Then 15 pL of the catalyst ink was pipetted onto the pre-cleaned glassy
carbon electrode with a loading equivalent to 0.283mgcm ™2 The
linear sweep voltammograms (LSVs) were collected at a scan rate of
5mVs~ L. Pt deposition was carried out through cyclic voltammetric
sweeps at 100mV s~ * between +0.905V and —0.095V for 8000 cy-
cles. AC impedance measurements were carried out when the working
electrode was biased at —22mV vs. RHE from 10° Hz to 10~ 2 Hz with
an AC voltage of 5mV. Chronoamperometric measurements were per-
formed at overpotential of 30, 87 and 147 mV respectively to evaluate
the long-term stability.

3. Results and discussion

The JUC-150 MOF used as precursor in this work presents a layer-
pillared 3D structure generated by pz ligand acting as a pillar to support
the adjacent Ni(L-asp) layers, which can be stable to 400 °C (Fig. S1a).
The synthesized JUC-150 powder exhibits good crystallinity that is
consistent well with the simulated powder X-ray diffraction (PXRD)
pattern (Fig. S1b). The pyrolysis of JUC-150 was carried out at 600 °C in
nitrogen atmosphere, followed by washing with HCl and water
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Pt deposition

Pt NPs in-situ deposition on
N-HCNs decorated electrode

Fig. 1. Schematic illustration of the fabrication procedures for N-HCNs and in-situ Pt deposition on N-HCNs decorated electrode.

respectively to give N-HCNs material. The N-HCNs were decorated on
glassy carbon electrode, which was subsequently subjected to cathodic
multicyclic voltammetry (CV) scans for in-situ deposition of Pt NPs
(Fig. 1). With the increase of potential cycles, the HER performance
improved significantly until it reached a stable state after 8000 cycles.
The sample after this process was denoted as Pt@N-HCNs.
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.08.033.
Transmission electron microscopy (TEM) images of N-HCNs (Fig. 2)
clearly show that the carbon spheres derived from MOF JUC-150 pos-
sesses a relatively narrow size distribution (in the range of 8-15nm,
Fig. S2a) with an average diameter around 10.3 nm. The lattice fringes
of about 0.36 nm agrees well with the (004) planes of carbon. The
residual Ni centers show lattice fringes spacing of 0.21 nm consistent
with the (1 1 1) planes of nickel (Fig. S2b). The N-HCNs comes from the
carbonization of organic ligands and are partially graphitized due to the
catalytic graphitization behavior of nickel, which is further confirmed
by the Raman spectrum (Fig. 3b). The nanosized and partially graphi-
tized structure of N-HCNs is beneficial to electrochemical process by
providing good conductivity that can facilitate the electron transport.
The structure information of N-HCNs was also collected by PXRD
measurement (Fig. 3a). As shown, a broad shoulder peak is observed in
the range of 20-30° (20), which can be attributed to the partially gra-
phitized carbon structure (JSPDS No. 26-1080). The diffraction peaks
appearing at 44.5°, 51.9° and 76.6° belong to the residual Ni centers
(JSPDS NO. 04-0850). Elemental composition of N-HCNs was further
investigated by X-ray photoelectron spectroscopy (XPS), which reveals
the presence of C, N, Ni and O (Figs. 3c, d and S2c and d). Corre-
sponding elemental concentration in N-HCNs is provided in Table S1.
The high-resolution C 1s spectrum (Fig. 3c) can be deconvolved into

four bands, corresponding to C—C at 284.6 eV, C=N at 285.9 eV, C=0
at 287.6 eV and O=C—O at 290.8 eV, respectively. In the N 1s spec-
trum, three different N species are identified (Fig. 3d) associated with
pyridinic-N  (398.5eV), pyrrolic-N (399.3eV) and graphitic-N
(401.5 eV), respectively. These N atoms are confirmed to be uniformly
doped in N-HCNs (Fig. 4d), which account for active sites for Pt de-
position and hydrogen evolution.

Pt NPs were in-situ deposited on the surface of N-HCNs decorated
electrodes by a simple electrochemical approach, which was carried out
by 8000 CV cycles between +0.905V and —0.095V. Fig. 4 shows the
corresponding TEM images of the Pt@N-HCNs material collected by
ultrasonic vibration from the electrode surface. The deposited Pt NPs
are observed to be uniform-sized of about 8 nm (Fig. 4b). The HRTEM
image offers its lattice fringes with an interplanar distance of around
0.22 nm, matching well with the (11 1) planes of the cubic Pt phase.
The selected area elec-tron electron diffraction pattern exhibits con-
centric rings consisting of discrete diffraction dots that can be assigned
toPt (111),Ni(111) and Pt (31 1), respectively. To demonstrate the
distribution of elements, elemental mappings were recorded (Fig. 4d).
As can be seen, the C, Ni and N are homogeneously distributed, while
the agminated Pt further indicates that Pt NPs are post-deposited, which
is originated in dissolution of the counter electrode during the CV cycles
followed by reduction at the surface of working electrode. The existence
of Pt was also certified by XPS spectrum (Fig. 5e). Two Pt 4f peaks
located at 74.1 and 70.8 eV correspond to the binding energies of Pt 4f,,
> and Pt 4fs,,, respectively. We can further deconvolute the Pt 4f XPS
spectrum into metallic Pt and oxidized Pt, which originates from the
natively passivated PtO layer [20]. From the result of inductively
coupled plasma-mass spectrometry (ICP-MS), the content of platinum in
Pt@N-HCNs was confirmed to be around 7.5 wt%, indicating that the

Fig. 2. (a) TEM image and (b) HRTEM image of N-HCNs.
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Fig. 3. (a) XRD pattern, (b) Raman spectrum, (c) C 1s XPS spectrum and (d) N 1s XPS spectrum of N-HCNs.

as-synthesized N-HCNs material is indeed very effective for anchoring
platinum.

The HER electrocatalytic activity was assessed in a typical three-
electrode cell setup in 0.5 M H,SO,4 aqueous solution on a glassy-carbon
electrode (GCE) with a mass loading of about 0.283 mg cm ™ 2. All tests
were performed without iR compensation. During the in-situ Pt de-
position process, the HER performance of N-HCNs continuously im-
proved until it reached a stable state after 8000 CV cycles (Fig. 5a and

d). The lineal sweep voltammetry (LSV) curves of N-HCNs and Pt@N-
HCNs are present in Fig. 5b along with the commercial 5% Pt/C. As
expected, Pt/C exhibits excellent HER performance. The N-HCNs re-
quires overpotential () of 517 mV to reach current density (j) of
10mA cm ™2, while the Pt@N-HCNs, in contrast, can provide j of
10 mA cm ™~ 2 and 20 mA cm ~ 2 at 5 of about 30 and 60 mV, respectively.
The Pt@N-HCNs shows excellent HER catalytic activity with negligible
over potential, while the N-HCNs is poor HER catalyst, indicating that

Pt (111)
Widly
A5

Ni (111)

Pt (311)
4

Fig. 4. (a) and (b) TEM images, (c) HRTEM image (inset: selected area electron diffraction pattern) and (d) elemental mappings of Pt@N-HCNs.
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Fig. 5. (a) LSV curves of N-HCNs in the Pt deposition process after different CV cycles; (b) LSV curves and (c) Tafel plots of N-HCNs, Pt@N-HCNs and Pt/C,
respectively; (d) CV curves of N-HCNs in the Pt deposition process for the 1st cycle and the 8000th cycle; (e) Pt 4f XPS spectrum of Pt@N-HCNs; (f) double-layer
capacitance of Pt@N-HCNs (inset: CVs at scan rates from 20 to 200 mV s~ ' in the potential range without redox current peaks); (g) Nyquist plots of N-HCNs, Pt@N-
HCNs and Pt/C, respectively; (h) LSV curves of Pt@N-HCNs before and after 4000 CV cycles and (i) time-dependent current densities of Pt@N-HCNs under static

overpotentials of 30, 87 and 147 mV respectively for total 30 h.

this huge improvement of performance is actually caused by Pt de-
position.

Detailed underlying mechanism of HER activity was studied by
Tafel plots acquired based on the LSV curves (Fig. 5c). The linear re-
gions of Tafel plots are fitted to the Tafel equation (7 = b log j + a,
where b is the Tafel slope), yielding Tafel slopes of 157, 33 and
31 mV decade ~! for N-HCNs, Pt@N-HCNs and Pt/C, respectively. The
value for Pt/C catalyst is in agreement with the results of previous
studies. The small Tafel slope of Pt@N-HCNs indicates that it follows
the Volmer-Heyrovsky pathway as the electrochemical desorption is
the rate-limiting step [54]. Charge storage capability of the N-HCNs and
Pt@N-HCNs electrocatalysts was used to evaluate their electro-
chemically active surface areas. CV loops were recorded at scan rates

—
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peaks (Figs. 5f and S5). The corresponding capacitance of 8.9 and
13.7 mF em ™~ 2 for N-HCNs and Pt@N-HCNs respectively demonstrates
that Pt@N-HCNs possesses a higher double-layer capacitance, which
represents a larger active surface area. Electrochemical impedance
spectroscopy (EIS) measurements were also performed to further in-
vestigate the interface reactions and electrode kinetics of the catalysts
during HER process. The Nyquist plots of the N-HCNs, Pt@N-HCNs and
Pt/C recorded at —22mV vs. RHE are given in Fig. 5g. It shows similar
small charge-transfer resistance of Pt@N-HCNs with Pt/C, suggesting
faster electron transfer between the catalytic active sites and the elec-
trode substrate, which is one of the key factors contributing to its su-
perior HER kinetics.
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10 h, respectively.
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Durability is another pivotal concern for evaluating all the catalysts.
In this study, LSV curve after 4000 CV cycles sweeping between
+0.905mV and —0.095 mV at 100 mV s~* was also recorded for Pt@N-
HCNs (Fig. 5h). As shown, the HER performance remains unchanged,
indicating that Pt@N-HCNs exhibits prominent durability to withstand
accelerated degradation. To further probe its durability in constant HER
processes, chronoamperometry at overpotentials of 30, 87 and 147 mV
respectively was conducted continuously for a total of 30 h. The cor-
responding current density curves are shown in Fig. 5i. The current
densities are observed to be levelled out around 10, 50 and
100 mA cm ~ 2, respectively, which is consistent with the LSV data. No
obvious degradation was found in these chronoamperometric curves.
The superior HER durability of Pt@N-HCNs can be attributed to the
high adsorption ability of the Pt on the surface of N-HCNs decorated
electrode during the in-situ electrochemical deposition, yielding solid
contact between Pt and N-HCNs.

For comparison, commercial graphene was also tested to deposit Pt
NPs using this electrochemical method (Pt@graphene). Unfortunately,
there is no noteworthy enhancement in the HER performance (Fig. 6a),
and its long-time durability is also unsatisfactory, especially at high
current densities (Fig. 6b), which indicates that few Pt NPs might be
deposited on the graphene decorated electrode. Graphene is not very
suitable for Pt NPs deposition probably due to the lack of anchoring
sites.

According to the above results, the as-synthesized N-HCNs nano-
material is suggested to be ideal support for dispersing of Pt NPs to
obtain electrocatalyst with superior HER performance. There are two
main probable reasons for the high HER performance of Pt@N-HCNs:
First, the nanosized and partially graphitized structure of N-HCNs
provides good conductivity that can facilitate the electron transport.
Second, the uniformly doping of nitrogen and induced defects in N-
HCNs provide sufficient active sites for Pt deposition. The strong in-
teraction and synergistic effect between Pt and N-HCNs are beneficial
for improving the electrocatalytic activity and durability of the catalyst.

4. Conclusions

In summary, a N-rich MOF (JUC-150) is selected in this work as
precursor to prepare N-HCNs for Pt NPs deposition. The doped N atoms
play a key role in creating active sites for Pt deposition, which is rea-
lized through a simple electrochemical method. The corresponding Pt@
N-HCNs exhibits low onset overpotential, small Tafel slope, high cur-
rent density and prolonged stability and durability. The excellent HER
performance and superior stability can be attributed to the facilitated
electron transport and synergistic effect between Pt and N-HCNSs. In this
way, carbon-based N-rich materials derived from MOFs are promising
supports for Pt deposition via a simple electrochemical method, which
may provide a general method to ensure the facile synthesis of Pt-
containing composites and pave an avenue to the further development
of functional applications of MOF materials.
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