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ABSTRACT: Cobalt (Co)-doped MOEF-Ss (Co-MOF-Ss)
were first synthesized by a secondary growth method, followed
by a heat treatment to yield Co-doped ZnO coated with
cartbon (CZO@C). Compared with carbon-coated ZnO
(ZnO@C), the doping of Co increased the graphitization
degree of the carbon on the surface of CZO@C nanoparticles
and enhanced the conductivity of the material. The electro-
chemical properties of the materials were characterized by
galvanostatic discharge/charge tests. It was found that the as-
synthesized CZO@C composites enabled a reversible capacity
of 725 mA h g™ up to the 50th cycle at a current density of
100 mA ¢!, which was higher than that of ZnO@C
composites (335 mA h g™').
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1. INTRODUCTION

Metal—organic frameworks (MOFs) are a class of rapidly
growing adsorbent materials that have high surface area with
high porosity.'™ The structure of MOFs can be designed
according to the target properties by careful selection of metal
centers and different functional linkers. Until now, MOFs have
been studied in many fields because of their excellent
properties, such as gas storage and se%paration,4 sensing or
recognition,5 catalysis,6 electrochemistry,” and so on. Presently,
the application of MOFs in electrochemistry is still in its
infancy, and they are most commonly used as precursors for the
synthesis of nano metal oxides or nanoporous carbon.® The
ZnO quantum dots and ZnO@C composites have been
obtained by simple heat treatments of MOF-S and used as
photocatalysts or anode materials in lithium-ion batteries
(LIBs).>'°

LIBs, a fast-developing technology area in electric energy
storage, are promising power sources for a wide range of
portable electronic devices. The increasing demand for high-
performance LIBs compels people to explore novel electrode
materials with high capacity and long life.""'> A variety of
materials can be used in LIBs, such as ZnO, which has a much
higher theoretical capacity of 978 mA h g™’ than that of
graphite (372 mA h g™!)."*'* Compared with the other metal
oxides, ZnO undergoes an undesirable large volume expansion
during cycling that leads to a significant falloff in capacity, and
the common way to overcome the volume expansion is to
decrease the particle size of ZnO."® Another disadvantage of
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ZnO is the poor electronic conduction.'®"” In order to conquer
that, coating ZnO with carbon has been carried out by many
previous researches.'®~>°

In this work, the cobalt (Co)-doped MOF-Ss (Co-MOE-5s)
were first synthesized by a secondary growth method. CZO@C
nanoparticles were obtained via heat treatment of Co-MOF-5s
under a nitrogen atmosphere. The doping of Co enhanced the
conductive of ZnO nanoparticles and increased the graphitiza-
tion degree of the carbon coated on the nanoparticles. The
higher graphitization degree was beneficial to the electronic
conduction of the whole nanocomposites, which would quicken
the charge-transfer rate at the interface between active material
and electrolyte and thus improve the cycle stability.

2. EXPERIMENTAL SECTION

Material Synthesis. Zinc nitrate hexahydrate (6.0 mmol) and
terephthalic acid (2.0 mmol) were dissolved in 60 mL of N,N-
dimethylformamide in an autoclave. The reaction mixture was heated
at 120 °C in an oven to yield cubic crystals of MOF-S. Different
amounts of cobalt nitrate hexahydrate (0.5, 1.0, 2.0, and 3.0 wt %)
were added into the reaction system after the autoclave was cooled to
room temperature. The mixture was stirred for 12 h in sealed
surroundings, and the reaction vessels were then heated again at 120
°C for 24 h to yield Co-MOEF-§ crystals. The obtained samples were
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Figure 1. Digital photographs and XRD patterns of Co-MOEF-Ss: (a) XRD patterns of ZnO@C and CZO@C products; Raman shifts of the as-
synthesized (b) ZnO@C (2H) and (c) CZO@C (2.0, 2H); TGA curves of (d) MOF-S and (e) Co-MOF-S (2.0) under a nitrogen atmosphere and
CZO@C (2.0, 2H) and ZnO@C under an air atmosphere (10 °C min™").

washed repeatedly with ethanol and then dried in a vacuum oven at 60
°C.

The as-synthesized MOF-5 and Co-MOF-S were heat-treated at
600 °C in a nitrogen atmosphere with a heating rate of 5 °C min™".
After the target temperature was retained for 2 h, the materials were
cooled to room temperature. The sample obtained by immediate
cooling was also prepared as a contrast. The obtained ZnO@C and
CZO@C composites were black composites, and they were named by
the amount of cobalt nitrate and heating time. For example, CZO@C
(2.0, 2H) means the doping amount of Co is 2.0% and the heating
time at 600 °C is 2 h.

Material Characterization. Transmission electron microscopy
(TEM; JEOL JEM-2100) and field-emission scanning electronic
microscopy (SEM; JSM-6700F) were used to identify the morpho-
logical structure. X-ray diffraction (XRD) was carried out on a D8
Advance (Bruker) diffractometer using nickel-filtered Cu Ko radiation
(4 = 0.154184 nm). The powder samples were scanned from 10° to
80° under the operation conditions of 40 kV and 40 mA. X-ray
photoelectron spectroscopy (XPS; PHI 5700 ESCA) analysis was
performed using monochromated Al Ka radiation (hv = 1486.6 eV).
Raman scattering measurements (Jobin Yvon Horiba HR800) were
performed in a backscattering geometry at room temperature with a
514.5 nm line of an argon-ion laser. Thermal gravimetric analysis
(TGA; NETZSCH STA 449F3) was applied to confirm the carbon
content of the samples at a heating rate of 10 °C min™"
atmosphere. Inductively coupled plasma mass spectrometry (ICP-MS;
ELAN DRC-e; PerkinElmer SCIEX) was carried out to confirm the
Co dopant. The samples were dissolved in concentrated nitric acid
(Guarantee reagent; Sinopharm Chemical Reagent Co., Ltd.) and
diluted with a 2% HNO; solution to 1000 mL, 1 mL of which was
diluted to 100 mL by dideionized water. The Co/Zn atomic ratio was
analyzed by ICP-MS according to eq 1:

in an air

where ¢, and ¢y, represent the concentrations of Co** and Zn*',
respectively, and M, and My, represent the relative atomic mass of
Co and Zn, respectively.

Electrochemical Measurements. For the electrochemical
evaluation of ZnO@C and CZO@C, the test electrodes consisted of
the active powder material (60 wt %), conductive carbon black (20 wt
%) as a conductor, and poly(vinylidene fluoride) (20 wt %) dissolved
in N-methylpyrrolidinone as a binder. Each component was mixed well
to form a slurry that was coated on a copper foil substrate. Laboratory-
made CR2032-type coin cells were assembled in an argon-filled
glovebox using a Celgard 2400 as the separator, lithium foil as the
counter and reference electrodes, and 1 M LiPF in ethylene
carbonate—dimethyl carbonate (1:1 volume) as the electrolyte. The
coin cells were tested between 0.01 and 3.0 V (vs Li/Li") at a current
density of 100 mA g' using a program-controlled battery test
instrument (LAND CT2001A, China). The gravimetric capacity was
calculated with respect to all active elements (ZnO and C). The
electrochemical impedance spectrometry (EIS) spectra were con-
ducted with a Solartron SI1287+SI1260 potentiometer at 25 °C with
the frequency ranging from 100 kHz to 0.1 Hz.

3. RESULTS AND DISCUSSION

Digital photographs of Co-MOF-5s and XRD patterns of all
products revealed the changes in color and the phase structures
of as-synthesized MOF-5s, as shown in Figure 1a. The obtained
MOE-5 exhibited peak positions similar to the previously
reported experimental values of MOF-5s.>"** The doping of
Co did not damage the framework structure of MOEF-5.

It was obvious that all of the obtained ZnO composites had
the same crystalline structure with intensity variations (Figure
1b). The diffraction patterns reflected the single-phase wurtzite
structure of ZnO. There were no diffraction peaks of cobalt
oxides or binary Zn/Co phases, indicating that Co was doped

Co/Zn atom % = oMz X 100% into the ZnO phase and a single phase was formed. The Co
czeMco (1 content and Co/Zn atomic ratio are shown in Table 1. The
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Table 1. ICP-MS Results and Co/Zn Atomic Ratio of CZO@
C Composites

m?/ ccol/ HE Czn/ UG Co/Zn Co

sample name mg i L atom % wt %

CZO@C 13.8 0.481 80.8 0.662 0.489
(0.5, 2H)

CZO@C 14.8 1.08 91.6 1.30 0.963
(1.0, 2H)

CZO@C 1S8.5 2.01 83.4 2.62 1.94
(2.0, 2H)

CZO@C 15.2 2.79 71.7 4.17 3.11
(3.0, 2H)

a . B . .
m = sample consumption in the digestion process.

main diffraction angles, lattice spaces, and crystal parameters of
all CZO@C samples are shown in Table S1 in the Supporting
Information (SI). The diffraction angles shifted to the high-
angle region and the lattice spaces slightly decreased when the
doping amounts were 0.5% and 1.0%, respectively. This mi§ht
be because Co was substitutional impure in the ZnO phase,”**
owing to the smaller ion radius of Co*" compared with that of
Zn*". The doping form became interstitial when the doping
amount reached 2.0%. The color changes (Figure 1a) of Co-
MOF-S (0.5 and 1.0) were obviously different from those of
Co-MOF-5 (2.0 and 3.0), confirming the different doping
forms. The peaks of CZO@C (2.0, 0H) were wider and weaker
than those of other samples, indicating that the particle size of
CZO@C (2.0, 0H) was much smaller than those of others
according to the Scherrer equation, which was beneficial to the
electrochemical performance.'®*

The Raman shifts of ZnO@C (2H) and CZO@C (2.0, 2H)
are shown in Figure lc,d. In these figures, two broad peaks at
1333.3 and 1581.1 cm™" were obviously observed, which could
be marked as the D and G bands of carbon, respectively.”® The

Ip/I; ratios of the ZnO@C (2H) and CZO@C (2.0, 2H)
materials were 1.64 and 1.39, respectively, indicating that the
carbon in the CZO@C (2.0, 2H) composite had a higher
graphitization degree.”” A Co element catalyzed the carbon
graphitization during pyrogenation of the organic compound.
Figure 1d showed the TGA curves of as-synthesized MOF
and ZnO composites. The mass of MOFs was lost completely
at a temperature of 550 °C under a nitrogen atmosphere, which
was a little higher than the reported temperature owing to the
quick heating rate.'®*"*® The curve of Co-doped MOF was a
little different from that of MOEF-S at a temperature of 300 °C,
which was probably caused by the weight loss of
Co,(OH),BDC or Co(H,0),BDC.*® The TGA curves of
ZnO@C composites in an air atmosphere illustrated that the
carbon content of the composites were 15% (Figure 1d). The
mass loss occurred in the temperature range from 350 to 450
°C, which can be ascribed to the combustion of carbon in air.*
In order to examine the existence state of the elements in the
as-synthesized CZO@C (2.0, 2H) and ZnO@C (2H), XPS
measurements were carried out (Figure 2). Compared with the
XPS survey spectrum of ZnO@C (2H), there was a weak peak
at 780.5 eV, which proved the existence of a Co element in
CZO@C (2.0, 2H) (Figure S1 in the SI). The binding energies
of the Co 2p;/, and Co 2p,/, peaks were at 780.5 and 795.6 eV,
respectively. The energy difference was 15.1 eV, which showed
that the major existence state of the Co element was Co**.*!
The binding energies of the Zn 2p;/, and Zn 2p,/, peaks of
ZnO@C (2H) were at 1020.7 and 1043.8 eV, indicating that
the existence state of the Zn element was Zn2*.>>** The relative
peaks of CZO@C (2.0, 2H) were at 1021.1 and 1044.2 eV, a
small positive shift of the bonding energy (Figure S2 in the SI),
which was caused by Co doping. In the C 1s core level XPS
spectrum (Figure 2a,b), the peaks at 284.4, 285.1, 286.8, and
289.1 eV belong to the bonds of c=C** c-C*¢ c-0,¥

CZO@C (2.0, 2H)

ZnO@C (2H)

C1s .
3 | 3 ]
8 - &
7] »
c c
3 3 |
£ £
T T T T L T T T
280 285 290 295 280 285 290 295
B.E. (eV) B.E. (eV)
O1s

Intensity (a.u.)

]

Intensity (a.u.)

535 540

B.E. (eV)

525 530

530 535

B.E. (eV)

Figure 2. C s core level XPS profiles spectra of ZnO@C (2H) (a) and CZO@C (2.0, 2H) (b). O 1s core level XPS profiles spectra of ZnO@C

(2H) (c) and CZO@C (2.0, 2H) (d).
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Figure 4. TEM (a and b) and HRTEM (c and d) images of CZO@C (2.0, 2H).

and 0O—C=0," respectively. The peaks at 530.3, 532.2, and
533.4 €V in the O 1s core level XPS spectrum (Figure 2c,d)
could be attributable to the bonds of metal—0,*®* 0O—C=0,*
and C—0,* respectively. It was easy to confirm the formation
of O-rich functional groups in the CZO@C (2.0, 2H)
composites.>* It was well-known that the O-rich functional
groups possessed a quick Faradaic charge-transfer reactions
(pseudocapacitance) as well as electrostatic charging.*'

The as-synthesized Co-MOF-5s had a well-defined cubic
morphology when the Co doping amount was less than 2.0%
(Figure 3a). When the amount reached to 3.0%, some bamboo-
shoot-like substances grew out (Figure 3b) and the cubic
morphology was damaged by the water™ that came from
Zn(NO;),-6H,0 and Co(NO;),-6H,0. The substance might
be some compounds of Co, such as Co,(OH),BDC or
Co(H,0),BDC.* The cubic structures of the samples were

dx.doi.org/10.1021/am5046873 | ACS Appl. Mater. Interfaces 2014, 6, 17067—17074
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Figure S. Charge—discharge curves of ZnO@C (a), CZO@C (2.0, 2H) (b), and CZO@C (2.0, 0H) (c); cycling performances of CZO@C (0.5,
2H), CZO@C (1.0, 2H), CZO@C (2.0, 2H), and CZO@C (3.0, 2H) (d); cycling performances of ZnO@C (2H), CZO@C (2.0, 2H), and CZO@
C (2.0, 0H) (e); EIS of electrodes made by the ZnO composites and an equivalent circuit model after S0 cycles (f).

partly retained after thermal decomposition (Figure 3c). From
the enlarged image (Figure 3d), it was found that the structure
was assembled by small particles with a size of 20 nm at a
higher amplification factor.

Figure 4 shows the TEM and high-resolution TEM
(HRTEM) images of a CZO@C (2.0, 2H) composite. The
composite existed in the forms of secondary particles (Figure
4a), and the primary particle sizes of CZO@C were about 20
nm, conforming to the SEM images. The Co-doped ZnO
(CZO) particles were uniformly distributed in parent carbon
with a size of less than 10 nm (Figure 4b). The interplanar
spacings (Figure 4c) were 0.28 and 0.26 nm, which belonged to
the (100) and (002) planes of ZnO. The values correspond to
these calculations from the XRD pattern in Table S1 in the SL
The carbon was orderly arranged to a certain extent, and the
diffraction fringe of carbon could be found in the HRTEM
image (Figure 4d). The interplanar spacing was 0.34 nm,
belonging to the (002) plane of graphite. This was a strong
evidence that Co catalyzed the carbon atom transformation
from sp® to sp® hybridization, which was in line with the XPS
results.

17071

The charge—discharge curves and cycling performances of
ZnO@C and CZO@C composites are shown in Figure Sa—e.
The reactions of CZO with lithium were similar to that of ZnO,
including the reversible conversion metal oxide to nanosized
metal and lithium oxide matrix and the alloying and dealloying
processes of metal and lithium.** The reactions were as follows:

Discharge process:

CZO + 2Li* + 2¢” = Zn + Co + Li,O )
Zn + Lit + ¢~ = LiZn (3)
Co + Lif + ¢ = LiCo 4)
Charge process:
LiZn = Zn + Lit 4+ e~ ©)
LiCo — Co + Lit + e~ (6)
Zn + Li,0 = ZnO + 2Li" + 2e~ (7)
Co + Li,O = CoO + 2Li" + 2e~ (8)

dx.doi.org/10.1021/am5046873 | ACS Appl. Mater. Interfaces 2014, 6, 17067—17074
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Table 2. Comparison of the Cycling Performances among ZnO-Based Anode Materials

reversible capacity (mA h g™)

electrode material

ZnO microrod 500
Au—-ZnO flower 392
TiO,-coated ZnO 447
flowerlike ZnO—CoO—-C 438
nickel-coated ZnO 490
ZnO—-M/PC 653
ZnO/CNT 602
this work 725

“The rate of 494 mA g~'was 0.5C in ref 48.

cycle number voltage (V) rate (mA g™') ref
100 0-3.0 S0 46
50 0.02—-3.0 120 47
30 0.3-3.0 NU 44
50 0-2.5 494% 48
30 0.02-3.0 80 45
100 0.1-3.0 100 30
N 0-3.0 100 49
NY 0.01-3.0 100

The CZO@C composites exhibited an enhanced electro-
chemical performance compared with ZnO@C composites.
The CZO@C (2.0, 2H) composites had a high discharge
capacity of 525 mA h g™' after 50 cycles, which was much
higher than that of ZnO@C (335 mA h g™ after SO cycles).
The CZO@C (2.0, OH) had the best electrochemical
performance of 725 mA h g' after S0 cycles among all of
the samples, which might arise from the much smaller particle
size of CZO@C (2.0, OH) than those of the other samples.
One advantage of smaller particle size was alleviating the
capacity loss caused by volume expansion, and the other was
facilitating the transportation of lithium ion and electron. Most
importantly, it can enlarge the specific surface of the samples,
leading to a larger contact area with the electrolyte. The initial
discharge capacities of the three composites were 1663, 903,
and 880 mA h g7/, respectively. These characters became 1024,
665, and 640 mA h g! at the second cycle. These high
irreversible capacities at the first cycle were caused by the
formation of the solid electrolyte interphase layer on the surface
of the electrode.** The capacity decay was quite large at the first
five cycles. One reason was the morphological change during
the formation of the LiZn alloys, and the other was the poor
conductivity of ZnO.” The decay range of CZO@C was
smaller than that of ZnO@C, which could be explained by the
enhanced conductivity owing to Co doping. We have compared
our work with some reported ZnO-based anode materials, and
the results are summarized in Table 2, indicating that the
CZO@C material exhibited a superior cycling performance
compared with some reported results.

To further understand the improved lithium storage
performance of the CZO@C composites, EIS experiments
were carried out (Figure 5f). All of the Nyquist plots showed
depressed separate semicircles in the middle- and high-
frequency region and a straight line in the low-frequency
region. The semicircles corresponded to charge-transfer
resistances to lithium ions at the interface between the
electrode and electrolyte (R,) and the electronic resistivity of
the active material and ionic conductivity in the electrode
(Ry).*® The straight line was assigned to the Warburg
impedance (Wo) corresponding to the lithium diffusion
process, and R, represented the internal resistance of the test
battery.’">* As shown in Figure Sf, CZO@C composites
showed a distinctly smaller semicircle, indicating that it had
lower charge-transfer impedances and electronic resistivity than
that of ZnO@C composites, which was strong evidence that
the Co doping could enhance the conductivity of ZnO.

4. CONCLUSIONS

An effective way to produce CZO nanoparticles coated with
carbon (CZO@C composites) from Co-MOF-5 was reported

in this paper. The doping of Co enhanced the conductivity of
the samples substantially and promoted graphitization of
carbon in the as-synthesized composites simultaneously. The
synergetic effect is very important in the LIB field, as
demonstrated here. When the material is used as an electrode
material, CZO@C composites can reach a reversible capacity of
725 mA h g~ up to the S0th cycle at a current density of 100
mA ¢!, which is higher than that of ZnO@C composites (335
mA h g™').
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Diffraction angles, interplanar spacing, and crystal parameters of
all samples, XPS survey and profiles (Co 2p and Zn 2p core
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