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This work reports an ungiue In-grown structure of NiFe/CNT
hybrid catalyst. This structure creates larger interfacial area and
strong interaction between NiFe catalyst and CNT, which could
promote the charge transfer at the interface, and hence improve
the conductivity. This leads to oustanding electrochemical
performance for oxygen evolution reaction.

Oxygen evolution reaction (OER) is an electrochemical
oxidation process to convert water into O,, in which form
energy is stored.” % It plays a very important role in
applications of energy conversion and storage, e.g., water
splitting and rechargeable metal air batteries.”® Research for
more efficient OER catalysts has received considerable
attention in the field of energy related applications.

So far, RuO, and IrO, are reported to be the most active
catalyst for OER process, but they are expensive and scarce.®’
Transition metals such as Ni, Co, Mn, Sn, Ti, V hydroxides or
oxides are studied as an alternative replacement.®™* Among
them, Ni based catalyst, such as Nio™** and Ni(OH)zlz’ ¥ has
been intensively studied because of its high catalytic activity,
stability and low cost. However, the poor electrical
conductivity limits their electrochemical performance. In the
recent years, Ni-Fe oxyhydroxide (Nil_xFeXOOH)l‘r"17 and NiFe
layered double hydroxide (LDH)*®? s intensively studied for
OER. Trotochaud et al. reported that, loading of Fe could not
only improve the conductivity, but also modify the electronic
structure of NIOOH making it highly reactive for
electrochemical performance.17 To further enhance the
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conductivity of NiFe based catalyst, electrically conductir~
materials such as Ni foam™" 18, graphenezz’m, carbon nanotuoc
(CNT)ZS’ % and carbon quantum dots®” have been used to
hybridize with NiFe LDH. Gong et al. reported that better . .
activity and stability could be obtained from the hybr '
material of NiFe LDH and CNT than that of commercial !
catalyst.25 However, the NiFe LDH is simply coupled with CN\ ~
through physical adsorption in their study.

In this study, we report an in-grown structure of NiFe
mixed metal oxides (MMO) and CNT hybrid catalyst. Ths
structure strongly favors the charge transfer process at the
interface due to the increased interfacial area and strong(r
interaction between MMO and CNT. With the efficient charge
transfer process at the interface, the overall conductivity  r
the hybrid is significantly improved. As a result, this hybria
catalyst shows excellent OER performance with onset potenti |
of 1.43 V vs. RHE and tafel slope of 45 eV/dec as well as
excellent durability in alkaline solution.

Transmission electron microscopy (TEM) image shows ti..
NiFe LDH nanoplates with diameter of ~¥3 nm are successfully
deposited on CNT surface (Fig. 1A). The low magnification TEM
image (Fig. S1A, ESIT) and the scanning electron microscof. /
(SEM) image (Fig. S2A, ESIt) of CNT-LDH show that thks
morphology is generally uniform. After calcination, the particie
diameters are increased to 5-10 nm as shown in Fig. 1 .
Comparing with Fig. 1A, the CNT-MMO catalyst exhibits an |
grown structure, i.e. some holes, marked with yellow line, czc..
be clearly observed at the CNT wall and filled up with NiF
MMO nanoparticles (Fig. 1B). The low magnification TE|®
image (Fig. S1B, ESIT) and SEM image (Fig. S2B, ESIt) of CMT-
MMO show that the MMO particles are uniformly distribt ‘ed
on CNT. In addition, the fibrous structure of CNT is nc.
destroyed during the calcination process. The dark field imag -
of CNT-MMO obtained through scanning transmission electrc .
microscopy (STEM) is shown in Fig. 1C, and the overlappe °
image of elemental mapping at this position is shown in Fig. 17
(the elemental mapping of Ni, Fe, and O is shown in Fig. S.
ESIt). The STEM image evidence the intimately mixed NiF
MMO. Such intimate mixture of Ni and Fe could magnify th >
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Fig. 1 (A) TEM image of CNT-LDH; (B) TEM image of CNT-MMO; (C) STEM dark field image of CNT-MMO; (D) The overlapped image of elemental mapping distribution, which shows
the Ni, Fe, and O of CNT-MMO for the position corresponding to the image (C); (E) XRD spectra of i. CNT-LDH ii. NiFe LDH iii. CNT-MMO iv. Calcined NiFe LDH; (F) TGA curves
CNT, CNT-LDH, LDH, simulated CNT/LDH (the simulated weight loss curve for CNT/LDH is the sum of weight loss for 30 wt% CNT and 70 wt% LDH, which is the same ratio as

CNT-MMO catalyst).

role of Fe in the enhancement of electrochemical
performance.17

To investigate the change of crystal structure, the x-ray
diffraction (XRD) measurement was carried out. The XRD
spectrum of CNT-LDH is shown in Fig. 1E-i. The CNT (002) peak
is identified, and the other peaks are assigned to NiFe LDH,
which is the same as those of pure NiFe LDH (Fig. 1E-ii). Fig. 1E-
iii is the XRD spectrum of CNT-MMO catalyst. The CNT (002)
peak and NiO peaks are clearly shown. We can conclude all
LDH crystals are converted to oxide. It is interesting that the
peak at 18.9° and 29.4° in Fig. 1E-iv belonging to iron oxide is
not revealed in the XRD spectra of CNT-MMO.

In order to confirm the optimum calcination temperature,
the thermo-gravimetric analysis (TGA) experiments were
carried out (Fig. 1F). The weight loss of CNT from 550 °C is due
to the removal of the functional groups.28 Two stages of
weight loss for LDH are corresponding to the dehydroxylation
and decomposition process. CNT-LDH shows similar weight
loss profile with that of simulated CNT/LDH before the
intercept at 500 °C. And then, the CNT-LDH shows significantly
weight loss which is attributed to the reaction between CNT
and NiO, i.e. carbon reduction reaction. Therefore, we use 500
°C as the calcination temperature. If the temperature is above
500 °C, the reaction is too fast and very difficult to control.

To investigate the growth mechanism of the In-grown
structure, time dependent experiments were carried out. With
0.5 hr calcination, LDH were converted into MMO as studied

by the XRD spectrum in Fig. S4-i (ESIT), where NiO peaks are
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identified. However, the TEM images (Fig. S5A and Fig. S6A,
ESIT) show the nanoparticles exist only on the CNT surfac ,
and the in-grown structure cannot be observed. This is thc
case of physical adsorption. With increased calcinatic .
duration up to 3 hr, the TEM images (Fig. S5B and Fig. S6L,
ESIt) show that the tubular structure of CNT is destroyed, anc
NiO particles grow larger. The increased particle size is « °
verified by the shaper XRD peak intensity of NiO (200) (Fig. S4-
ii, ESIT), comparing with that of CNT-LDH-0.5 hr.

The XPS analysis of C 1s, Ni 2p3/2, and Fe 2p3/2 for CN' -
LDH in Fig. S7A, S7B, S7C (ESIT) show binding energies .
oxidized CNT, 2+ Ni oxidation state, and 3+ Fe oxidation stat.,
which is consistent with those of reported NiFe LDH."®* > ¥ F
CNT-MMO, the high resolution of C 1s spectrum shows bindir _
energy at 283.6 eV corresponding to NizC (Fig. S7D, ESIt).”
The Ni 2p3/2 XPS spectrum shows binding energy at 853.2 eV
which is assigned to NiO caused by carbon reduction (Fig. S7
ESIt).>*® The identification of Ni3C and Ni° are consistent with
the TEM results (Fig. S8A and Fig. S8B, ESIt). In addition, N7 ) is
also identified, which is consistent with the XRD result. 1.
XPS analysis of Fe 2p3/2 (Fig. S7F, ESIT) demonstrates that F
is in the state of FeOOH and FeO. However, they are nc
detected in the XRD spectrum. We attribute this phenomenc
to the ultra-small size of iron oxide or hydroxide in CNT-MMC
(Fig. S9, ESIt).>* Such small size is due to the In-grow
structure, which can confine the particle growth and suppress
the aggregation of MMO during calcination process.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Schematic drawing for: (A) structure of CNT-LDH catalyst; (B) structure of CNT-
MMO-0.5 hr, where NiFe LDH are converted to MMO, but only on the surface of CNT;
(C) In-grown structure of CNT-MMO catalyst, where NiO growth into CNT wall through
chemical reaction with external CNT wall; and (D) structure of CNT-MMO-3 hr, where
CNT structure is destroyed due to over-reaction of with NiO.

Base on the above discussion, the growth mechanism of
the In-grown structure is herein proposed and illustrated in
Fig. 2. It is well known that carbon can reduce the metal oxide
at high temperature. Thus, when the CNT-LDH was calcined at
500 °C, the nickel oxide would be reduced at the expense of
CNT wall. It is thought that the degree of reduction is a time
dependent process. With 0.5 hr calcination, NiFe LDH is
converted into MMO, but the resulting MMO just sticks on the
surface of CNT without the formation of In-grown structure
(Fig. 2B). After 2 hr calcination, MMO nanoparticles grow into
CNT wall and the In-grown structure is formed (Fig. 2C). That is
because the partial exhaustion of CNT wall creates the holes
on CNT surface and at the same time the MMO nanoparticles
partially sink into it. However, the structure of CNT will be
destroyed with increased calcination time, caused by excessive
exhaustion of CNT wall (Fig. 2D).

The electrochemical performance of CNT-LDH and CNT-
MMO hybrid catalyst were investigated in 1 M and 0.1 M KOH
solution, the results are shown in Fig. 3A. (The polarization
curves for the two catalysts without iR correction are shown in
Fig. S10, ESIT). In 1 M KOH solution, the CNT-MMO hybrid
catalyst shows an onset potential at ~1.43 V vs. RHE, which is
much lower than that of CNT-LDH catalyst (~1.48 V vs. RHE).
The potential difference at current density of 10 mA/cm2 is
about 0.07 V vs. RHE. In 0.1 M KOH solution, the onset
potential of OER current for CNT-MMO is also much lower
than that of CNT-LDH hybrid catalyst. Comparing with CNT-
MMO-0.5 hr, which is the case of physical adsorption, the CNT-
MMO shows significantly improved OER activity. This result
clearly demonstrates the superior of the In-grown structure.
Extended calcination duration (CNT-MMO-3 hr) the OER
activity is reduced due to the lower conductivity of destroyed
CNT. Furthermore, the OER activity of calcined CNT, NiFe
MMO, and physical mixture of calcined CNT with NiFe MMO
are all not comparable to that of CNT-MMO catalyst.
Comparing with the previously reported NiFe based hybrid
catalysts; the In-grown NiFe MMO in CNT shows higher
electrochemical performance (Table S1, ESIt).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (A) The iR corrected polarization curves of CNT-MMO and CNT-LDH catalyst
M, 0.1 M KOH solution. The catalyst loading is 0.28 mg/cmz; (B) The iR corrected
polarization curves of CNT-MMO, CNT-MMO-3, CNT-MMO-0.5, Cal CNT, NiFe MMO
and NiFe MMO + Cal CNT in 1M KOH solution; (C) The tafel plots of CNT-LDH and CN" -
MMO catalysts measured in 1 M KOH solution at sweep rate of 5 mV/em?; (D) Th.
stability test of CNT-LDH and CNT-MMO catalyst under 1 M KOH solution.

The tafel plots of CNT-LDH and CNT-MMO catalysts derivea
from the polarization curve measured in 1 M KOH are showr:
Fig. 3C. The calculated tafel slope for CNT-MMO catalyst is ~Z .
mV/dec, which is much lower than that of CNT-LDH cataly
(~55 mV/dec). The low tafel slope directly demonstrates th
excellent OER activity of CNT-MMO catalyst, contributed by I
grown structure. According to the stability test (Fig. 3D), CN™
LDH hybrid catalyst exhibits good durability under the currer.
density of 10 mV/cm? (potential difference of ¥9 mV at 3000s’
Nevertheless, the degradation for CNT-MMO catalyst is almo.
negligible with potential difference of ~3 mV at 3000s. The In-
grown structure could avoid the MMO nanoparticles detacl
from CNT, and hence improves the durability performance.

g

The schematic draw at Fig. 4 illustrates the In-grown
structure and electron transfer process for OER reaction. Tt .
In-grown structure increases the interfacial area between tt
active catalyst (NiFe MMO) and electron conducting materi
(CNT), which facilitating the electron transfer from MM~
nanoparticle to CNT. With efficient charge transfer proces:
the role of CNT is significantly magnified, and the overa!
conductivity of the hybrid is greatly improved. Hence, the
electrochemical property of this featured hybrid catalyst s
extraordinarily enhanced. In addition, the increased

Fig. 4 Schematic drawing of OER process for CNT-MMO catalyst.
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interfacial area also creates stronger interaction between
MMO nanoparticle and CNT, which could stabilize the MMO in
CNT.

In conclusion, a featured NiFe MMO and CNT hybrid
catalyst is synthesized for OER process. The NiFe MMO catalyst
is partially In-grown into CNT at the expense of CNT walls,
exhibiting an unique In-grown The In-grown
structure is highly favorable for the charge transfer process at
the interface, because of the increased interfacial area and
strong interaction between NiFe MMO catalyst and CNT. The
resultant hybrid catalyst demonstrates excellent OER
electrocatalytic activities (onset potential of 1.43 V vs. RHE and
tafel slope of “45 mV/dec). We believe that our strategy to
develop highly active MMO with CNT hybrid catalyst is
applicable to prepare a library wide range of functional
materials for various applications including catalysis, energy

structure.

conversion and energy storage.
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